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foreword
The 3rd International Conference on Road and Rail Infrastructure – CETRA 2014 was organi-
zed by the University of Zagreb - Faculty of Civil Engineering, Department for Transportation 
Engineering. The Conference was held in Split, Croatia. Split is the largest city in Dalmatia 
and the second largest city in Croatia, and it is also one of “Croatian Champions of Tourism”. 
The 1st International Conference on Road and Rail Infrastructure (CETRA 2010) was held on 
17-18 May 2010 in Opatija. The 2nd International Conference on Road and Rail Infrastructure 
(CETRA 2012) was held on 7-9 May 2012 in Dubrovnik. A great interest of participants in topics 
and themes from the field of road and rail infrastructure, as shown during the CETRA 2010 
conference (140 papers from 29 countries) and CETRA 2012 conference (142 papers from 39 
countries), justified the Department of Transportation Engineering's decision to organise once 
again an international event of such great significance. Positive comments received from 
participants in past conferences motivated the Department for Transportation Engineering 
of the Faculty of Civil Engineering - University of Zagreb to continue with the organization of 
this international event. 
The CETRA conference has established itself as a venue where scientific and professional 
information from the field of road and rail infrastructure is exchanged.  The idea on linking re-
search organisations and economic operators has been the guiding concept for the realisation 
of this conference.  Conferences of this kind are undoubtedly a proper place for bringing closer 
together the economy and university operators, and for facilitating communication and esta-
blishing greater confidence that might result in cooperation on new projects, especially those 
that contribute to greater competition.  Lectures organized in the scope of the conference are 
based on interesting technical solutions and on new knowledge from the field of transport 
infrastructure as gained on already realised projects, projects currently at the planning stage, 
and those now under construction, in all parts of the world.  In addition to authors from the 
academic community, lectures were also presented by practical authors, the idea being to 
ensure the best possible synergy between the theory and practice.  Because of a great interest 
for the themes from the field of road and rail infrastructure, as shown during the past two 
conferences (CETRA 2010 and CETRA 2012), the Department for Transportation Engineering of 
the Faculty of Civil Engineering – Zagreb assumed the responsibility to organise the CETRA 
conference in this year as well.
Our goal for the International Conference on Road and Rail Infrastructure – CETRA is to have 
all published papers indexed in scientific databases in order to achieve greater recognition 
for the conference itself, for published papers, and for their authors. As the serial publica-
tion entitled Road and Rail Infrastructure has been achieved with this third conference, the 
precondition has been fulfilled to obtain the International Standard Serial Number (ISSN), 
which was the condition for starting procedure for registering this publication in scientific 
databases. The procedure has already been initiated.
The third International Conference on Road and Rail Infrastructure – CETRA 2014 - is organi-
sed in this year in order to bring together scientists and experts from the fields of road and 
railway engineering, and to present them with yet another opportunity to share results of their 
research, findings and innovations, analyze problems encountered in everyday engineering 
practice, and offer possible solutions for a more efficient planning, design, construction, and 
maintenance of various transport infrastructure facilities and projects.
CETRA 2014 covers many areas: traffic planning and modelling, infrastructure projects, in-
frastructure management, road pavements, rail track superstructure, construction and 
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maintenance, transport geotechnics, tunnels and bridges, structural monitoring and mainte-
nance, computer techniques and simulations, noise and vibration, innovation and new tech-
nology, urban transport, integrated timetables on railways, rail traffic management systems, 
vehicle dynamics, traffic safety, and bicycle traffic.
CETRA 2014 attracted a large number of papers and presentations from 35 countries and 
47 universities. More than 146 papers were presented at the conference and are grouped 
together in these proceedings entitled Road and Rail Infrastructure III. The papers are con-
veniently divided into twelve chapters: Rail Infrastructure Projects Design, Construction, 
Maintenance and Management, Road Infrastructure Projects Construction, Maintenance and 
Management, Road Traffic Planning and Modelling, Road Pavements, Rail Vehicle-Track Inte-
raction, Structural Monitoring and Maintenance, Transport Geotechnics, Integrated Timeta-
bles on Railways, Traffic Safety, Environmental Protection, Urban Transport and Passenger 
services: baggage storage and boarding.
The organizers of the conference wish to express their thanks to all businesses and institu-
tions that provided their valuable support to this Conference. Special thanks are extended 
to the University of Zagreb, Croatian Railways – HŽ Infrastruktura, and Ministry of Maritime 
Affairs, Transport and Infrastructure, for their assistance in organizing the workshop on Im-
plementation of European Rail Traffic Management System (ERTMS) in South and East Europe. 
The Editor commends all authors for excellent papers contributed to these proceedings, and 
wishes to thank members of the International Academic Scientific Committee, and numerous 
experts who participated in the review process. The gratitude is also extended to all partici-
pants for deciding to come to Split and take part in CETRA 2014. We believe that these CETRA 
2014 proceedings entitled Road and Rail Infrastructure III will be, just like the preceding two 
proceedings from the CETRA cycle, highly interesting and useful to all experts exhibiting a 
scientific and professional interest in road and rail infrastructure. 

the Editor
Prof. Stjepan Lakušić
April, 2014.
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Geotechnical Challenges for the European 
TEN-T Network – SMARTRail and Beyond 

Kenneth Gavin1, Cormac Reale1, Jianfeng Xue2

1 University College Dublin, Ireland
2 Monash University, Australia

Abstract

Climate change is leading to increased incidence of slope instability across the globe. As 
well as causing a risk to human life, slope failures can cause severe disruption to transport 
networks. Infrastructure managers who control road and rail networks need to manage risks 
associated with earth slopes, many of which were built before the advent of modern design 
and construction standards. This paper discusses two key steps in the slope management 
process: (i) locating potential failures and (ii) rational analysis of slopes. Recent work comple-
ted in the EU FP7 SMARTRAIL project is described and a case study is presented demonstrating 
how the potential damaging effects of rainfall can be considered in a rational framework.

Keywords:	 infrastructure, climate change, risk assessment, slope modelling

1	 Introduction

EU transport policy provides the challenge to infrastructure managers (IMs) to increase the 
productivity of existing transport networks, prioritise renewal and optimise new sections to 
reduce bottlenecks, increase productivity and achieve a switch from freight transport by road 
to rail. This needs to be achieved at a time when budgets are restricted, whilst improving 
customer satisfaction and dealing with challenges from both natural hazards and extreme 
weather events, which are affecting all of Europe, see Figure 1. 
Whilst great strides in providing new motorways, designed and built to modern standards, 
has been achieved using EU structural funds. Rail (IMs) are managing ageing rail infrastructu-
re with 95% of the network having been built before 1914. IMs across Europe are spending 
a total in the region of €15 to 25 billion annually on railway infrastructure maintenance and 
renewal (European Commission 2013). Much of the existing road and rail infrastructure thro-
ughout the EU was built before the advent of modern design and construction standards, 
management of these assets presents a particular challenge. 
The current response to infrastructure failure is reactive i.e. when failures occur they are fixed. 
The location of the failure then becomes a hot-spot on the network. Forensic analyses of these 
failures often reveal that indicators of distress were ignored due to a lack of understanding 
or an absence of a proper framework for decision making. While asset management systems 
and risk assessment frameworks are ubiquitous across Europe and the world, there is an 
over reliance on visual assessment and subjective forms of risk rating. In addition important 
information on asset performance over a long period tends to be stored either locally or even 
with individuals. Loss of corporate memory has been identified as one of the key reasons 
for the catastrophic failure of the Malahide Viaduct on the Irish TEN-T Network in 2009. Si-
gnificant research effort is being applied to improving the current management of transport 
infrastructure.
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The FP7 project SMARTRAIL-Safe Maintenance Analysis and Remediation of rail Transport in-
frastructure (www.smartrail/ferhl.org) is an EU funded project. The objective of the research 
project is to use the latest monitoring technology and IT networks to provide instantaneous 
data on structural performance which can be used to undertake real-time assessments of 
railway infrastructure such as embankments, bridges and tunnels. In parallel, effective and 
cost efficient remediation techniques are being investigated. These engineering assessments 
of current state will be used to design remediation strategies to prolong the life of existing in-
frastructure in a cost-effective manner with minimal environmental impact. Whilst the project 
is wide ranging, in this paper we concentrate on the current methods of assessing risk along 
transport networks. In particular, methods developed in SMARTRAIL for improving monitoring 
and assessment of rainfall induced slope failures is considered in this paper.

Figure 1	 Examples of infrastructure challenges in Europe

2	 Risk assessment

While a number of risk assessment and management methods have been proposed, they all 
follow a similar structure on a macro scale. Central to the meaningful performance of risk asse-
ssment at a local or network level is the performance of hazard assessments. In this instance 
these deal with characterization of landslide events and the determination of the probability 
of occurrence. Risk management, as an interdisciplinary infrastructure management tool, is 
now a well-established field with National and European Guidance and procedures (e.g. PAS 
55). Recent advances in GIS and other software have made it possible to implement risk ma-
nagement tools over large geographical areas for linear infrastructure networks, See Figure 2. 
Thus making them a highly usable tool for infrastructure managers and stakeholders.
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Figure 2	 Example of various dataset layers obtained through LiDAR survey

Whilst a variety of approaches can be adopted to determine the hazard assessment, e.g. fault 
tree analysis, risk matrices etc. this central determination is predominantly based on data 
collected from visual assessments. Whilst observation of the condition of an element of infra-
structure by a suitably qualified and experienced person is an important aspect of the overall 
life-cycle management, the result of any inspection is by its nature subjective and qualitative. 
The aim of the SMARTRAIL project is to move towards less subjective considerations using the 
FACT principle (Find, Analyse, Classify and Treat). This paper describes recent research aimed 
at improving how we find and monitor potential failures and having established the location 
of problem areas, the procedures which should be followed in quantifying the level of risk.

2.1	 Locating hot-spots

An important part of the process of management of infrastructure networks is prioritisation 
of areas for maintenance and upgrading. The first step in this process is to identify at-risk 
objects. Whilst visual assessment is a useful tool in the assessment of the condition of slo-
pes, it should not be the principal method for investigation as processes controlling slope 
stability are often not evident (e.g. changes in moisture content or the presence weak zones/
lenses), and visual evidence of distress often occurs when it is too late to stop the process. An 
example of the limitations of performing visual slope assessments on a 300 m embankment, 
Inch embankment, at a site in South-East Ireland is described. The embankment in question 
is between 5 m and 6 m high and has a relatively steep side slope of ≈ 45°. The embankment 
had suffered a failure during installation of a cable at the top of the slope about 10 years be-
fore the inspection described here. The section where the failure occurred was remediated by 
regrading the slope using a geotextile reinforced berm, See Figure 3 (the berm is visible to the 
left of the photo taken from a train passing over a bridge at the start of the embankment). Be-
cause of the past failure in the area, the section of the remaining embankment was classified 
as a hot-spot, i.e. an area at high risk of failure. Because of the remedial work which had been 
performed at the failure site, this area was not considered to be at risk and was excluded from 
the walk-over visual survey. The visual inspection reported that the visual slope condition, 
vegetation, adjoining land sections etc. were indistinguishable along the entire 300 m section 
of the embankment and therefore the potential risk of failure for the remaining embankment 
was high. A geophysical survey of the site was recommended. Within six months of the visual 
assessment having been performed a slope failure occurred during a period of heavy rainfall 
and the line was closed for a number of days to allow an investigation to be undertaken. 
The failure occurred in the same area as the previous failure. To investigate the cause of the 
failure a geophysical investigation which included Multichannel Analysis of Surface Waves 
(MASW) and a geotechnical investigation was performed. Following interpretation the MASW 
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technique allows a 1D profile of shear wave stiffness (Vs) to be derived and this can be used 
to infer the small strain shear modulus of the soil (G0), Donoghue et al. (2003). The results of 
this investigation (See Figure 3) revealed that the embankment fill used to construct the first 
100 m section of the embankment had much lower stiffness magnitudes than the remaining 
200 m section. This would suggest strongly that the material in the first section is significantly 
weaker and given that the geometry of the embankment is similar along the entire length the 
first section is at much higher risk of failure.

 

Figure 3	 a) Photo of Inch Embankment, b) Shear Wave Velocity Measurements in m/s (scale on right)

The second failure considered was located in Enniscorthy, in the South-East of Ireland. The 
railway embankment, which was built in 1850’s had a history of poor serviceability, with 
regular re-ballasting required. Because of these on-going settlement issues coupled with 
a requirement to increase the shoulder width at the top of the embankment, a plan to re-
model the embankment was implemented in late 2006. During the reconstruction of the 
embankment a period of heavy rainfall was experienced and a large slope failure occurred. 
The failure mode was rotational with the failure surface cutting into the natural ground on 
the river-side of the embankment toe. An investigation was commissioned to determine the 
cause of the failure. The first phase of this investigation consisted of drilling four, shell and 
auger boreholes perpendicular to the failure surface (see Figure 4). The boreholes revealed 
that the ballast thickness at the failure surface was greater than 1 m. The embankment fill 
was comprised of soft to firm silty clay (e.g. with undrained strengths in the range 40 to 75 
kPa based on correlations to SPT N). The soil at greater than 2 m below original ground level 
was a glacial till which covers much of Ireland. This glacial soil was typically 2 m thick and 
was described as stiff (undrained strength > 150 kPa) and overlaying Siltstone bedrock. BH 
4 which was located at the river side of the embankment contained a 1 m thick layer of peat 
between the upper silty clay and the lower glacial soil. The large depth of ballast evident at 
the failure location was in keeping with observations of the local railway staff that the section 
of track required constant re-ballasting and although the embankment height was relatively 
constant, the failure location was at a low point on a vertical curve. There was some suspicion 
therefore, that the thick ballast layer may have acted like a drain and funnelled water to the 
location at which the failure occurred.
The authors initiated a geophysical investigation and additional sampling and laboratory 
tests followed this. The range of geophysical techniques used, included Ground Penetrating 
Radar (GPR), Electrical Resistivity Tomography (ERT) and Multichannel Analysis of Surface 
Waves (MASW). The GPR was used specifically to check the ballast thickness approaching the 
failure section from both directions along the track, the ERT was used to profile the underlying 
strata, whilst the MASW was used to obtain stiffness data for the strata. The most recent 
surficial ballast layer was shown to be approximately 0.5 to 0.6 m thick, and was generally 
consistent throughout the length of the profile. Below this, an interesting feature in the GPR 
profile occurred between 110 and 180m where the ballast layer appears to thicken conside-
rably over a very short distance to a depth of over 2 m. The presence of thicker ballast in this 
area suggests a long-term settlement problem. The reason for this problem became apparent 
when the ERT profile was interpreted. 



Keynote Lectures 25
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

Figure 4	 a) Boreholes taken across failure, b) Photo of Enniscorthy Embankment

A section ERT2 (See Figure 5) running along the track with the failure surface approximately 
at the centre, shows the presence of extremely soft soils (low resistivity shown by red colour) 
below the embankment, which most likely was part of an ancient river channel. The soft soil 
layer was up to 8 m thick at the location of the failure. Sample of this soil were recovered for 
laboratory testing. They revealed that the undrained strength, su of the material was ≈ 22 
kPa. Construction of the remodelled embankment resulted in the application of an applied 
stress of 88 kPa. Simple bearing capacity calculations (Donohue et al. 2010) suggested that 
the shear strength of the underlying soil was marginal. However, odometer tests found that 
significant and long-lasting creep strains could be expected under the applied load.

Figure 5	 Resistivity measurements made along the track. The rail level is at 6 m, the base of the embankment 
is at 2 m. The presence of deep soft deposits under the embankment at the failure location (48 m 
along track) is evident 

The above examples show that simple and low-cost geophysical techniques can provide very 
clear indications of problems locations along linear transport networks. Many rail IM’s have 
collected GPR data along their entire network as a quality assurance measure for ballast 
maintenance. It is suggested that unusual variations in ballast thickness might be used as 
means of detecting problem locations along the network that should be investigated further. 
If a problem is identified one of the most useful means of managing the risk is to provide 
structural health monitoring. The SMARTRAIL project (2013) reviewed and developed methods 
for monitoring critical infrastructure considering; bridge scour, slope stability, bridge corrosi-
on, sun-soil and ballast assessments. Whilst these are not reviewed further in this paper, the 
reader is directed to www.smartrail.ferhl.org for details. One of the benefits of collecting SHM 
data along a network is that is can feed statistical data to a probabilistic based assessment 
of infrastructure performance. A topic considered in the following section.
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3	 Slope stability analysis

A large proportion of landslides that occur along transport networks occur during or shortly 
after periods of heavy rain. In man-made embankments and cuttings where the water table 
level is controlled, negative pore water pressure (suctions) develop in the near surface soils. 
These suctions contribute significantly to the slopes overall stability. However, these suctions 
are transient and during periods of rainfall, infiltration of water causes an increase in moistu-
re content and a reduction in suction. The near surface zone affected by water infiltration is 
known as the wetting front (zone of decreased suction), see Figure 6. Fredlund and Rahardjo 
(1993) and Fourie et al. (1999) note that decreased suction in this zone results in a reduction 
of the total (or apparent) cohesion of the soil, and therefore it’s strength, whilst at the same 
increasing the self-weight of the soil (and thus the destabilising force). 

Figure 6	 Planar failure surface for rainfall induced landslides

3.1	 Effect of suction

the Analysis of the stability of unsaturated slopes is a complex problem, however, simplified 
limit equilibrium analyses have been developed. Fredlund et al. (1978) expanded the Mohr-
Coulomb model to incorporate negative pore pressure, suction effects: 

	 	 (1)

Where: 

τ	 shear strength;
c’	 effective (apparent) cohesion’;
σn 	 total normal strength on the failure plane;
ua	 pore-air pressure on the failure plane;
f’	 angle of internal friction associated with the net normal stress state variable σn-ua;
uw	 pore-water pressure on the failure plane;
ua-uw	 matric suction on the failure plane;
fb	 angle controlling the rate of increase in shear strength relative to the matric suction.

The expression can be simplified to the conventional form of the Mohr-Coulomb Equation by 
combining the effects of c’ and the contribution of matric suction (ua-uw) tanΦb into a single 
parameter (C ).

	 	 (2)

τ σ φ φ= + − + −c u u un a a w
b’ ( )tan ’ ( )tan

τ φσ= + −C u tann a( ) ’ 
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Since in rainfall induced slope failures the failure plane forms parallel to the slope, Fourie et 
al. (1999) suggest using an infinite slope model in which the soil strength is described by an 
expression of the form given in Eq 3, to analyse this failure mechanism. The Factor of Safety 
(F) is given by: 

	 	 (3)

Where:

γ	 unit weight of soil;
h	 wetting front depth;
α	 slope angle.

Whilst the expression allows the factor of safety to be calculated in a deterministic analysis 
many of the input parameters needed for these analyses are highly variable. The result of 
any such analysis therefore is critically dependent on assumptions made by the designer. 
Traditionally the designer assumes some constant (low) value for total cohesion and then by 
varying the wetting front depth within a reasonable range, an estimate of the factor of safety 
is determined. 

3.2	 Reliability analysis

in reality the parameters, such as wetting front depth, suction and rainfall intensity are highly 
variable and lend themselves to probabilistic analyses. A number of workers, Hassan and 
Wolff (1999), Chowdhury and Grivas (1982), Christian et al. (1994), Low (2003); Low and Tang 
(1997), and others have proposed reliability based approaches to analyse slope stability 
problems. However, primarily due to mathematical complexities which arise due to the non-
linear form of performance functions typically used in geotechnical design, many of these 
are hybrid approaches which for example use deterministic methods to locate the critical 
slip surface of a slope with fixed shear strength parameters and then expand the variables 
probabilistically about this surface. Xue and Gavin (2007) and Gavin and Xue (2009) describe 
a model which is capable of simultaneously locating the critical slip surface and determining 
the reliability of a slope. By transforming the variables such as cohesion, wetting front depth 
and slope geometry into polar coordinates the complexities associated with defining the 
limit state function were overcome. In addition this minimisation problem was solved using 
a powerful and efficient Genetic Algorithm approach which was shown to avoid the nume-
rical errors associated with the cosine directional approaches used by many workers which 
tend to identify non-minimum reliability indices for non-linear functions. For mathematical 
convenience the method developed by Xue and Gavin (2007) known as Genetic Algorithm for 
Slope Stability Analysis (GASSA) assumed normal distributions for variables. For geotechnical 
parameters where normal distributions are not always reasonable useful limits on parameter 
values had to be imposed. Reale (2015) addressed this deficit by developing an updated 
code which allowed a range of more realistic distributions to be considered in GASSA in work 
funded through the SMART RAIL project. 

4	 Case study

4.1	 Background

To investigate the effect of analysis type (deterministic versus probabilistic) on the predicted 
safety of an embankment slope, a study of the effect of rainfall on the stability of a Victorian 
era railway embankment was performed. The 7.5 m high embankment is located in Co. Meath, 

F
c u u h

h
a w

b

=
+ − +’ ( )tan cos tan

cos sin
ϕ γ α ϕ

γ α α
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Ireland (See Figure 7). The embankment has a relatively steep slope angle of approxima-
tely 38° which is typical of Irish Railway embankments (Jennings and Mulddon 2003). It is 
constructed from a glacial till, with low fines content (less than 20%). The natural moisture 
content of samples taken from within the embankment and measurements of in-situ water 
content measured over a five month period revealed moisture contents that ranged from 
17.4% to 23.5%. 

 

Figure 7	 a) Location of embankment shown by red dot, b) photo of embankment preparation for 
instrumentation 

A simple laboratory experiment was performed on the embankment fill to investigate the 
effect of increasing moisture content on suctions(Reale et al 2012). Samples of the soil were 
compacted into standard proctor moulds and were then ponded (i.e. a constant head of wa-
ter was applied to the top surface). A tensiometer, placed at the base of the mould, allowed 
the variation in suction with time to be determined. The results of tests on two samples, 
which were compacted at initial moisture contents of 15% and 20% respectively, are shown 
in Figure 8. The initial suction varied from 20 kPa for the sample with the highest moisture 
content to 40 kPa for the drier sample. As water infiltrated into the samples the suction de-
creased rapidly. The sample with the lowest initial water content, and higher initial suction 
allowed water to infiltrate at a higher rate, and thus suctions reduced faster in this sample 
initially. However, after approximately 12 hours of infiltration the suction in both samples 
was equal. The suctions continued to decrease over the period of the test (40 to 50 hours) 
and approached a residual value of between 3 and 4 kPa. Tensiometers placed in the slope 
revealed that suctions monitored over a five-month period varied between 4 kPa and 9 kPa 
(September 2013 to January 2014).

4.2	 Deterministic Assessment

The factor of safety, F of the slope can be determined using Eq 3. Since the model assumes a 
planar failure surface develops which is controlled by the wetting front depth, h this parame-
ter was varied in the analyses to quantify the effect of increasing wetting front depth during a 
rainfall event. All other parameters were assigned the constant values shown in Table 1. The 
soils unit weight and constant volume friction angle were measured in the laboratory. The 
average suction measured during the five month monitoring period was used as the suction 
value for design, whilst the Φb value was chosen based on guidance in Gan et al. (1988).
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Figure 8	 Laboratory infiltration for the embankment fill

Table 1 	  Deterministic parameter values

Parameter Value
Cohesion (c’) 0
Soil suction (ua-uw) 7 kPa
Internal angle of friction 34°
Rate of increase in shear strength 
due to matric suction Φb 

24°

Slope angle 38°
Unit weight 17 kN/m3

Wetting front depth Varied from 0.1 m to 2 m

By varying the wetting front depth from 0.1 m to 2 m the factor of safety reduced towards the 
critical value of one, but did not reach it suggesting some reserve of strength. See Figure 9. 
As the vast majority of shallow embankment failures in Ireland occur in the top 1.5 m of the 
soil, this is a positive result. 

Figure 9	 Effect of wetting front depth on factor of safety from deterministic analysis
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It should be noted however that the use of average values might distort the analysis. Consi-
dering the histogram of suction values measured during the monitoring period (see Figure 10) 
it can be seen that whilst the mean suction value was 7 kPa, there was substantial variation 
with a coefficient of variation of approximately 0.2. As a result the factor of safety derived 
from the mean suction value may be a poor indicator of actual stability. If the suction value 
used for the analysis is reduced to 3 kPa (i.e. the residual value measured in the laboratory 
experiment), failure is predicted at a wetting front depth of 1m. The time required to achieve 
such a low suction over the entire wetting front depth of 1 m would be substantially longer 
than that observed in the lab due to the much longer drainage path length. Given the rainfall 
patterns experienced in Ireland and evidenced from the suction measurements on site, such 
low values are unlikely in the near future.

4.3	 Probabilistic analyses

The GASSA model was used to determine the reliability index, β with the performance func-
tion, g(x):

	 	 (4)

The model requires all random variables to be transformed into a standard normal space 
before calculating the reliability index β. If the parameters are uncorrelated this can be easily 
accomplished by the following equation.

	 	 (5)

Where:

xi	 vector representing the entire set of random variables;
xi	 reduced set of random variables in the normal space;
μi	 vector of the parameter means;
σi	 vector of the parameter standard deviations.

Figure 10	 Histogram of suction measurements taken from embankment over five month monitoring period
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If the parameters are non-normal they must be transformed into equivalent normal distributi-
ons first, using the Rackwitz-Fiessler (1978) two parameter equivalent normal transformation. 
Once equivalent normal distributions are obtained the parameters can then be transformed 
into the standard normal space using the equation outlined above. A normal distribution was 
assumed for the angle of internal friction and the rate of increase of shear strength due to 
matric suction. Lognormal distributions were assumed for soil suction and soil unit weight. 
The glacial till soils used to form the majority of earthworks in Ireland have no natural cohe-
sion so a deterministic value of zero for c’ was assumed. After transforming the variables to 
the standardised normal space the limit state function can be rewritten as: 

	 	 (6)

In this reduced variable space, the limit state surface (g(X) = 0) separates safe and unsafe 
states, See Figure 11 and the reliability index (β) can be defined as the distance from the origin 
to the most probable failure or design point. This distance can be described as: 

	 	 (7)

Where:

X	 vector representing the set of reduced random variables;
Ψ	 failure region defined by (g(X) = 0). 

The probability of failure Pf can then be calculated by integrating the failure region.

	 	 (8)

Where the notation g<0 denotes the failure region. 

Figure 11	 Definition of failure surface in polar coordinates
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The design values assumed in the analysis are shown in Table 2. The variation in reliability 
index as the wetting front depth increased from 0.1m to 2m is shown in Figure 12. Comparing 
results of the reliability index with the deterministic analysis, it is clear that the reliability 
index decreases at a much slower rate as the wetting front develops than the decrease in 
sharp safety predicted by the FOS. This is a result of the relatively low variability of many of 
the input parameters. As a result we can see that at a wetting front depth of 1 m we have a 
reliability index of 2.75, which is substantially higher than the minimum β value of 2.2 required 
by most infrastructure owners. 

Table 2 	  Summary table of probabilistic inputs

Parameter Mean Value Distribution
Cohesion (c’) 0 –
Soil suction (ua-uw) 7 kPa Lognormal
Internal Angle of Friction 34° Normal
Rate of increase in shear strength 
due to matric suction Φb 

24° Normal

Slope angle 38° –
Unit weight 17 kN/m3 Lognormal
Wetting front depth Varied from 0.1 m to 2 m –

Figure 12	 Results of probabilistic analysis

It is worth noting that the suction measurements shown in the histogram in Figure 10 are not 
truly random variables. Rather, the suction varies in response to applied rainfall. The next 
stage of the model development is to derive a method for predicting the wetting front depth 
during given rainfall events, and the variation of wetting front depth due to the variation of 
soil permeability. This will allow the designer to choose rational values of suction (or water 
content) in the slope for a given climate condition. It is expected that fragility curves will be 
developed to describe the slope response to a range of possible climate scenarios.
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5	 Conclusions

Infrastructure managers across Europe are facing challenges in managing aging infrastructure 
with reduced resources. Climate change effects are causing increased stress on many ele-
ments of infrastructure. This paper examined methods considered in the EU funded SMARTRA-
IL project of identifying where slope stability problems might occur along a transport network 
and how the stability analyses should be performed. 
Simple geophysical techniques were shown to provide large quantities of data on the in-situ 
state of slopes. Whilst visual assessments will remain a central element of the management of 
slopes, it should not be the primary method of determining risk ranking through some hazard 
assessment framework. New developments in monitoring and assessment, being developed 
in current EU funded projects, include remote structural health monitoring using either em-
bedded sensors or vehicle mounted methods. In addition the use of drones to collect data or 
to undertake rapid and safe video capture of data, to allow for innovative assessment of rock 
slope stability are being developed.
Probabilistic tools are extremely useful for extending the service life of existing infrastructure 
as they give a more accurate representation of performance. Deterministic approaches which 
assume constant values for parameters which vary temporally cannot provide an adequate 
description of the performance of an asset. A mathematically rigorous approach for analysing 
slopes is presented. The important soil parameters can be determined using simple labora-
tory tests. Consideration of the performance of a 150 year old railway slope showed that des-
pite having very steep side slopes the embankments is relatively stable and a very extreme 
rainfall event would be required to trigger failure.
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Abstract

Kronecker Algebra consists of Kronecker Product and Kronecker Sum. This mathematical model 
can be used to model systems consisting of a number of limited resources and several actors. 
In particular, it can be used to model railway systems with trains, track sections and their rou-
tes. In this paper we show several applications of Kronecker Algebra in the railway domain. We 
consider deadlock prevention, travel time calculation, and energy analysis. The integration of 
these three tasks within one single type of Kronecker-based analysis is rather simple and can 
be carried out very efficiently. Due to the fact that Kronecker Algebra operations can be easily 
parallelized, our implementation can take full advantages of today's multi-core computer ar-
chitecture. In addition our implementation shows that adding constrains for connections or 
overtaking speeds up the calculation. In fact, a harder problem is easier to solve.

Keywords:	Kronecker Algebra, railway systems, deadlock, travel time, energy analysis

1	 Introduction

We present a graph-based method for analysis and optimization of railway networks on a 
fine-grained level. The routes of trains within this network are modelled by graphs. Each route 
consists of at least one track section and each track section may be part of several routes. 
We assume that at the same time only one single train occupies a track section. Our model 
employs semaphores [1] in the sense of computer science to guarantee that only one train 
enters a track section. The semaphores are also modelled by graphs. Each graph can be repre-
sented by its adjacency matrix. Simple matrix operations can be used to model concurrency 
and synchronization via semaphores. These matrix operations are known as Kronecker Sum 
and Kronecker Product and are part of the so called Kronecker Algebra. By applying these 
operations, we can get a matrix describing the whole railway system; in particular it contains 
all movements of the trains within this network. The whole theoretical background, including 
several examples of the applications of Kronecker Algebra, was published in previous papers 
[2], [3], and [4].This paper contains some advanced examples.

2	 Example 

Figure 1 shows a railway network with 9 track sections. Our example contains four trains which 
have the following routes:
·· Train 1 (T1): 1-5-7 (p5, v1, p7, v5, v7)
·· Train 2 (T2): 2-4-5-6-9 (p4, v2, p5, v4, p6, v5, p9, v6, v9)
·· Train 3 (T3): 3-4-5-6-8 (p4, v3, p5, v4, p6, v5, p8, v6, v8)
·· Train 4 (T4): 8-6-5-1 (p6, v8, p5, v6, p1, v5, v1)

28–30 April 2014, Split, Croatia
3rd International Conference on Road and Rail Infrastructure



Rail Infrastructure Projects Design, Construction, Maintenance and Management38
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

Figure 1	 Railway system

Figure 2	 Resulting graph (start node is the most left node)
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The resulting graph of this example is illustrated in Figure 2. It contains 802 nodes, including 
yellow, red and green nodes, which have the following meaning:
·· Red nodes denote deadlocks. These nodes are eliminated before the following calculations 
because we are interested in avoiding deadlocks.

·· Green nodes denote safe states. A state is safe if all trains can perform their actions wit-
hout having to take into account the moves of the other trains in the system, provided that 
the track section which they are to enter is not occupied by another train. If a track section 
is occupied by another train, the movement of the train wanting to enter may be delayed 
(blocked) but no deadlock can occur.

·· From yellow nodes both red and green nodes can be reached.

Due to the size of the resulting graph, the node-ids and the edge labels are removed for a clear 
illustration. In general, each edge is labelled by the actions of the trains (cf. [2], [3], and [4]). 
Our implementation of Kronecker Algebra is very efficient in space and time, because we use 
a lazy implementation, where only the reachable parts of the matrix is calculated (cf. [3]). The 
calculation of the resulting graph of our example takes about 30 μs.

 
As we are interested in 

the calculation of the worst-case travel time of each train within the railway network we define 
the following travel times for the trains on the track sections (Table 1). The columns labelled 
with “1” to “9” denote the track section.

Table 1 	  Travel time values

Train 1 2 3 4 5 6 7 8 9
T1 5 5 5
T2 2 3 5 3 2
T3 2 3 5 3 2
T4 3 3 2 1

Figure 3	 Reduced graph

Assuming that each train is independent from the others, the complete travel time is the 
sum of the travel times of all track section of the train’s route. As there exist several common 
used track sections, there is an influence of the travel time of the trains, which use the track 
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sections. Further information about the synchronization between trains and the effect on their 
travel time can be found in [3] and [4]. The resulting travel time of the trains can be found in 
the second and third column of Table 2. The graph can be reduced to its relevant synchroni-
zing nodes. Due to space restriction, the reduction algorithm is not explained here in detail. 
The reduced graph of our example, including the travel time values for the four trains at the 
nodes and along the path between them can be found in Figure 3.
In our example we used track sections as commonly used resources. Our model can be exten-
ded to use other shared resources, for example available energy (cf. [5], [6], and [7]). The 
available energy is quantised into standardised packages, e.g. 1 MWh. We can model a power 
station or substation capable of producing e.g. 20 MW by using a counting semaphore of size 
20 (cf. [5], [6], and [7]).
Now we extend our model. For each train it is known a priori, how much energy is needed on a 
track section. This amount of energy is reserved before entering the track section and released 
afterwards. Modelling available energy and required energy in this way ensures that a train 
needing more energy than can be delivered by the power station is blocked. In particular, it 
will stop its journey and can continue when enough energy is available (e.g. because another 
train has released its energy needs or the station can provide a higher number of energy 
packages). Table 2 shows the energy demand of the four trains within our railway system and 
their needs of energy for each track section.

Table 2 	  Energy demand

Train 1 2 3 4 5 6 7 8 9
T1 2 2 2
T2 1 1 2 1 1
T3 1 1 2 1 1
T4 2 2 1 1

It is obvious, that the maximum amount of energy at a given time is eight. If the station can 
deliver at least eight energy units, there is no effect on the travel time of the four trains (Table 
3, fourth column). The size of the graph increases to 6443 nodes, because an additional co-
unting semaphore of size 8 is added to our calculations. The influence on the travel time can 
be found in columns five, six, and seven of Table 3, if there are only six, four, or two energy 
units available, respectively. Obviously, the travel time increases because some of the trains 
will have to stop and wait until enough energy is available to continue their travel. The size of 
the resulting graph decreases, because we specify the problem in more detail and thus the 
number of possible train movements decreases which has an effect on the size of the graph. 
By application of Kronecker Algebra, a harder problem is easier to solve. The last column of 
Table 3 shows the result, if only one energy unit is available. As a consequence, no train can 
finish its journey, because each of them will need at least two available energy units for par-
ticular track sections. The resulting graphs for two and one available energy units are given 
in Figures 4 and 5.

Table 3 	  Resulting travel time

Train Travel Time Worst cast 
travel time

Travel time
E=8

Travel time
E=6

Travel time
E=4

Travel time
E=2

Travel time
E=1

T1 15 25 25 30 30 30 ∞
T2 13 36 36 41 49 52 ∞
T3 15 38 38 43 51 54 ∞
T4 9 28 28 33 39 39 ∞
No. of nodes 802 802 6443 6053 3147 418 11
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Figure 4	 Resulting graph (two energy units)

Figure 5	 Resulting graph (one energy unit)

In Figure 5, it can be seen that each train can perform its first action, but then it deadlocks, 
due to the lack of available energy. In our examples we have used integer values for travel time 
values. Extensions of our model, e.g. with decimal values or taking braking and acceleration 
time into account in case of blocking are possible, but not discussed here.
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3	 Conclusion

We have presented a practical example for the application of Kronecker Algebra, where we 
model the movements of trains within a railway system and the access on a shared track 
section. Afterwards the travel time of each train can be calculated. We extended the example 
by the modelling of energy units, produced by a power station and analyzed the results, ba-
sed on the available amount of energy. Our approach can be used to model complex railway 
systems including aspects of being deadlock-free, being conflict-free, and being minimal in 
terms of energy demand. The theoretical background of Kronecker Algebra can be found in 
some preliminary papers ( [2], [3], [4]. [7])
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Abstract

Though construction of underground structure passing beneath the railroad or road has been 
increasingly carried out using non-open cut excavation method, the study on ground behavior 
and settlement/heaving of trackbed while jacking the steel pipe has yet to be put on track. 
This study is intended to evaluate the displacement depending on top soil depth in a bid to 
identify the ground behavior caused by pipe jacking based on a full scale test. As a result 
of the test, heaving reached the peak when the top soil was shallow which then tended to 
decrease in line with increasing top soil depth. 

Keywords:	 full scale test, underground crossing structure, non-open cut method 

1	 Introduction

Construction method to pass beneath the railroad in operation has been commonly applied 
to various sites. Non-open cut excavation method, among others, is designed to keep putting 
the steel pipe or square pipe into the ground continuously while excavating and hauling the 
soil [1] When the pipe is penetrated into the ground, heaving or settlement usually occurs at 
upper level of the ground. Heaving occurs when jacking force is greater than the effect by face 
releasing while settlement occurs when the effect by face releasing is greater than jacking 
force. When settlement following the heaving occurs after encountering the obstacle, soil 
erosion by running groundwater or face collapse occurs frequently [2].
According to Yoo, Chung-sik (2009), the factor which directly affects ground surface settle-
ment, among other factors such as ground level, consolidation degree and ground elastic 
modulus, is top soil depth [3] Eum, Kee-young et al (2010) conducted the model test of un-
derground structure with various top soil depth and compaction degree [5].
According to “the study on construction of underground structure passing beneath the high 
speed railroad and stability evaluation” non-open cut method to pass through beneath the 
structure since 1999 totaled 56, indicating the increase recently [6] but except such cases, 
the study on ground behavior and settlement/heaving of trackbed due to steel pipe jacking 
has yet to be made in earnest. 
Thus in this study, a full-scale lab test was planned to comprehensively analyze the behavior 
beneath the trackbed while jacking the steel pipe into the ground. Basic property examination 
was carried out and a full-scale ground was formed by banking the soil gradually. And ground 
behavior and heaving/settlement when jacking the steel pipe used at the construction site 
were analyzed as well as the effect depending on top soil dept.
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2	 A full-scale test 

2.1	 Test device

Figure 1 shows the general trackbed test device, which was designed to reproduce actual filed 
condition and rail load at lab so as to solve the problem that might occur at the site. This test 
device comprises the chamber, loading device (MTS) and load reaction table reacting against 
the load. Chamber used for the test was 5.0m wide, 22.0 m long and 3,0 m deep and has the 
access ramp for the equipment.

Figure 1	 General trackbed tester Figure 2	 Model chamber

2.2	 Engineering characteristics of test ground

Trackbed was formed with natural soil with high bearing capacity, low compressibility with no 
mud pumping. It’s also stable against vibration and rainfall and has the strength to bear the 
train load. To identify the physical & dynamic properties of soil used as trackbed material, 
following lab test was conducted. 
As seen in Table 1, grain size distribution test of soil (KS F 2302) was conducted, and as a 
result, a grain-size distribution curve as shown in Figure 3 was obtained and according to 
grain size distribution test and unified soil classification system based on Atterberg limit 
test in Table 2, sample soil was determined as SC. Maximum dry density and optimal water 
content were obtained from water content – dry density curve as seen in Figure 4 which was 
then used for compaction evaluation of trackbed for full-scale test. A direct shearing test (KS 
F 2343) was conducted. As a result, adhesion C was 20.6 kPa and internal frictional angle Ø 
was 33°. Figure 5 shows shear stress change depending on horizontal strain when vertical 
load was 50 kPa, 100 kPa and 150 kPa and Figure 6 shows Mohr-Coulomb failure envelope. 

Table 1 	  Result of Size Distribution

Sieve #4 #10 #16 #40 #60 #100 #200
% 84.6 67.7 56.4 39.8 31.5 12.8 9.15

Table 2 	  Result of Cu and Cc

#200 (%) D10 Cu Cc

No.1 12.9 0.12 12.5 0.32
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Figure 3	 Size distribution curve Figure 4	 Compaction curve

Figure 5	 Shear stress curve Figure 6	 Failure envelop

2.3	 Test condition and method

Pipe jacking method includes non-displacement method and auger screw method. When the 
leading pipe is jacked into the ground, following pipe is connected and advanced into the 
ground. Soil and advanced distance are dependent on type of leading pipe in this method but 
250~600 mm is mostly used. Ground was formed according to the work sequence of corru-
gated plate and the test was conducted in following sequence to ensure the test accuracy is 
maintained. 

a)	Install reaction wall b)	Fill up c)	Compact ground d)	Measure

e)	Install LVDT f)	 Install jacking device g)	Press pipe h)	Dig in pipe

Figure 7	 Pipe construction process

According to Kim, Young-ha et al (2013) and as a result of analysis of behavior of the structure 
crossing under the ground through the scaled model test, top soil depth was the most influ-
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ential factor on ground behavior. Thus in this full-scale test, top soil depth was determined as 
test condition and top soil depth was set three cases as 60 cm, 90 cm and 120 cm as shown 
in Table 3 so that the top soil depth – pipe diameter ratio would be 1.0, 1.5 and 2.0 

Table 3 	  Experiment case

Soil depth H/D
Case 1 60 cm 1.0
Case 2 90 cm 1.5
Case 3 120 cm 2.0

3	 Ground surface displacement analysis

3.1	 Measuring the point where maximum heaving occurred by steel pipe jacking 

Steel pipe jacking in a full-scale test was carried out in a way of manual excavation after pre-
ssing the pipe into the ground. After putting the pipe 50 cm, manual excavation was followed 
and total 10 to 15 cycles were repeated depending on top soil depth. Figure 8 shows the 
symbols of measuring point. 

Figure 8	 Measurement point of surface

Figure 9 shows ground surface displacement caused by pipe jacking at H/D=1.0. At the test 
with most shallow top soil, measuring point when a single pipe is jacked was ay fore-end 
S1, S2 & S3. As seen in Fig, the greatest deformation was occurred at penetration point and 
maximum heaving about 5.2 mm was occurred at 2m point, which was gradually reduced as 
pipe passed and was reduced to 2.4 mm or by 60% at final excavation point at 5 m. Heaving 
was reduced during excavation after jacking, which indicated settlement occurred due to face 
releasing and the behavior by pipe jacking such as heaving and settlement was indirectly 
verified to have varied by the influence around the face. Such behavior seemed to be same as 
the result from scale model test and steel pipe face at the site was found to be very important 
barometer to ground surface behavior. Given the heaving is dependent on jacking at top soil 
depth (H/D=1.0), it shall be considered in planning the construction. 
Figure 10 shows the ground surface displacement pattern measured at the fore-end and center 
when top soil depth H/D=1.5. As indicated in Figure, when top soil depth was 1.5 times or more 
the diameter, heaving behavior was relatively smaller. Displacement even at the fore-end 
was less than 2 mm and when comparing to the case of top soil depth H/D=1.0, reduction in 
heaving was more than 3 times. Viewing such result, ground surface displacement was very 
insignificant when top soil depth is H/D=1.5 or more. 



Rail Infrastructure Projects Design, Construction, Maintenance and Management 47
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

Figure 11 shows the surface displacement pattern measured at the fore-end and center with 
top soil depth H/D=2. Under H/D=2, heaving while pipe jacking was very insignificant, unlike 
previous test conditions while settlement behavior was dominant, which was attributable to 
greater settlement behavior than heaving. 
Increasing top soil weight constrained the heaving behavior and after pipe passed the mea-
suring point, settlement occurred by soil weight. That is, heaving behavior was constrained 
by dead weight when the pipe reached the measuring point and settlement occurred due to 
rearrangement of loosened ground after pipe passed the measuring point. Thus, when top soil 
depth (H/D) is more than twice, settlement is dominant, whereas heaving is dominant when 
top soil depth is smaller. In the event of penetrating the multiple pipes at top level, the effect 
of secondary or additional pipes is expected depending on loosened territory by diameter of 
initial pipe or diameter ratio, but the effect was monitored to be insignificant. But given the 
heaving and settlement behavior would possibly be occurred simultaneously when jacking 
the pipe due to ground material and density and face conditions or other various factors, face 
releasing territory shall be enlarged at early stage of jacking when top soil depth is shallow 
to deal with heaving behavior and when top soil is deep, settlement is dominant and thus 
the measure to reduce the gap caused by rearrangement of loosened soil as well as ground 
less shall be taken.

a)

 

b)

 

Figure 9	 Displacement by stage in case1 (H/D=1.0)

a)

 

b)

 

Figure 10	 Displacement by stage in case1 (H/D=1.5)
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a)

 

b)

 

Figure 11	 Displacement by stage in case1 (H/D=2.0)

4	 Conclusion

The study on ground behavior and settlement/heaving of trackbed while jacking the steel 
pipe for underground structure using non-open cut excavation method has yet to developed 
in earnest. In this study, ground surface behavior was monitored through a full-scale test to 
review the ground behavior caused by pipe jacking and the conclusion was made as follows. 
1	 As a result of measuring ground surface deformation depending on top soil depth under 

same ground conditions and steel jacking condition, heaving and settlement varied 
significantly depending on top soil depth. In case of the test with most shallow top soil 
H/D=1.0, maximum 5.2 mm heaving occurred when pipe was penetrated 2 m, which was 
then gradually reduced to 2.4 mm or by 60% when pipe reached the final excavation 
point. Heaving was reduced during excavation after jacking, which indicated settlement 
was occurred due to face releasing and the behavior by pipe jacking such as heaving and 
settlement was indirectly verified to have been varied by the conditions around the face.

2	 Heaving behavior was very insignificant when top soil depth was H/D=1.5 or more. 
Displacement even at the fore-end was less than 2mm and when comparing to the case 
of top soil depth H/D=1.0, reduction in heaving was more than 3 times. Viewing such 
result, ground surface displacement was very insignificant when top soil depth was H/
D=1.5 or more. 

3	 Settlement behavior became dominant over heaving as top soil became deeper and 
heaving and settlement were greatly affected by the face conditions. When top soil depth 
was more than 1.5 (H/D), effect by pipe diameter was very insignificant with very small 
deformation rate less than 0.2%. Thus, if top soil depth ratio is more than 1.5 times the 
pipe diameter, effect by top soil depth or pipe diameter would be insignificant. 
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Abstract

In winter, malfunctions of points on high speed routes can occur due to driving snow and 
ice. Existing heating systems, used to increase the availability of points positioning systems 
contained in hollow sleepers, cannot guarantee their operation under harsh environmental 
conditions. An optimized heating system is drafted using computational and experimental 
methods. The impacts of various designs of heating systems on the temperature profile at 
a positioning system are assessed using the thermal network method. A thermal network of 
the hollow sleeper and the positioning system equipped with an existing heating system is 
compiled and verified with experiments. The experimental verification is required to minimi-
ze the uncertainty of computed temperature profiles resulting from the uncertainty of flow 
and material parameters in the thermal network model. The efficiency of differently designed 
heating systems is calculated from computed temperature profiles of the points positioning 
system. A design with allocated heating elements is investigated experimentally in order to 
verify the computational results of that design. The temperature rise achieved with the opti-
mized heating system is significantly higher than the one achieved with the original system, 
while the admissible temperatures are not exceeded.

Keywords:	heating system, points, hollow sleeper, thermal network method, heat transfer, 
temperature rise

1	 Introduction

Reliable carriage by rail requires a high availability of the infrastructure. In winter, malfuncti-
ons of points can occur due to snow and ice. On high speed routes, driving snow can ingress 
into hollow sleepers containing the points positioning system and impair its mobility. The 
preferred solution to increase the availability of points and in particular the availability of 
the positioning system in hollow sleepers is to apply heating systems. At all times in ope-
ration and especially under moderate environmental conditions, the maximum admissible 
temperature of the positioning system, which is determined by the hydraulic system, must 
not be exceeded at any spot in the points positioning system. Hence, the power of the heating 
system has to be limited in order to fulfil this task. Existing heating systems therefore cannot 
guarantee the operation of the positioning system under harsh environmental conditions like 
environmental temperatures as low as 20 °C in winter. Their capability of removing snow and 
ice does not suffice. Hence, an optimized heating system is required, which inherently does 
not exceed the admissible temperatures and provides an increased capability of removing 
snow and ice from the positioning system. 
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2	 Thermal network method 

The thermal network method [1] enables the investigation of temperature rise and tempera-
ture distribution within complex arrangements like points positioning systems contained in 
hollow sleepers. Within a thermal network, the heat transfer processes are simulated with the 
help of heat sources, temperature sources, thermal resistances and thermal capacities [2]. 
This method of computation is based on the analogy of the electric and the thermal flow field. 
The temperature ϑ of the thermal field is analogue to the electric potential φ of the electric 
field and the heat flow P is analogue to the electrical current I (Table 1). 

Table 1 	  Analogy relations between the electric and thermal field

Electric field Thermal field
Magnitude Symbol Unit Magnitude Symbol Unit
Potential φ V Temperature ϑ °C
Potential difference 
voltage

Δφ
U

V Temperature 
difference

Δϑ K

Current I A Heat flow P W
Resistance Rel V A-1 Resistance Rth K W-1

The heat flow is fed into the thermal network by heat sources, that e. g. mimic a section of the 
flat heating inside a hollow sleeper. The heat flow P is calculated with 

	 	 (1)

The heat transfer processes in thermal networks are simulated by thermal resis-tances, de-
fined as 

	 	 (2)

The heat transfer processes of conduction, convection, thermal radiation and naturally driven 
volumetric flow occur in the hollow sleeper. The conductively transferred heat flow is descri-
bed by FOURIER`s law of heat conduction [3], [4]:

	 	 (3)

λ is the thermal conductivity, A is the area of the heat flow and gradϑ is the gradient of the 
temperature field. The convective heat transfer is given by NEWTON'S law, with the convection 
coefficient αco, the surface area Aco and the temperature difference Δϑ between the surface 
and the fluid:

	 	 (4)

The heat transfer coefficient αco contains the physical flow processes and is determined by the 
similarity theory with the Nusselt number Nu, the Rayleigh number Ra and the characteristic 
length lw [2]: 

	 	 (5)

The parameters c1 and n1 are a function of the flow geometry and are given for basic assembli-
es in e. g. [2]. The radiation heat flow Prad between two bodies i and j is given by the STEFAN 
BOLTZMANN Law:

P I R= 2
el

R Pth =
−∆ϑ 1

P A gradd =−λ ϑ


P Aco co co=α ϑ∆

α λ λco med w
-1 n1

med w
-1= =Nu l c Ra l1



Rail Infrastructure Projects Design, Construction, Maintenance and Management 53
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

	 	 (6)

It contains the resulting emissivity εi,j, the radiation coefficient Cs of the black body, the radia-
ting surface area Ai and the absolute temperatures Ti and Tj.

	 	 (7)

The resulting emissivity εi,j is a function of the emissivity ε the surfaces areas A of the radiating 
bodies and the view factor Fi,j [3], [4], [5]. The heat transfer PV via volumetric flow is a function 
of the specific heat capacity cp, the fluid density δ0, the volumetric flow rate V̇ and the tempe-
rature difference ϑi – ϑj between the entering and exiting fluid.

	 	 (8)

The volumetric flow rate V̇ is a function of the buoyancy height h between the inlet and outlet 
apertures, the coefficient of volumetric thermal expansion β0 and the flow resistances [2], 
[4]. The determination of flow parameters is generally not trivial and subject to uncertainty. 
Experimental verification is hence required. 

3	 Thermal network of positioning system in hollow sleeper

In this chapter the steps of modelling a points positioning system with the thermal network 
method as well as the compilation, structure, parameters and experimental verification of 
the model are described.

Figure 1	 Thermal network model of the points positioning system

3.1	 Classification of assemblies

The regarded points positioning system is a complex group of altogether 17 assemblies made 
of several materials with differing thermal material properties and surface qualities. The 
assemblies are: 9 different covers, 3 different rods, the hydraulic system, the rails, the point 
lock, the hollow sleeper and the flat heating. The thermal network model is compiled for each 

P C A T Trad i,j s i i j
4= −

ε 4

ε ε εi,j i j i i i,j= f A A F( , , , , )

P c VV p i j= −( )
•

δ ϑ ϑ0
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assembly separately and the resulting assembly models interact via conduction, convection 
and radiation heat transfer. Each assembly is modelled with several nodes (Figure 1), which 
interact with each other via conduction and with the other assemblies and the environment 
via convection and radiation. The radiative interaction between surfaces of several assem-
blies is a function of the geometry, temperature distribution and surface quality and it is 
described using view factors [4], [5]. The number of required nodes per assembly results from 
each assembly’s dimension and its spatial constant of temperature distribution [2]. The hea-
ting system is modelled with spatially distributed power sources. The model requires several 
input parameters besides its structure to be defined. Input parameters are geometric (cross 
sections A, surface areas A, distances and view factors FIJ), material and surface properties 
[6] (thermal conductivity λ, emissivity ε) and flow parameters [2].

3.2	 Verification

The material and surface properties depend on the chemical composition of the used steel 
alloys and their manufacturing procedure. An experimental verifica-tion of the thermal 
network model is necessary to limit the uncertainty of the computational results caused by 
the uncertainty of material and surface properties. The cover of the hollow sleeper exhibits 
several apertures, which enable a naturally driven volumetric flow between the inner air of 
the hollow sleeper and the environment. Flow parameters describing the volumetric flow and 
the convective heat transfer are given for basic assemblies [2] but need to be verified experi-
mentally for complex assemblies. The verification process is performed in two steps in order 
to separately investigate convection flow parameters together with material and surface pro-
perties on the one hand and volumetric flow parameters on the other hand. The flat heating 
is operated with three different powers which are normalized with the power of the original 
heating system. The apertures in the cover of the hollow sleeper are closed and proofed in 
the experiments of the first step. A volumetric flow from the inside of the hollow sleeper to 
the environment cannot occur in this case (Figure 2).

Figure 2	 Experimental verification of thermal network with proofed apertures

In the experiments of the second step, the apertures are open and a volumetric flow from the 
inside of the hollow sleeper to the environment can establish. Its parameters are derived from 
the experimental results and complete the thermal network model of the entire positioning 
system contained in the hollow sleeper (Figure 3).
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Figure 3	 Experimental verification of thermal network with open apertures

4	 Optimized designs of heating systems 

As a result of the temperature rise tests (Figure 3) an uneven temperature distri-bution is 
evident along the hydraulic system, the hollow sleeper, the rods, the covers, the point lock 
and the flat heating. While the admissible temperature rise is exceeded at the flat heating, 
the temperature rise is less than 20 K in most of the positions. Therefore, high availability at 
winter conditions with outside temperatures as low as -20 °C cannot be ensured. By optimi-
zing the heating system design, the temperature distribution in the entire hollow sleeper shall 
be homogenized. Increasing the surface area of the flat heating would obviously increase 
the heat transfer to the positioning system while reducing the surface temperature of the flat 
heating. Nevertheless, a flat heating with increased dimensions cannot be mounted in the 
hollow sleeper, as only limited room is available. Instead, the radiation heat transfer from 
the flat heating could be intensified by varnishing the surfaces of the flat heating, the gears 
and the inner surfaces of the hollow sleeper. Varnished surfaces have a higher emissivity of 
thermal radiation than blank metal surfaces [2], [6]. The usage of several allocated heating 
elements could homogenize the temperature distribution as well as directed heat transfer 
via a radiant heater combined with varnished surfaces. Alternatively, warm air can be fanned 
into the hollow sleeper. The impact of the introduced design alterations on the temperature 
distribution is assessed computationally (Figure 4) using the compiled thermal network mo-
del. The computational model considers an environmental temperature of 5 °C, which is the 
highest value to be expected in winter condition. Solar radiation is also taken into account 
for assessing the admissible power of the heating system.

Table 2 	  Parameters of the computed temperature rise distribution

Design Mean value of temp. rise / K Coefficient of variation
Original design 25.3 0.58
Varnished surfaces 27.4 0.54
Allocated heating elements 33.9 0.51
Flat + radiant heater 28.1 0.51
Warm air fan 19.7 0.47
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The efficiency of the heating system designs is measured by the mean value of the tempe-
rature rise, while its homogeneity is measured by its coefficient of variation (Table 2). Only 
the temperatures of the hydraulic system, the hollow sleeper, the heating elements, the rods 
and the point lock are taken into account. The cover is not likely to impair the positioning 
systems mobility and the rails are separately heated which is not considered in the present 
investigation.

Figure 4	 Computed temperature distribution for various designs of the heating system

The computational results only indicate a moderate effect of varnished surfaces on the tem-
perature distribution within the positioning system. Fanning warm air into the hollow sleeper 
leads to a relatively homogenous temperature distribution but requires excessive power, be-
cause most of the heat is carried away by the warm air. Radiant heaters and allocated heating 
elements result in higher temperature rise and more homogenous temperature profiles than 
the original configuration.

Figure 5	 Experimental temperature rise with several allocated heating elements
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The increase of the temperature profile homogeneity and temperature rise due to allocated 
heating elements is approved by experimental investigations (Figure 5). The temperature pro-
file hardly depends on the position of the switch rails. The impact of the heating system opti-
mization therfore does not depend on the switch rail position either. The power consumption 
of the optimized heating system with allocated heating elements is Prel = 121 % and slightly 
higher compared to the original configuration. An increased effictivity of the optimized he-
ating system can strictly be approved only under the conditions of investigation (no wind, 
no percipitation, environmental temperatur approximately 20 °C) and cannot be reasonned 
directly for realistic operational conditions. This is due to the impact of the environmental 
conditions, that has not been assessed experimentally. Wind increases the heat transfer to 
the environment and percipitation lowers the temperatures at the hollow sleeper. Therefore, 
a temperature rise of 20 K under laboratory conditions is only a necessary but not a sufficient 
condition for operation at environmental temperatures as cold as -20 °C. Nevertheless, the 
increase of mean temperature rise and the homogeneity of the temperature profile at least 
indicates a better availabillity of the points positioning system in winter conditions. It is not 
admissible to increase the power of the heating system in order to further increase its effecti-
vity, because the admissible temperatures may be exceeded. Either higher admissible tempe-
ratures or a controll system could create the possibility for a further increase in heating power.

5	 Conclusions

In order to assess the impact of various designs of heating systems on the tem-perature distri-
bution at a points positioning system contained in a hollow sleeper, a thermal network model 
has been established and verified experimentally. Various modified designs of an existing 
heating system have been investigated by computational and also experimental means. A 
heating system composed of allocated heating elements provides for a relatively homogeno-
us temperature distribution, while the admissible temperatures determined by the hydraulic 
system are not exceeded. In order to approve the effectivity of the drafted heating system, 
tests under harsh outdoor conditions have to be performed.
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Abstract

Currently, there is an emphasis on upgrade of railway network in Croatia. This is especially 
visible on railways that are a part of pan-european corridors (Vb: Rijeka-Zagreb-Budapest 
and X: Salzburg-Ljubljana-Zagreb-Beograd-Niš-Skopje-Veles-Thessaloniki). Design and con-
struction of these railway corridors is in large part funded by the European Union through 
IPA programme, Priority axis 1 of IPA Component IIIa. Upgrade of railway M201 (State border 
– Botovo – Koprivnica – Dugo Selo) is divided into 2 phases. Phase 1 (Dugo Selo-Križevci) is 
currently in final stages of design, and construction should start in 2014. Phase 2 (Križevci-
Koprivnica-state border), which is the subject of this paper is in the first stages of design, 
with obtaining of construction permit due in 2016, which will be followed by construction 
that is supposed to be finished by year 2020. Upgrade of M201 on this 43.2 km long section 
mostly consists of construction of second track parallel to the existing one, with modernisa-
tion of the control command and signalling subsystem, and reconstruction and upgrade of 
existing stations, stops, road crossings and structures. Smaller parts of the existing railway 
track will be reconstructed, or even abandoned to achieve design speed and station layout 
requirements, all in accordance with the proposed traffic technology. This paper presents the 
technical solutions of railway track alignment, road crossings and structures, that are a basis 
for all other design work on this project. Also, current state of spatial planning documentation 
regarding this project and influence of other big infrastructure projects, especially motorway 
projects that intersect with the rail corridor will be shown.

Keywords:	railway design, upgrade, EU funding, construction

1	 Introduction

The project of the upgrade and construction of second track on railway line section Križevci – 
Koprivnica – National Border is defined in the Transport Operational Programme 2007-2013, 
which forms the strategic basis for the absorption of funds from component III of IPA’s pro-
gramme in the transport sector. The project encompasses the reconstruction of the existing 
track on the Križevci – Koprivnica – National Border section for nominal speed of 160 km/h 
and the construction of the second track alongside the reconstructed track of the railway line 
M201 (State Border – Botovo – Dugo Selo). The Design Contract was signed on Dec 10th 2012 by 
HŽ Infrastruktura d.o.o. as the Contracting Authority and URS Polska Sp. z o.o., in consortium 
with URS Infrastructure and Environment UK Limited and IDOM Ingenieria y Consultoria S.A., 
as the Consultant. The total value of the design contract is EUR 5.3 million, of which 85% is 
provided by the European Union and 15% by the Croatian Government. The deadline for the 
completion of the design is 42 months from the contract signature date.

28–30 April 2014, Split, Croatia
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Figure 1	 Position of Križevci-Koprivnica-SB section in Croatian rail network

The overall railway network corridor RH2 (State border Hungary/Croatia – Koprivnica – Dugo 
Selo – Zagreb Main Station – Karlovac – Rijeka – State border Croatia/Slovenia), as well as 
the railway transport corridor R**3 within the Republic of Croatia shall become a constituent 
part of the future Trans-European conventional railway transport network. Considering the 
geographical conditions, the characteristics of particular parts, the traffic-technological and 
organizational conditions and the planned technical conditions, the future railway transport 
corridor R**3 is divided into 4 sectors: 
·· Sector I	 → State border Hungary/Croatia – Koprivnica – Križevci – Dugo Selo
·· Sector II	 → Zagreb railway node
·· Sector III	→ Horvati – Karlovac – Skradnik – Drežnica – Krasica
·· Sector IV	→ Rijeka railway node and Matulji – Borut – Pula/Raša/Slovenia

In all parts of the railway corridor RH2 it is necessary to conduct extensive works with an aim 
to increase the transport capacity, to reduce travel time and to align the condition and charac-
teristics of railway infrastructure with the conditions of existing European railways regulation 
(Railway Safety Directive, Directive on the interoperability of the trans-European conventional 
rail system, Technical Specifications on Interoperability of trans-European rail system).



Rail Infrastructure Projects Design, Construction, Maintenance and Management 61
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

2	 Existing state 

The existing railway line M201 State border – Botovo – Dugo Selo on section Križevci – Kopriv-
nica – State border partially passes through urbanized areas, and partially through uninhabi-
ted area. Although it partially passes through mountain area, according to its characteristics 
is a predominantly lowland railway section, at which the longitudinal gradient is less than 8 
mm/m. At subsection Vojakovački Kloštar – Lepavina there are horizontal curves of 460 up to 
715 m in radius which limit the designed speed at this subsection to 90 to 120 km/h, while on 
the remaining part of the line the design speed is 140 up to 160 km/h. The maximum allowed 
mass of trains on the entire railway section is 22,5 tons/axle and 8 tons/m’ (corresponding 
to UIC line categorisation freight load model D4). 

Figure 2	 Existing railway near Mučna Reka

The usage condition is deteriorating year by year, even with recent renewal, thus the maximum 
allowed speed at subsection Križevci – Mučna Reka is reduced to 60 km/h, and at subsection 
Mučna Reka – Koprivnica – Botovo – State border at 80 km/h. The subsection Križevci – Ko-
privnica has been renewed in 2012, and subsection Koprivnica – Botovo – State border in 
1978. The entire section has been electrified with AC 25kV/50Hz system, and is ensured with 
AB (automatic block), while relay devices are installed in stations. The traffic is operated in 
block intervals. The stations for planning traffic are Križevci and Koprivnica, and the maximum 
allowed train length, considering the usable main track length is 515/521 m. Limiting part of 
the railway line is the Križevci – Lepavina subsection, with average daily traffic of 46 trains in 
2012. (31 passenger and 15 freight trains). Track capacity for Križevci – Lepavina subsection is 
69 trains total, according to 2012./13. Croatian railways time table.

Table 1 	  Technical elements of the existing railway [1]

Minimum horizontal radius 452 m
Maximum longitudinal gradient (open track) 8.0 ‰
Maximum longitudinal gradient (stations and stops) 4.8 ‰
Minimum vertical radius 8000 m
Rails 49E1
Track formation width 6.5 m
Transversal gradient 5.0 ‰

The railway line is situated with its larger part on the embankment and with a smaller part in 
the cutting. Embankments are mostly low, 2-3 m high, except on the mountainous part of the 
track from Vojakovački Kloštar to Lepavina where the embankments are up to 15 m high. Ra-
ilway line passes partly through agricultural area and settlements, and partly through forests. 
The embankments are sporadically narrow, low, and in some parts of inadequate width which 
causes dispersal of the ballast. At particular places, the bad condition of the substructure of 
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the track can be seen. In spring of 2013, heavy rain caused landslides that caused closure of 
the railway line for extended periods of time. There are 6 stations and 4 stops on the Križevci 
– Koprivnica – state border section. Out of the 8 existing bridges, only Steel bridge “Drava-
Botovo” is significant, with length of 291 m. The rest of the bridges are single span structures 
with length up to 24 m. There are multiple crossings with the existing road network, with 13 
level crossings and 5 de-levelled ones (4 underpasses and 1 overpass).

3	 Planned state

Design and construction of the Križevci – Koprivnica – State border section is separated into 
4 subsections: 
·· II.a	– Križevci (excluded) – Carevdar (included)
·· II.b	– Carevdar (excluded) – Lepavina (included)
·· II.c	– Lepavina (excluded) – Koprivnica (included)
·· II.d	– Koprivnica (excluded) – State Border

3.1	 Railway

Given the requirement that the future double track railway should be constructed for nominal 
speed of 160 km/h, changes to the existing horizontal track geometry were necessary. Major 
changes to track geometry were done on a 2.5 km long section directly after Križevci station 
exit, and on a 4.5 km long section between Carevdar and Lepavina. On the rest of the track, 
only existing horizontal curves R < 1700 m needed to be reconstructed.

Figure 3	 New track geometry between Carevdar and Lepavina

Maximum longitudinal gradient doesn’t exceed 10 ‰ on open track sections and 2.2 ‰ in 
stations. On the whole length, the railway line is designed as a continuous welded track with 
60E1 rails, with 4.5 m distance between tracks on open sections and 4.75 m in stations. The 
rails are installed on prestressed concrete sleepers, 60 cm apart, which are set on crushed 
stone ballast layer with minimum thickness of 40 cm. Rail and sleepers are connected using 
elastic type fastening.
Existing Lepavina and Koprivnica stations will be reconstructed, Mučna Reka station will be 
downgraded to stop, and Drnje station will be abandoned after the construction of a new sta-
tion Novo Drnje which is planned app. 1 km in Botovo direction. In addition to existing stops, 
a completely new stop will be constructed near Peteranec. After the reconstruction, maximum 
allowed train length in stations will be 750 m for freight and 400 m for passenger trains.
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Table 2 	  Planned stations and stops after the reconstruction [2]

No. Name Status Km position Number of tracks
1 Majurec stop 485+454.85 2
2 Vojakovački Kloštar stop 480+961.07 2
3 Carevdar stop 491+750.00 2
4 Lepavina station 497+436.16 6
5 Sokolovac stop 499+580.64 2
6 Mučna Reka stop 504+123.63 2
7 Koprivnica station 510+668.89 14
8 Peteranec stop 515+948.27 2
9 Novo Drnje station 520+197.89 6
10 Botovo station 522+762.51 3

3.2	 Structures

After inspection of existing railway structures on Križevci – Koprivnica – State border section, 
it was concluded that unfortunately most of them can’t satisfy current norms and regulations. 
Because of this only existing road underpass in Koprivnica, and pedestrian underpasses in 
Koprivnica station will be renewed and maintained. All other structures will be either demolis-
hed or abandoned, in regard to changes in horizontal track alignment. On Carevdar – Lepavina 
section, construction of 2 new viaducts, 350 and 635 m long is planned. They will also be used 
as animal passages. Also, 2 structures are planned as animal crossings, one under and the 
other over the railway line.
Parallel to the existing one, a new double track bridge over Drava river will be constructed. The 
new steel bridge is designed with a main span of 145.5 m, and 2 smaller spans of 72.25 m, on 
on each side of the main span.

Figure 4	 New Drava bridge

Given the demands of the new legislature that states all existing rail crossings with state or 
county roads must be de-levelled in case of rail reconstruction, 8 new road overpasses and 
one road underpass will be constructed.

3.3	 Road crossings

Given the changes in horizontal track geometry at exit of Križevci station and between Carev-
dar and Lepavina, and planned construction of DC10 and Podravska motorways, there are 30 
crossings with existing and planned roads (not calculating in field paths). 

3.3.1	 Existing roads
The reconstructed railway crosses a total of 26 existing roads. After construction, there will 
be 9 overpasses, 3 underpasses and 2 passages under bridges or viaducts. 6 of the existing 
level crossings with local or unclassified roads will be kept in level, with reconstruction of 
access roads and security systems (signals, half-barriers). 6 of the crossings at the sections 
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where the track is set in a new corridor will be reconnected to the nearest de-levelled crossing.  
In front of Lepavina station, new railway corridor crosses the existing DC41 state road at 2 
positions, so two road overpasses (Lepavina 1 & 2) will be constructed. The fact that railway 
and state road corridor are parallel on long stretches of the section, made technical solutions 
of de-levelled crossings much more complex, especially for crossing of county road 2212 near 
Križevci and Pavelinska ulica in Koprivnica.

3.3.2	Planned roads
There is a total of four crossings with planned motorways, three of which are with future state 
road DC10, former highway A12. The crossing near Majurec is a part of Križevci-Kloštar Voja-
kovački section of the motorway. This section has a construction permit, and the crossing is 
solved with a road viaduct. Rail reconstruction on this part was designed to use the predicted 
free space in one of the spans. Two of the crossings with DC10 are on Kloštar Vojakovački-
Mučna Reka section of the motorway. Since there are no permits issued for this section, 
railway design was done in coordination with Croatian Motorways and Croatian Roads to 
keep the necessary future changes of motorway design to minimum. Near Peteranec, planned 
Podravska freeway will cross the railway corridor on a road viaduct. Since that road is still in 
the conceptual design stage, and only construction of second track is planned on that part of 
the section, there were no major issues with this collision.

4	 Spatial plans

Base for the design of this railway section was conceptual design made in 1998. Unfortuna-
tely, the rail corridor from that design was never implemented in the spatial plans. Because of 
this, changes made to the DC10 motorway corridor in 2011 collided with the M201 conceptual 
design. Also, new railway corridor proposed by in the conceptual design had big influence on 
the existing Orthodox monastery near Lepavina.
Because of these issues, a new railway corridor between Carevdar and Lepavina was desi-
gned, taking into account proposed corridors in Sokolovac municipality spatial plan. This 
corridor, as well as the new railway corridor at the beginning of the section which was a part 
of Križevci spatial plan, were never implemented in the county spatial plan.
This meant that before the approval of the Environmental Impact Assesment and subsequent 
request for issuing of Location permit, County spatial plan needed to be changed. This process 
was started in June of 2013, and should be ended by May of 2014.
In addition to this, reconstruction of existing road crossings demanded the targeted changes 
of lower level spatial plans in City of Križevci and municipality of Sokolovac. Procedure was 
started in December of 2013, and should be finished in time for Location permit extraction.
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Abstract

City of Niš is the crossroads of the most important Balkan and European traffic routes. The 
territory of the City is intersected by mportant directions: Corridor X – road connect the 
Balkan with Central and Western Europe, Main lines E70 and E85, and regional and local 
traffic network of roads and railways. Niš urban and demographic development has not been 
matched by investment in road and railway infrastructure, consequently this network are over-
loaded. Unadjusted development of the city on already built of railway lines, led to the spatial 
and functional conflicts and many negative effects. Building of bypass line includes the im-
plementation of Corridor X through node and unobstructed transit traffic on Corridor X. This 
creates the conditions for the separation of passenger and freight transport and relieving of 
freight traffic the central zone of the city of Nis. The construction of the railway bypass around 
the City of Niš will allow implementation of EU standards for interoperability, will contribute 
to the further development of the city and will also contribute achieving better conditions 
for transport of passengers and freights thus helping divert international road traffic to the 
railways with the consequent benefits in environmental terms. Aim of the author work is to 
show traffic and civil aspects of the construction of the bypass, its interdependence and the 
impact on traffic Niš junction. Optimal technical and spatial – urban solution can be realized 
in phases to meet the needs of transport and development plans of City of Niš.

Keywords:	railway bypass, traffic, infrastructure

1	 Introduction

Disharmony of city development, traffic and transportation infrastructure leads to spatial 
and functional conflict in the city area of Niš. Problem of railway traffic for the city can be 
at one side – a limiting factor, and at the other – a stimulating factor of the development. 
Functionality of railway transportation in the city should be subsumed under the needs and 
requests of the citizens, but in the functioning of the railway transportation system in the 
Serbia. Reduction of the collision points, city–railway should correspond to the previously 
planned and defined strategy of the city development. It includes:
·· priority of phase construction and modernization of the railway in the Niš;
·· dynamic plan of activities;
·· control of activities.

The problem of level crossings in the center of Niš is especially expressed and endangering 
the safety of users and complicate realization of all transportation types. In the present state, 
passing freight trains through the central zone of the city produces increased levels of pollu-
tion and noise, with an increased risk of environmental protection because of the passage of 
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hazardous materials through the city. The general aims of railway bypass construction around 
the city of Nis are:
·· harmonization of transportation infrastructure development with the development of the city;
·· harmonization of transportation infrastructure development with the development of the 
airport of Niš;

·· relocation of freight transportation from the city center;
·· the development of railway systems without disrupting the transit transportation on Corridor 
X with local work.

Settings to define the technical and technological parameters of railway bypass construction are:
·· official planning documentations;
·· spatial limitations and places of collision with existing and planned installations;
·· spatial limitations and places of collision with existing and planned transportation;
·· necessary capacities and facilities at the stations on the railway bypass;
·· connection of new railway bypass with existing infrastructure capacities of the node;
·· connection of new railway bypass with existing railway line Nis – Dimitrovgrad;

2	 The current state of the transportation system of the Niš.

2.1	 General features – location and system elements

Niš as a regional, administrative, cultural, educational, industrial and transportation centre 
at the international network is a place of connection and separation of the two main interna-
tional directions E-85: Budapest–Athens and E-70: Paris–Sofia. In the transportation system 
of Niš there are all forms of transportation, for the various types of passenger and freight 
transport, what Niš makes an important connection in the link of passengers and goods flows.
From the aspect of the road traffic, Niš is the crossroad of international regional and local road 
traffic. Backbone of bypass roads around Niš are sections of the international road E-75 (M-1) 
and E-80 (M-1.12). In progress is construction of the highway E-80th. From Niš are separating 
11 routes on which are organized bus transportation.
From the aspect of air traffic, city airport “Konstantin Veliki” is qualified for receiving medium 
aircraft. “Konstantin Veliki” is the second category airport, and it is airport for regular and 
charter flights for the passengers of Niš and the region, and serves as an alternative airport for 
Belgrade, Skopje and Sofia. Using of the runway is limited by the existing electrified railway.

2.2	 Railway transportation diagrams 

Niš railway junction is one of the most important and oldest junctions, created more than 100 
years ago and has a very important role in the Serbian railway infrastructure, also has great 
influence at the development of the city Niš. Railway infrastructure capacities in the junction 
Niš were built and modernized in stages and gradually, and parts are:
·· main lines: Beograd–Niš–Preševo–border, Niš–Dimitrovgrad–border;
·· railway line of the first order (Niš)–Crveni krst– Zaječar–Prahovo Port;
·· inside the junction connections are made over railway lines: Crveni Krst–Niš Marshalling 
Yard, (Crveni Krst)–(Ćele Kula), Trupale–Niš Marshalling–Međurovo and Niš–Junction Brid-
ge–(Niš Marshalling);

·· railway facilities in the junction: triangle Crveni Krst–Ćele Kula.

Circular connection has multiple role because of the connecting station Niš Marshalling Yard 
with the depot and industrial tracks in the station Crveni Krst, station Niš marshalling with 
station Niš and Mechanical industry and station Niš with depot in the station Crveni Krst.
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All mentioned tracks are electrified, category D-4 and load 22.5 t/ax and 8.0 t/m’, except track 
Niš–Dimitrovgrad–state border (D-3, 22.5t/ax and 7.2 t/m’) and track (Niš)–Crveni Krst–Zaje-
čar–Prahovo Port (B-2, 18.0 t/ax and 6.4 t/m’).
All railway sections are equipped with APB, except sections Niš–Crveni Krst and Crveni Krst–
Matejevac. For interstation distance Niš–Crveni Krst, railway is double track and it is equipped 
with APB devices for two-way traffic. According to schedule for 2012/13 maximum allowed 
speeds are between 30 km/h and 70 km/h. 
Existing junction Niš (Figure 1) consist stations: Niš, Niš Marshaling Yard, Crveni Krst, Trupale, 
Međurovo, Matejevac, Ćele Kula and Niška Banja. Other halts are: Palilulska Rampa, Vojna 
bolnica, EI Niš, Pantelej and Rasputnica Most. The main passenger station is the station Niš, 
the main marshalling yard station is Niš Marshaling yard.

Figure 1	 Niš junction

2.2.1	 The organization of passenger transportation
All stations are opened for the reception and departure of passengers. At the station Niš all 
categories of trains for passenger transport have stopping. Besides the transit trains all trains 
for passengers are starting/ending ride in the station Niš. Transportation flows are presen-
ted according to the schedule for 2012/13th year. Marching of trains for passenger transport 
is shown in Figure 2. At the station Niš are performing necessary technological operations 
(changing of locomotives, adding or removing a wagons, combining of train set and etc.), 
and for relation Belgrade–Dimitrovgrad at the station Niš are changing the traction type and 
driving direction.
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2.2.2	The organization of freight transportation
The current intensity of freight transportation is relatively small, partly because of the lack of 
adequate series of wagons and locomotives. All trains in the domestic traffic are starting or 
ending driving in the Niš Marshaling Yard station. Traffic flows are presented according to the 
schedule for 2012/13th year. Marching of freight trains is shown in Figure 3. 

Figure 2	 Passenger traffic Figure 3	 Freight traffic

At the station Crveni Krst are performing change of locomotives and other necessary techno-
logical operations for trains for/from the direction of Dimitrovgrad. Local work with vehicle 
goods is not concentrated in one place and its performing at the station and industrial tracks. 
Transport of part-load cargo and luggage is minimal.

2.2.3	Organization of shunting works
Shunting work on the composition and decomposition of freight trains is performed at the 
station Niš Marshalling Yard and work on forming of passenger wagons at the station Niš. In 
the junction Niš is performing shunting work in order to service loading and unloading tracks, 
industrial tracks, serving of stations, etc. Shunting works performs more difficult because of 
the shunting locomotives lack.

2.3	 The railway system infrastructure

Niš is the second largest city in Serbia, with all the functions of the regional center and its ge-
ographical position is located at the intersection of traditional transport corridors of Western 
and Central Europe to Greece and Asia. Direction that made basis of today’s railroad junction 
are north–south (Belgrade–Skopje) and west–east (Niš–Sofia). The urban area of Niš is topo-
graphical located at river Nišava’s valley and spatially has developed along the Niš valley and 
hence the first built big infrastructure objects: railway line Niš–Sofia and international road 
Niš–Sofia. Accelerated process of industrialization and urbanization, there, has been spatial 
expansion of settlements that has taken the functions of urban character, so that the railway 
infrastructure at this moment is located in the very urban area of Niš. Main stations are:
·· Niš;
·· Niš Ranžirna / Niš Marshalling Yard;
·· Crveni Krst.

2.3.1	 Station Niš
The station Niš is the main passenger station, with five platforms for reception–departure 
tracks and one bypass track. Platform next to the station building and two island platforms 
are connected with underpass and have awnings. The station Niš also performs technical 
tasks of passenger station. The station serves for the passage of freight trains on the direction 
Niš–Dimitrovgrad.
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2.3.2	Station Niš Marshalling Yard
The station is marshalling yard and sorting on the network YR, in the parks with parallel tracks, 
turnout track and small marshalling yard hill.
Station tracks are classified into the group:
·· Reception–departure group has 8 tracks;
·· Marshalling yard–departure group has 18 tracks;
·· Station track group has 8 tracks;
·· Bypass tracks (3 tracks).

The total length of the station tracks is 25920 meters, with 90 single and 8 English switches. 
Within the station Niš Marshalling Yard is located depot and wagon workshop. From the sta-
tion stands out industrial track “VP 3472.” It was designed for a former military airport in the 
Niš.

2.3.3	Station Crveni Krst
The station Crveni Krst is interstation on the railway Belgrade–Skopje and it is connecting 
station for railway Niš–Zaječar. Indirectly, through triangle, is connected with the railway Niš–
Dimitrovgrad. Over circular railway, Crveni Krst is connected with the stations Niš Marshalling 
Yard and Niš.
On both sides of the station Crveni Krst is connected depot and from the depot is connection 
with the Factory of switches, which is located on the right side of the tracks. On the left side 
of the tracks from station stands out tracks for industrial zone of Niš. From the railway station 
Crveni Krst stands out 12 industrial tracks that serve for loading and unloading of goods, 
within of owners and users of industrial tracks.
For tasks that are performed by the station Crveni Krst there are 10 tracks. The total length of 
the station tracks is 6415m, with 29 single and 7 English switches. Depot group of tracks have 
about 6800m and 30 switches.

3	 Spatial limitations for development of railway infrastructure in the Niš

3.1	 Planning regulations

RS Spatial Plan 2010–2020 as a document of the highest importance envisages development 
of railway infrastructure in the Republic of Serbia, and special significance is given to the 
planning, construction, reconstruction and modernization of railway lines, as well as stations 
and other facilities, for performing passenger and freight transportation on Corridor X.
Spatial plans of the Republic determines the concept of development, organization, protec-
tion and usage of the area covered by the plan. It is implemented by developing of planning 
solutions and plans for special purpose of areas, spatial plans of local governments, urban 
planning and other plans. In all relevant plans for the city of Niš, as well as the general de-
velopment plans it is recommended the relocation of railway freight transportation from the 
city center.

3.2	 The functionality of transportation

Optimal technical–technological and spatial–urban planning solutions for railway bypass 
can be realized in phases according to the requirements of transportation and development 
plans of the Niš.
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Figure 4	 Assumed flow of goods and passengers

Construction of the bypass is the first step of undisturbed passage of double-track railway 
on Corridor X and undisturbed passage of transit traffic on Corridor X through the area of the 
Niš. This creates the conditions for the separation of passenger and freight transportation and 
relieving of the city central zone of freight transportation.
Organizational and functional solution of railway transportation is conceived with position of 
the stations Niš and Niš Marshalling Yard within of Niš railway junction. Technological requi-
rements on which are based variants of solving railway bypass around Niš are:
·· using of the existing railway corridors and land to the most possible extent;
·· keeping the railway capacities on existing locations with modernization and integration into 
a new solution, all in accordance with the spatial and urban plans;

·· the separation of the freight and passenger transportation and the releasing of the city 
central zone of the freight transportation;

·· direct trains traffic for passenger transportation on main lines through the station Niš wit-
hout changing the direction of the ride and head of the train, as well as changes of the 
traction type;

·· the high level of efficiency and safety of railway transportation;
·· functional and rational solution for railway bypass and stations as well as the connection of 
a new bypass to the existing railway infrastructure facilities;

·· providing the necessary capacities, passing capacity and transportation safety, fast passa-
ge of trains, passengers and goods through the junction, the maximum protection of the 
environment and to minimize investment and exploitation costs, and all in accordance of 
the city development and the economy;

·· separate grade intersection of the railway with road traffic;
·· retaining and improving railway connections with existing and planned industry;
·· compatibility of railway, road and air transport in the city of Niš.

3.3	 Construction feasibility

In accordance with technological requirements, spatial and planning restrictions is narrowed 
the choice of alternative solutions of the route of a new railway bypass. Corridor of the route 
with minimum variation is placed on the north of the city periphery. Beginning of the railway 
bypass is on the output switch at the station Niš Marshalling Yard over existing halt Pantelej 
and along the highway corridor, on the left side and connection to the existing alignment of 
the railway Niš–Dimitrovgrad, to the station Sićevo.
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The basic elements of the route should be take into account the following:
·· reconstruction and modernization of the railway double track bypass should follow the basic 
settings according to the European Agreement on Main International Railway Lines (AGC), 
European Agreement on main lines for combined transport (AGTC), and the composition of 
the Trans–European railway network in mixed traffic and high speeds;

·· technical standards for interoperability ECTS;
·· railway transportation will be developed to a high level of service for the passenger, freight 
and combined transport.

The goal is to define the long-term of optimal technological and spatial urban solutions that 
can be implemented in stages and phases, in accordance with the geostrategic importance 
of the national and European railway network and transportation requirements according to 
European standards, and in accordance with the requirements and development plans of the 
Niš as an important regional city by European standards.

4	 Construction of the railway bypass around Niš and the effects of 
construction

Bypass railway starts from the output switch of the station Niš Marshalling Yard. Part of the 
railway track from station Niš Marshalling Yard to the station Crveni Krst will be relocated 
and it will be built separate grade intersection (above or below) with the existing railway 
Trupale–Crveni Krst. Bypass route continues on the corridor defined by the spatial plan, the 
northern periphery of the city, to the connection of the existing railway line Nis–Dimitrovgrad 
in the area of Prosek. Length of the new railway bypass is about 19 km. On railway bypass is 
planned to build new stations: Niš North, Pantelej and Vrežina.
Between stations Trupale and Crveni Krst, at bypass line, is planned to build the station Niš 
North. The capacity of this station will be designed to satisfy the requirements of transport 
and transportation, with the corresponding groups of tracks designed to receive and departu-
re of trains. From this station it is possible to make connection with the industrial tracks that 
are in the station Crveni Krst. This location, because of the roads and airport proximity has 
advantages for the eventual construction planning of goods–transport center. Neighboring 
stations are Trupale, Niš Marshalling Yard, Crveni Krst and Pantelej.
The new station Pantelej, at bypass, in the transportation meaning, it will be junction railway 
station to Zaječar and it is designed for receive and departure of trains. The effect of its con-
struction is reflected in the separation of passenger and freight transportation. Neighboring 
stations are Niš, Crveni Krst and Vrežina.
The new station Vrežina is designed for receiving and departing of trains in all categories. 
The effect of its construction is to increase passing capacity at new bypass line. Neighboring 
stations are Prosek and Sićevo.

5	 Conclusion

According to the adopted goals of reconstruction and modernization of railway lines in the 
city area, taking into account of national and international importance of transportation in-
frastructure in the Niš, construction of the railway bypass around Niš is the first phase of 
modernization. The construction of railway bypass can be performed out in stages. Phasing of 
construction should not affect the continuity in the execution of the traffic flow. New stations 
on the route of the railway bypass which will be formed in the first phase with minimal infra-
structure capacity in the next phases of development would allow railway transportation to 
competitive advantage over the different types of transportation in the terms of safety, shorter 
travel times, massive transportation, comfort, cost and cost-effectiveness.
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Abstract

When warring parties signed the “General Framework Agreement for Peace in Bosnia and 
Herzegovina” back in 1995, numerous railway bridges were destroyed, railway tracks mined, 
station buildings demolished and most of the rolling stock and locomotives destroyed or 
severely damaged. “The Study on the Transport Master Plan in Bosnia and Herzegovina” (JICA 
for World Bank, 2000) estimated (aggregated) value of direct damages to the railway sector in 
the country at 1,000 million US$. Within the “Emergency Transport Reconstruction Program”, 
major railway capacities were reconstructed / rehabilitated, enabling the re-establishment 
of railway operations in Bosnia and Herzegovina. In the next stage, International Financial 
Institutions strongly supported not only institutional capacity building but also the drafting of 
relevant Studies with the primary objective of defining priority projects for the railway sector. 
Two railway lines connecting Bosnia and Herzegovina’s capital, Sarajevo with the Croatian 
port of Ploče in the south and the Hungarian Capital Budapest in the north are included in 
the “5th Pan-European Transport Corridor” (branch c) and “SEETO Comprehensive Network” 
as well. This paper focuses on railway lines in the 5th Pan-European Transport Corridor (Ša-
mac-Sarajevo and Sarajevo-Čapljina) rehabilitation projects from 2005 onwards. Being active 
participants in some of the projects, the authors had the opportunity to be involved in dis-
cussions with representatives of the Beneficiaries and the Banks, to conduct field surveys 
and comprehensive desk research as well and some of their findings are represented herein. 

Keywords:	railways rehabilitation projects, Corridor Vc, analysis

1	 Introduction

Bosnia and Herzegovina (hereinafter: BiH) is a middle-income country, with small-size eco-
nomy where approximately two thirds of the GDP has been created in the service sector, 25 
percent in industry, and less than 10 percent in agriculture, hunting, fishing and forestry. It 
is located in South-East Europe or more precisely in South-West Balkans (see Figure 1) where 
the Dinaric Alps “cover” most of the land. Therefore, river valleys and mountain passes have 
been the most used transport routes since the time of old Romans.
Such a specific configuration of landforms and a relatively good geostrategic position have 
been the most influential factors in the development of transport systems in BiH. Moreover, 
the historical development of railways in particular was strongly influenced by the political 
and economic environment for mining and extraction of different ores (iron, coal, minerals) 
and other natural resources (e.g. wood, salt etc.) of BiH.
The railways have played different roles in the country’s development during different historic 
periods. Still, the two most significant periods occurred during the Austro-Hungarian reign 
(expansion of the narrow gauge railway network) and when BIH was one of the six Social Re-
publics within the Socialist Federative Republic of Yugoslavia. Anyway, the first subheading of 
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this Introduction provides more basic facts on the historical development of railways in BiH. 
The railways today remain a significant economic asset of BIH’s economy and railway tran-
sport is still essential for operation of big industrial systems (e.g. power plants, steel factory, 
aluminium factory etc.). In addition, the railway system is connected to the Port of Ploče in 
Croatia in the south and the European railway network in the north, providing perspective for 
all export oriented companies in the country. The second subheading gives a brief review of 
BiH railways institutional setup.

Figure 1	 Map of Bosnia and Herzegovina

EU accession was declared as a strategic priority for BiH hence the two sides signed the 
Stabilization and Association Agreement (SAA) – Interim Agreement, on 16th June 2008. Un-
fortunately, for BIH politicians’ acceptance of this priority was (to use “legal terms”) clearly 
just declaratory as SAA has never been affirmed. That is why this Introduction ends with a 
summary of common activities of the two sides (BiH and EU), having more or less the railways 
in its focus.

1.1	 A Brief History of Railways in Bosnia and Herzegovina

The first railway line in BiH was constructed in the XIX century, during the Ottoman Empire rei-
gn. Construction started in 1869 and was completed in December 1872, when a 101.6 km long 
standard gauge railway line between Dobrljin and Banja Luka was put in operation. It should 
have been a section of (the never completed) 2 500 km long railway line Istanbul – Wien.
From 1878 to 1918, BiH was a part of the Austro-Hungarian Empire. During the first two years 
of this period, railway line Dobrljin-Banja Luka was rehabilitated and in 1882 (via Sisak) it was 
linked with the rest of the Austro-Hungarian railway network. Moreover, Austro-Hungarian 
Empire constructed 1611 km of narrow gauge lines (760 mm) all over the country (see Figure 2).
Between two World Wars, BiH was part of the Kingdom of Yugoslavia, and from 1918 to 1941 
another 65 km of standard gauge lines (from Bihać to Bosanski Novi) were constructed as well 
as another 90 km of narrow gauge lines (from Trebinje to Bileća and from Ustiprača to Foča).
From 1945 to 1992 BiH was one of the six federal units in SFRY and the BiH railways network 
was managed by “ŽTP Sarajevo” (one of ex Yugoslavia’s Railways Community units). During 
that period, more than 850 km of standard gauge railway lines (including the 87 km long 
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double track section Doboj-Zenica) were constructed, some of the narrow gauge lines were 
upgraded to standard gauge (e.g. Sarajevo-Doboj), but the best part of narrow gauge lines 
network was closed.
It was the time of contemporary railway technologies introduction (e.g. automatic block si-
gnalling, remote control of electric power consumption and so on) when 72% of the standard 
gauge railways network in BiH was electrified (25 kV AC, 50 Hz) as well. Consequently, in 1985, 
“ŽTP Sarajevo” recorded the best railway performance ever (19.1 million of passengers and 
32.1 million tons of goods transported). Unfortunately, that was the end of a golden era for 
railways in BiH.

Figure 2	 Map of Railway Network in BiH (1918)

In March 1992, BiH declared independence from SFRY. This act was followed by the beginning 
of wartime activities in the country, which lasted until November 1995, when warring parties 
signed the “General Framework Agreement for Peace in Bosnia and Herzegovina” (DPA). Du-
ring the wartime, most of the important railway bridges were destroyed, numerous railway 
tracks were mined, buildings demolished, and major parts of rolling stocks were destroyed 
or severely damaged. Essential facilities and equipment (signalling, telecommunications, 
electric power supply etc.) were heavily damaged as well. 
During the post-war period, within the “Emergency Transport Reconstruction Program”, (fi-
nancial support was provided by International Financial Institutions, the European Union, 
and other bilateral donors), major railway capacities were partly rehabilitated, just enough to 
re-establish railway operations in the country. In 2001, the Study on the Transport Master Plan 
in Bosnia and Herzegovina estimated the aggregated value of direct damages to the railway 
sector at 1,000 million US$.
Today, the BiH railway network is poorly developed as there are just over two km of railway line 
per 100 km2 (See Figure 4). On the other hand, all industrial systems are linked to the railways 
and most of BiH’s population lives in areas which railway lines traverse. Nevertheless, the 
only sure thing is that there is a huge perspective for development of railways in the country.
However, this paper shall put focus on the improvement of key railway infrastructure in the co-
untry. Since 2000 when the “Phare Multi-Country Transport Programme” gave overall priority 
to railway lines in branch c of the 5th Pan-European Transport Corridor (hereinafter: Corridor 
5-c), as numerous studies (e.g. TIRS, REBIS and so on) confirmed its importance not only for 
BiH's economy but also for the regional transport system development.
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1.2	 Institutional Framework

According to the DPA, the Inter-Entity Boundary Line divides BiH into two Entities: Federation 
of Bosnia and Herzegovina (FBiH) and Republika Srpska (RS). In addition, in 1999, Brčko Dis-
trict of BiH was established as a single administrative unit of local self-government existing 
under the sovereignty of BiH (and owned by two Entities). 
The complex organizational structure of the country resulted with even more complex insti-
tutional establishment of railways: The owners of railway infrastructure in BiH are both entity 
governments as well as the government of Brčko District (each on its territory). Therefore, the 
railways in BiH are the “subject of interest” for three different ministries: At state level, there 
is the Ministry of Communications and Transport (MoCT) and in addition both Entities have 
Ministries of Transport. 
Furthermore, there are two railway undertakings established by the Entities, which are at 
the same time infrastructure managers and railway operators: Railways of Federation of BIH 
(ZFBH) and Railways of Republic of Srpska (ZRS). Both companies are members of the “Uni-
on Internationale de Chemins de Fer” (UIC). Consequently, operations are regulated in legal 
terms by the State and Entity Laws, but also by the specific railway regulations which elabo-
rate in detail each component of the railway transport system.
Finally, pursuant to Annex 9 of the DPA, the Entities founded a joint public corporation as an 
inter-entity umbrella organization for all stakeholders. A Management Board (one general 
manager and two deputies) and a Board of Directors (representatives from both Entities as 
well as from both railway undertakings) were established in line with the Agreement on esta-
blishment of the Bosnia and Herzegovina Railways Public Corporation (hereinafter: BHRPC).

Figure 3	 Basic structure of railway sector in BiH (DB International, 2008)

According to the Agreement on establishment, BHRPC mission is to ensure institutional co-
operation (on inter-Entity level) and to act as an overall supervisory and regulatory organi-
zation by (i) allocating train paths for inter-Entity and international traffic (ii) setting railway 
infrastructure investment and rehabilitation priorities (iii) examine the ways and means to 
improve the level of service on the two main lines, (iv) harmonizing technical systems such 
as signalling, safety and telecommunication, (v) harmonizing of fee structures and levels, (vi) 
settling of accounts between the railway undertakings, and (vii) harmonizing regulations and 
standards to EU and international organizations requirements.
Furthermore, the Agreement confirmed the responsibility of the State for international and 
inter-entity transport and consolidates the role of the BHRPC as an agent for international 
financial assistance and for communication with international organizations and the EU. Fi-
nally, the Agreement stipulates that BHRPC can act as common agent for all matters which will 
contribute to the development of the railway sector in BiH. However, both the representative 
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and the active role (in international activities) are subject to the approval of the Entities’ 
governments or the railway undertakings.
The state Railways Act stipulates the establishment of the Railways Regulatory Board (here-
inafter: RRB) in BiH as part of BiH MoCT financed from the state budget. RRB activities are 
related to: (i) technical standards specification, (ii) railway sector monitoring and (iii) licen-
sing of safety certificates, inspection and railway accidents statistics. RRB is still not fully 
operational, because a lot of functions have been delegated without adequate personnel 
and financial support.

1.3	 BiH and EU in context of Railway infrastructure rehabilitation

The Declaration on Special Relations of BiH and EU was adopted in 1998. In 2006, the BiH Di-
rectorate for EU integration drafted “EU Integration Strategy”, where “Parliamentary Assembly 
adopted Conclusions which, inter alia, present the presence of a full political consensus that 
EU membership is the highest possible priority for BiH.” 
This act was followed by drafting of the “Transport Sector Policy and Strategy for BiH” (suppor-
ted by EBRD and WB) to the MoCT. Both documents were completed in 2007 and adopted 
by the Council of Ministers (hereinafter: CoM) back in 2008. Unfortunately, the process of 
its acceptance in the Parliament took more than five years and recently the documents were 
returned to the CoM for its additional adjustment.
An integral part of the signed SAA is the “Protocol on Land Transport”, which should ensu-
re that land transport between and through the territories of BiH and EU is developed in a 
coordinate manner. The Protocol includes a section titled “Rail and Combined Transport” 
stipulating the adoption of coordinated measures by BiH and EU for the development and 
promotion of rail and combined transport. In addition, this section of the Protocol also refers 
to the readiness of EU to support the infrastructure development in BiH through its financial 
institutions and lending instruments.
On June 11th, 2004 BIH was one of the countries to sign Memorandum of Understanding for 
the development of the Core Regional Transport Network (SEETO Comprehensive Network). 
This act established South East Europe Transport Observatory (SEETO) as regional transport 
organization. One of the main SEETO objectives is to enhance local capacity for the imple-
mentation of investment programmes.
In the meantime BHRPC has implemented “Regional project Railways in BiH l” (63.5 million € 
loans from EBRD & EIB and donations from Government of Canada and Government of Japan) 
and “Regional project Railways in BiH lI” (173 million € from EBRD & EIB loans, grant EU and 
from BiH budget). “Regional project Railways in BiH lII” announcement is expected soon. 
Moreover, EU continuously provides technical assistance to railway authorities in BiH (e.g. 
through IPA I Action Programmes).
One of the most important projects of railway sector institutional building in BiH, so far was 
the harmonisation of regulations on maintenance of railway infrastructure and rolling stock 
with the EU Directives (2001/16/EC on interoperability and 2004/49/EC on safety) and Tech-
nical Specifications for Interoperability (TSI). “Updated and harmonised railway regulations 
concerning the railway infrastructure shall provide the regulatory basis for BHRPC for imple-
mentation of design, upgrade and construction activities concerning the railway infrastructure 
in BiH.” 
On the other hand, Infrastructure Projects' Facility of The Western Balkans Investment Fra-
mework (WBIF) has already provided technical assistance for two railway infrastructure re-
habilitation projects in BiH (TA2-BIH-TRA-02 and WB5-TRA-BIH-14). WBIF is a joint initiative 
of the EU, International Financial Institutions, bilateral donors and the governments of the 
Western Balkans countries. The range of technical assistance includes feasibility studies, as 
well as economic and financial analyses, environmental and social impact assessments, and 
design drawings. 
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Figure 4	 Railway lines in Corridor 5-c and BiH Core Transport Network

2	 Railway lines Šamac-Sarajevo and Sarajevo-Čapljina 

Back in 2004 The World Bank in “Bosnia and Herzegovina Infrastructure and Energy Strategy” 
assessed that 70% of the railway network in BiH is in need of major rehabilitation. A year later, 
EBRD recognized improvement of the railway infrastructure as a key priority in the country. 
Due to poor condition of railway infrastructure and lack of signalling and telecommunications 
systems maximal train speeds in BiH are limited to 70 km/h for passenger trains and 50 km/h 
for freight trains.
Railway lines in Corridor 5-c are D4 category (fiche UIC-700) conventional rail system for mixed 
traffic (yet dominantly used for freight transport) providing standard gauge – GB (fiche UIC-
506). Both railway lines are included in “SEETO Comprehensive Network”, so at some point it 
will also be included in the Trans-European Transport Network as well. However, considering 
the present condition of infrastructure it seems that some urgent measures should have been 
applied a long time ago.

2.1	 Railway line (km 21+748) – Šamac – Sarajevo (km 257+097)

Construction of railway line Šamac-Sarajevo in the valley of the Bosna River (maximal gradi-
ent is 8%) was completed in 1947. The railway line was significantly upgraded from 1968 to 
1971 (railway line electrification, installation of automatic block signalling and electric power 
supply remote control etc.). Construction of the second track from Doboj to Jelina (87 km) was 
completed in 1978 and applied design parameters should have enabled train running speed 
from 70 to 100 km/h. The railway line is constructed in densely inhabited areas. Railway sta-
tions Sarajevo and Zenica are located in city centres and there are many settlements along 
most of the alignment. Consequently, one of the big issues is safety (e.g. between Sarajevo 
and Zenica there are 39 level crossings).

2.2	 Railway line Sarajevo – Čapljina – (km 170+390)

Railway line Sarajevo-Čapljina-Ploče was designed and constructed over mountain pass “Ivan 
sedlo” (narrow track tunnel “Ivan” was reconstructed to provide standard track gauge) and 
through the valley of the Neretva river. The electrified (25 kV AC, 50 Hz) single track railway 
line was put in operation in December 1966. The mountain railway line section Bradina-Konjic 
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was designed and constructed with marginal technical standards (imax=25 ‰ and Rmin=250 m). 
The applied design standards allow maximum train speeds between 70 km/h (the mountain 
section) and 100 km/h (southern from Mostar). The design included a lot of railway structures 
so 98 tunnels as well as 70 bridges, viaducts and overpasses were constructed.

2.3	 Railway lines in Corridor 5-c Rehabilitation Projects 

2.3.1	 “Railways I” Project
“A General Overhaul of the Single Track Railway Line Sarajevo-Čapljina, (30 km long) Section 
Bradina-Konjic-(Čelebići)” was completed in 2005. Project also included reconstruction of 
border stations Čapljina and Šamac and railway station Doboj, as well as rehabilitation of 
stations interlocking and level crossings.

2.3.2	“Railways II” Projects
Construction works on Track overhaul of 100 km long section Čelebići – Čapljina were com-
pleted in 2011. Signalling system rehabilitation works started in July 2010 but hasn’t been 
fully completed yet. 
Track overhaul of the railways on Corridor Vc section Sarajevo-Bradina including tunnel “Ivan” 
rehabilitation is on pending (design for 41,5 km long section was completed in 2008 and 
General Procurement notice was issued on 21st November 2013). Invitation to tenders shall 
be issued soon. 
“Reconstruction of track and signalling works on railway Šamac – Doboj” is on pending as well 
(design for 62,5 km long section was completed in 2008, but Feasibility Study is still missing).
Invitation to tenders for modernization signalling-telecommunication system along Railway 
lines Banja Luka- Doboj and Sevarlije-Doboj-Samac was issued on 31st January 2014.

2.3.3	WBIF Projects
Technical Assistance for “Track Overhaul of Railway Section Podlugovi-Sarajevo on Corridor 
Vc” (Feasibility Study and Design for overhaul of 25 km long single track section) was succe-
ssfully completed in 2013. 
Technical Assistance for “Track Overhaul of the Railway Sections Doboj-Maglaj and Jelina-Ze-
nica on Corridor Vc” (Feasibility Study and Design for overhaul of 23,3 km long double track 
section and 8,8 km long single track section) was successfully completed in 2014.

3	 Lessons learned?

One of the main reasons why the railways in BiH are struggling to improve poor performances 
lies in lacking strategic planning. EU transport policy concepts (e.g. sustainable mobility) 
and projects (e.g. shift2rail) should be top priorities on the agenda of BiH politicians. The 
Governments are aware that financial stability of infrastructure manager(s) is a pre-requisi-
te for implementation of priority railway projects, so restructuring of ZFBH and ZRS can be 
expected rather soon. 
Railway lines in Corridor 5-c are not only one of the most important transport systems in the 
country but also in a wider regional context (e.g. essential for operation of Croatian port of 
Ploče). Therefore, introduction of track maintenance planning based on Life Cycle Costing and 
Asset Management System is a must!!! 
It seems that the harmonization of railway standards and regulations and transposition of 
EU legislation is the only bright spot of the railway sector in the country (confirmed with the 
highest mark in new EBRD Strategy). Still, RRB and BHRPC are not fully operational and there 
are a lot of railway regulations still pending.
Rehabilitation of railway lines in Corridor 5-c (including signalling, telecommunications and 
electric power supply facilities and equipment) remain at the top of priorities. However, reha-
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bilitation of landslides and decontamination of mine fields prior to railway line rehabilitation 
works is paramount. 
In addition, even on sections where railway line rehabilitation works were recently completed 
there is a lot of railway structures (tunnels, bridges, viaducts, masts etc.) in a poor condition, 
therefore a railway asset management system should be introduced as soon as possible.
Modernization of signalling (including level crossings) and telecommunications of Railway 
Lines in Corridor 5-c is a big issue and it seems the time has come to treat it accordingly. In 
other words, the consolidated technologies and systems will be applied as described in TSI.

4	 Conclusions

The rehabilitation of railway lines in Corridor 5-c is progressing, but the feeling that prevails 
is that the pace has been too slow. It took ten years to complete (single) track overhaul works 
between Bradina (km 41+084,54) and the Southern Border with the Republic of Croatia (km 
170+390), which is roughly just a third of the total single track length. As there is also an 87 
km long double track section, with this pace it would take at least another 20 years to com-
plete the overhaul. 
Restructuring of railway companies in the country and full staffing of BHRPC and RRB are pre-
requisites for cost-effective railway infrastructure maintenance and development of feasible 
projects as well. Moreover, the BiH governments and railway authorities should make harder 
efforts to accept the European sustainable mobility concept and draft strategic papers promo-
ting comparative advantages of railway transport in the Comprehensive Transport Network. 
Transposed European Norms together with new regulations stipulate the introduction of 
modern technologies preparing the system for future integration into the Trans-European 
Transport Network. Finally, as the International Financial Institutions are willing to continue 
playing their role using reliable resources and tools for funding core transport infrastructure 
development in the country, the main question is not if but when BiH will have a modern 
conventional railway system.
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Abstract

In order to upgrade the track structure for train speed of up to 160 km/h, approximately 62 km 
long section of railway line Oštarije-Knin-Split is in process of reconstruction. To complete the 
reconstruction, noise protection and railway level crossings safety features need to be incor-
porated on the track. This paper presents the process of rail traffic noise protection project 
creation. Project predicts both active and passive noise protection measures – construction of 
noise protection walls and building isolation. Noise protection walls described in this paper 
will be the first rail noise protection structures on Croatian railway network.

Keywords:	rail traffic noise, environmental protection, concrete noise wall 

1	 Introduction

In order to upgrade the track structure for train speed of up to 160 km/h, approximately 62 km 
long section of Lika railway, i.e. section from station Perušić to Gračac of railway line Oštarije-
Knin-Split (shown in Fig. 1) is in process of reconstruction. As final part of the reconstruction 
project, rail noise protection must be designed. This task has been entrusted to the Depar-
tment for Transportation Engineering of Faculty of Civil Engineering Zagreb.
According to [1], traffic noise from newly built and reconstructed transport infrastructure such 
as railways, state or county roads, that adjoin or intersect the residential, business, vacation, 
recovery and treatment areas should be designed and constructed in such a way that the noi-
se level at the border of planned transport corridor does not exceed the equivalent noise level 
of 65 dB (A) during the day and 50 dB (A) at night. According to [2], if predicted rail traffic noise 
levels, calculated by “interim” noise computation method – Dutch National Method RMR-SRM 
II, should exceed prescribed values, mitigation measures must be carried out.
Commonly used method of rail noise control both on existing and new railway lines is con-
struction of noise walls next to rail tracks, often in combination with building noise insulation. 
Typical noise reductions after wall installation are up to 10-15 dB [3] depending on the wall 
height, absorption and its distance to source and receiver. A survey conducted by UIC [4] 
showed that, by the end of 2005, more than 1.000 km of noise walls were constructed and 
more than 1.25 million Europeans have noise protection through insulated windows. An esti-
mated total of 150-200 million euros are spent annually in Europe on noise walls and insula-
ted windows. Same measures of noise protection will be used on this section of Lika railway.
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Figure 1	 Section from station Perušić to Gračac of railway line Oštarije-Knin-Split

Project assignment dictates design of noise protection exclusively for buildings near open 
rail track sections, while areas around three rail stations (Perušić, Gračac and Gospić, Fig. 
1) are excluded from consideration. The project of rail traffic noise protection is divided into 
three parts: 
·· noise protection study which contains acoustic modelling of the observed area and results 
in optimal definition of noise protection wall’s height and its placement in rail plan;

·· noise protection wall main design which contains elaboration of its elements and positio-
ning in vertical plane and

·· proof of proposed protective construction mechanical resistance and stability which conta-
ins calculation and dimensioning of noise protection wall elements.

Although the procedure of noise protection design and construction during (re)construction 
of road infrastructure has become common and well known during the last years, as this is 
the first case of noise protection application on Croatian railway network, during the project 
development few challenges emerged. These challenges, as well the procedure of three-part 
project creation will be briefly presented in the following sections. 
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2	 Creation and results of noise protection study

In order to perform the acoustic analysis and determine the optimized wall height and len-
gth, placement of wall in rail track cross section had to be established. To achieve optimal 
performance of the noise wall, a general rule is to place it as close as possible to the source 
or to the receiver. 
Two challenges emerged while predicting the wall’s location in railway cross sections. The 
first was non-existent national regulations regarding noise wall placement along the tracks 
i.e. its minimum distance from track axis. Draft version of such a document states that the 
distance between rail track and wall axis must be greater than 4 meters. This demand, altho-
ugh unofficial, created another problem. 
According to project task, walls must be constructed on the rail reserve. The lack of free space 
between the nearest rail and rail corridor boundary for wall structure placement, i.e. already 
built drainage elements and telecommunication installations, in many track sections made 
wall introduction impossible (Fig. 2). After considering specifications defined in Italian and 
German national regulations, Investor decided to reduce the permissible minimum distance 
to 3.6 meters (Fig. 2). 
Finally, it was time to optimize the planned noise protection. Since the track section is under 
reconstruction, rail traffic is carried on a reduced scale and with limited train operational 
speed (Table 1), study predicts two phases of noise protection construction.
Phase I includes the noise protection measures (both passive and active) that must be im-
plemented immediately, even in these exceptional rail traffic conditions. The construction of 
phase I noise protection walls and building isolation coincides with completion of rail level 
crossings safety measures incorporation, i.e. marks the end of rail section reconstruction. 
After planned protection in phase I is constructed, it will be necessary to conduct acoustic 
field measurements in order to determine the effect of preformed protection measures.

Figure 2	 Typical cross-section of Lika railway from Perušić to Gračac 
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Table 1 	  Noise modelling input data regarding rail traffic in operation during reconstruction

Train category Design speed Max speed Number of trains during
Day Evening Night

[km/h] [km/h] 07 – 19 h 19 – 23 h 23 – 07 h
Passenger 100 100 5 0 4
Freight 80 80 7 2 3

Because the completion of track reconstruction implies an increase in rail traffic volume and 
speed (Table 2), the study further predicts the necessity of the implementation of the phase 
II protection whose construction should start immediately after the completion of phase I. 

Table 2 	  Noise modelling input data regarding rail traffic in operation after reconstruction

Train category Design speed Max speed Number of trains during
Day Evening Night

[km/h] [km/h] 07 – 19 h 19 – 23 h 23 – 07 h
Passenger – tilt 160 110-160 8 0 0
Passenger – 
conventional

120 80-120 2 2 6

Freight 80 80 8 2 3

Table 3 shows the height, length and area of optimized noise protection walls of protection 
phase I and II. 

Table 3 	  Dimensions of optimized noise protection walls – phase I and II

Wall height Phase I Phase II
Lenght Area Lenght Area

H [m] L [m] A [m²] L [m] A [m²]
1.0 0 0 24 24
1.5 20 30 96 144
2.0 100 200 184 368
2.5 212 530 16 40
3.0 80 240 24 72
3.5 0 0 12 42
Total 412 1000 356 690

According to the investor’s decision, individual residential buildings located at a minimum 
distance of 150 m from the adjacent buildings are not intended for protection by noise protec-
tion walls. Such facilities will be protected by passive noise protection measures. In addition, 
the study showed that passive protection should be applied on objects close to the rail level 
crossings. Noise modelling results showed that 19 residential buildings are in need of noise 
insolation.

3	 Creation and results of wall’s main design 

While deciding about the type and materials of wall’s construction, factors such as limited 
space in rail cross section, available construction technology, aging/corrosion, stone impact 
and fire resistance were taken into account. Therefore, project predicts the construction of 
the walls with steel columns, supported by concrete piles and fill slabs made out of precast 
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concrete. In most countries, precast concrete is the most commonly used wall material, pro-
viding low cost, low maintenance and effective solutions to unwanted noise. This is because 
concrete noise protection walls [5]:
·· are durable, with a design life of at least 40 years;
·· require minimal maintenance and low whole life costs;
·· can act as safety walls, withstand elements, fires and vandalism;
·· take up less space than earth mounds;
·· are made from locally produced materials;
·· can be designed for installation at a variety of angles – vertical, raked or mixed;
·· move from being an exposed structure to acting as embankment stabilizers in a continuous 
ribbon;

·· are flexible in design – can have any profile, colour or size can and therefore provide ele-
ments of architectural interest;

·· are plant friendly – they contain no preservatives and need no repeat treatment.

4	 Creation and results of wall’s mechanical resistance and stability 
calculations

While calculating the mechanical stability and resistance of wall structure the following three 
effects were observed:
·· structure dead load together with additional constant load (weight of the absorbing layer of 
wall fill slabs) in the value of 1.9 kN/m2;

·· wind pressure in its maximum value of 1.37 kN/m2 (for construction located in wind zone 
III and at an altitude of 560 meters above the sea level wind speeds are up to 35 m/s) [6];

·· rail vehicle pressure – this is yet another challenge that needed to be solved, because, 
again, there is no national legislation covering this topic. The answer was found in German 
researches and practice. According to [7], the maximum value of pressure and suction for 
train passing speed of 200 km/h is 0.35 kN/m2. This value is considerably lower than wind 
pressure. Considering that the maximum train speed on reconstructed section of Lika ra-
ilway will be 160 km/h and that regulations require that wind and vehicle pressure are not 
to be taken into calculation simultaneously, wind pressure was defined as the relevant load 
for wall’s mechanical resistance and stability calculations.

Due to the possibility that the results of acoustic measurements preformed after the construc-
tion of the phase I walls will show a need to increase the overall height of the walls, all the cal-
culations and dimensioning of construction elements were performed for 0.5 m higher walls. 
When calculating and dimensioning of piles, data on soil characteristics contained in the 
geotechnical study [8] was applied. Calculations were done considering the characteristics 
of the soil that is prevalent in a particular area. This is because the distances between the 
investigation points described in the study were quite large. However, since it is possible that, 
in some places, piles will enter the solid rock, two principles of calculating and dimensioning 
were conducted:
·· the pile is hovering in infinite half-space – calculations were conducted by the theories and 
data of [9, 10, 11, 12];

·· the pile is wedged into solid rock in depth of 1.2 meters – calculations were conducted using 
the finite element method and Winkler soil model.

Calculations showed that the foundation construction of the noise protection walls must 
consist of piles 0.6 meters in diameter and from 3.5 to 5.0 meters in length. At the top of the 
pile there should be specially shaped patella for steel pillars in depth of 0.9 or 0.7 meters. 
The thickness of the supporting layer of reinforced concrete fill slabs must be 0.12 meters. 
Wall construction is shown in Fig. 3.
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Figure 3	 Elements of noise protection wall construction

5	 Conclusions

Project of rail traffic noise protection described in this paper had few challenges that were 
gradually overcame by joint effort of Investor, project manager and designers. The biggest 
issue to the project designers was relatively late inclusion of noise protection project in the 
overall rail reconstruction project and lack of legislation to be followed in the design procedu-
re. It is therefore important to emphasize that, for the future projects, noise protection walls 
design must be incorporated in early stages of the track (re)construction project, as they are 
an important part of track substructure and not a mere railway equipment.
Based on the existing trends in urbanization, increase in the amount of cargo transportation 
and environmental requirements, it can be said that the need for high quality railways in 
Croatia is in constant growth. Such expectations are based on the specifics of railways, long-
term investment periods and the significant role of budget funding, especially in the area 
of infrastructure investments. Due to the economic situation, the planned construction of 
high-speed railway lines is now delayed and only rehabilitation of railway lines for speeds up 
to 100 km/h are planned. Nevertheless, this is the gap that needs to be fulfilled with quality 
noise protection structures construction legislation preparation.
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Abstract

This paper analysis a comparison of the current maintenance of railway tracks with the ma-
intenance based on an analysis of the life cycle costs in order to define a new model for the 
maintenance of railway infrastructure. The model should generate a minimum total cost in 
the life cycle of railway tracks for the required level of track quality. The current model of 
corrective maintenance of track in use was analyzed, and an alternative model of preventive 
maintenance during the extended life cycle of the track is proposed.
The model was defined using a chosen track section, which was analyzed and reduced to two 
representative types of standard kilometer. Following these analyses, models for corrective 
maintenance and preventive maintenance for standard kilometers I and II were obtained, 
also considering corresponding subtypes depending on the anticipated traffic load up to 1, 
to 3 and to 5 million gross tons. Benefits for preventive maintenance are lower overall ma-
intenance costs with great effects and longer periods of preserved high quality of the track, 
while deficiencies are increased maintenance costs at the beginning of the observed period 
of the life cycle, the need for good preparation of maintenance with strong logistics and una-
vailability of track for longer periods of time.
Benefits of corrective maintenance are lower initial costs of maintenance due to its use, since 
they are the only parts of the track where failures were found that are maintained, while the 
disadvantages are total higher maintenance costs, faster reduction in the overall quality of 
the track, small effects of maintenance and many short intervals of closed tracks due ma-
intenance with high costs disorders in train traffic. The research results favored preventive 
maintenance with flexible quality maintenance limits during lifecycle of track.

Keywords:	railway network, corrective maintenance, preventive maintenance, life cycle costs

1	 Introduction

In the last few decades in Europe significant changes are occurring in the management of 
railway infrastructure. In all EU member states, but also outside the EU, continuous work on 
the restructuring of railways is taking place in order to separate the railway infrastructure ma-
nagement and transportation management. Infrastructure Managers (IM) today must ensure 
the system of railway infrastructure that provides reliable transport of passengers and cargo 
in a safe manner and that should be as simple to maintain. The decision on choosing the type 
of railway track is not only determined by the initial investment cost (“cost of acquisition”), 
but also by the costs that will be generated through the operation and maintenance (“cost of 
ownership”) in the lifetime of the railway track. In order to make this possible, manufacturers 
and suppliers involved in the project of railway track construction are developing products 
that are reliable and cost-attractive in order to optimize the cost of acquisition and cost of 
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ownership. This optimization should normally begin immediately at the beginning of the life 
cycle of the track, during concepts and definitions of the system, in order to anticipate all 
expenses that will occur during the life cycle of the track. All decisions of the infrastructure 
manager concerning the design, manufacture and construction of track components have an 
impact on the performance of the track safety, reliability, maintainability and total life-cycle 
costs. A key aspect of the railway track, as an essential part of the railway infrastructure, is its 
long lifespan (30 years or more), because once the track is built, later is extremely expensive 
and complicated to change its design. This means that decisions taken at the beginning of 
the life cycle and dynamic decision-making over a period of maintenance have a long-term 
impact on the lifetime of the track.

2	 Maintenance of the railway infrastructure

The life cycle of the railway track system is a time period that encompasses the overall lifes-
pan from the initial concept of the track until its disposal. European norm EN 60300-3-3:2004 
Life Cycle Costing [1] defines the life cycle cost of the general system and its application to 
the track superstructure (Figure 1).

Figure 1	 Life cycle of railway track [1]

Due to the long lifespan of the track, operation and maintenance phase is significant for the 
study of costs. During that phase periodic maintenance activities are performed that generate 
cost, and its more or less successful effects significantly contribute to the total cost in the life-
time of the railway track. Good maintenance can affect the life cycle of a railway track in such 
a way as to ensure the expected lifetime of the track, while flaws in maintenance activities 
can significantly shorten the track lifespan early and cause a irrecoverable decrease quality of 
the track, need for a subsequent increase in maintenance and therefore higher costs, as may 
ultimately result in earlier than expected renewal of the track. Rail infrastructure maintenance 
is a combination of technical and administrative activities, including inspection activities, 
which aim to preserve the railway track in operation or bring it to a state that can perform 
the intended function – the circulation of railway traffic in a reliable and secure manner, 
with a designed capacity and according to the defined requirements for speed limit and the 
permitted axle load. To design optimal maintenance it is important to ensure the necessary 
conditions [2] such as: Register of infrastructure as a first step maintenance management 
system to structure a complete record of railway track and its correlation with quality (deter-
mined by measurements), maintenance activities and generated traffic load. These data are 
mainly in possession of infrastructure manager, but in different databases and forms, which 
are relatively difficult and complicated for maintenance purposes. Maintenance models that 
determine methods to monitor the track degradation, frequency of maintenance activities 
and definition of required maintenance activities. Cost analysis in the life cycle enables the 
determination of the optimum between investment and maintenance, or comparison and se-
lection maintenance type with the lowest total cost while ensuring the required quality of the 
track, using developed maintenance models, experiences in maintenance and expert asse-
ssment. Planning of maintenance and renewal of the track with the help of computer support 
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facilitates the prioritization of maintenance activities, as well as identifying and planning 
the necessary resources such as time intervals for maintenance, necessary labor, materials, 
machinery and equipment for maintenance. Maintenance of the track is classified according 
to EN 50126-1999 [3] (Figure 2).

Figure 2	 Types of maintenance of railway track [3]

The infrastructure manager during operation and maintenance of the track must make decisi-
ons that are aimed at preserving the balance between economic aspects (costs) and safety-
technical aspects (safety) of railway track. The aim of the infrastructure manager in terms of 
maintenance is to find efficient and cost-effective models to optimize the operating hindran-
ces and reduce train speed restrictions which finally contribute to the increased availability 
of the track in its lifetime.

3	 Track maintenance models

On the track in use were considered the costs of present type of maintenance in prolonged life 
cycle of track and comparison with an alternative way of maintenance while maintaining the 
required quality of the track. Considered track in operation is single track R202 Dalj-Varazdin, 
section between Osijek and Nasice 48.159 km long. The section was built in 1974, category 
of load is D4 (22.5 t/axle, 8 t/m1), maximum speed of trains is 80 km/h. Designed lifespan 
of this section was 33 years which has been exceeded in 2007. This means the track section 
has been completely depreciated, so there are considered just projected maintenance costs 
in its estimated extended life cycle for a period of 12 years (2013.-2024). Superstructure of 
the considered track is based with wooden sleepers for a length 19.916 km (Table 1) and with 
concrete sleepers for a length of 28.243 km (Table 2). Based on the overall characteristics 
of the track section Osijek – Nasice, types of standard kilometers (SK) are defined that best 
describe the considered track section:

Table 1 	  Standard kilometer I

R > 600 m single track, 38 years old
MGT/year rail/sleeper/track rail grade ballast bed substructure
1 / 3 / 5 49E1, wooden (K), CWR 200-220 crushed stone good

Table 2 	  Standard kilometer II

R > 600 m single track, 38 years old
MGT/year rail/sleeper/track rail grade ballast bed substructure
1 / 3 / 5 49E1, concrete (K), CWR 200-220 crushed stone good
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For standard kilometers subtypes were developed (a, b, c), depending on the expected traffic 
load on the track – to 1 (a), to 3 (b) and to 5 (c) millions gross tons per year (MBT). Standard 
kilometers define the main types of maintenance (work cycles) for track section one kilometer 
in length. In the following will be presented standard kilometer IIb for traffic load up to 3 MBT 
and maintenance of the track with concrete sleepers type HZ-70, fastening type K or ZEL, rail 
type 49E1 in the ballast bed of crushed stone. Track is continuously welded (CWR). 

3.1	 Corrective maintenance

The present method of track maintenance is mainly based on the principles of deferred correc-
tive maintenance based on track condition and detection of failures that require corrective 
maintenance. Through review of the recorded data obtained by recording car for track geo-
metry, visual inspection of the track and elements of superstructure, maintenance activities 
are executed only at places where failures are detected at the limit of intervention (category 
C) [4] and within the available budget for maintenance. If determined condition of the track is 
such that endangers traffic safety (exceeds intervention limit), it is necessary to immediately 
take actions to ensure the safety of railway traffic and take immediate corrective maintenance 
activities. The costs of such maintenance as compared to the effects achieved are relatively 
high because, for example, machine tamping performed on the track so far was with a rela-
tively small number of machines and in short intervals between trains, resulting in repeated 
operating hindrances, long slow orders and trains delayed due to maintenance activities. 
Unavailability of track during maintenance often means expensive substitution of passenger 
trains with buses and thus increased maintenance costs, and need for passenger operators 
to provide additional sets of passenger trains.
A key working cycles with corrective and preventive maintenance are recognized through 
following maintenance activities: tamping of track (leveling-lining-tamping – LLT), adding 
crushed stone for ballast bed (necessary after LLT), exchange of sleepers, rail replacement, 
exchange of synthetic rail pads, small spot repairs and chemical weed control. Taking into 
account the data on the condition and quality of the track, available databases and available 
experience in track maintenance enables creation of standard kilometers for corrective ma-
intenance and the traffic load up to 3 MBT/year (Table 3).

Table 3 	  Standard kilometer IIb – working cycles of corrective maintenance

Standard kilometer IIb

R>600 single track

Milions GT/year rail/sleeper/track grade ballast bed substructure

up to 3 49E1, concr.
(K/ZEL),CWR

220 crushed stone good

maintenance life span 12 1 2 3 4 5 6 7 8 9 10 11 12

renewal times in life span 0

leveling-lining-tamping times in life span 4,1 0,35 0,35 0,35 0,35 0,35 0,35 0,4 0,4 0,4 0,4 0,4

additional ballast times in life span 0,18 0,03 0,03 0,04 0,04 0,04

rail exchange times in life span 0,03 0,03

sleeper exchange times in life span 0

rail pads exchange times in life span 0,1 0,1

small repairs times in life span 3 1 1 1

chemical weed control times in life span 11 1 1 1 1 1 1 1 1 1 1 1

3.2	 Preventive maintenance

An alternate way of track maintenance in the life cycle of railway track is based on planned pre-
ventive maintenance for multi-year periods. In this way, maintenance costs of operating hin-
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drances (costs of slow orders, substitutions of passenger trains with buses, delayed trains) 
are reduced to a minimum in a way to ensure long enough intervals of track possessions for 
maintenance (duration of min. 6 hours) with numerous and high quality machinery capable 
for large work effects and maximum utilization of the available time periods for maintenance. 
That allows execution of maintenance work with smaller total number periods of closed track 
and overall shorter duration of slow orders with less operating hindrances in railway traffic.
Maintenance activities are planned through monitoring of the track quality index (TQIu) [4] in 
a way to maintain the overall quality of the track at the entire length of track section and up to 
the maintenance limit and prevention exceeding of intervention limit and need for corrective 
maintenance. Leveling-lining-tamping activities are executed in approved time intervals of 
track possessions for maintenance at the entire track section and the quality of the whole 
length of the track section is increased, as opposed to corrective maintenance where just a 
parts of the track section are maintained at sections with low quality (Table 4).

Table 4 	  Standard kilometer IIb– working cycles of preventive maintenance

Standard kilometer IIIb

R>600 single track

Milions GT/year rail/sleeper/track grade ballast bed substructure

up to 3 49E1, concr.
(K/ZEL),CWR

220 crushed stone good

maintenance life span 12 1 2 3 4 5 6 7 8 9 10 11 12

renewal times in life span 0

leveling-lining-tamping times in life span 4 1 1 1 1

additional ballast times in life span 0,16 0,04 0,04 0,04 0,04

rail exchange times in life span 0,03 0,03

sleeper exchange times in life span 0

rail pads exchange times in life span 0,1 0,1

small repairs times in life span 3 1 1 1

chemical weed control times in life span 11 1 1 1 1 1 1 1 1 1 1 1

3.3	 Comparison of maintenance costs 

For each working cycle of standard kilometers and for all maintenance activities were calcu-
lated maintenance costs per kilometer of track, separately for corrective maintenance and 
preventive maintenance. Maintenance costs were calculated on the basis of available data 
of infrastructure manager (IM) HŽ Infrastruktura, Zagreb (period from 2012 and 2013) about 
costs of maintenance machinery, costs of superstructure materials, costs of labor and costs 
of operating hindrances. In order to determine the present value of the maintenance costs in 
expected life cycle of track, maintenance costs are discounted using a discount rate selected 
at the beginning of the observation period. With summing up the annual costs of the opera-
tion and maintenance phase discounted at the beginning of the observation period, present 
value of maintenance costs are determined in the observed life cycle of a railway track.

Table 5 	  Present values of corrective maintenance costs (CM) and preventive maintenance costs (PM) for 
standard kilometer IIb

Standard kilometer IIb

MGT concr. year

up to 3 total (kn) 1 2 3 4 5 6 7 8 9 10 11 12

Present 
value (CM)

259004 12123 63460 41849 21074 9974 33901 9881 21039 8962 28611 8129 0

Present 
value (PM)

228713 38405 41088 30868 33175 3534 12290 28658 3053 2907 32098 2637 0
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To compare the costs of current model of corrective maintenance for railway tracks with the 
proposed model of preventive maintenance in the prolonged life cycle of 12 years, discount 
factor of 5 % was chosen to calculate the present value of maintenance costs, while the impact 
of inflation is not taken into account (Table 5). By comparing the value of the cost of correc-
tive maintenance in relation to the expected costs of preventive maintenance for standard 
kilometer II and traffic load up to 3 MBT, noticeable are the potential savings up to 11.69 % 
for a given period of prolonged life cycle track in use for a period of 12 years [5]. Maintenance 
costs for corrective and preventive maintenance in a standard kilometer IIb can be shown in 
relation to the expected traffic load in the period of extended lifecycle, after which the costs 
of corrective and preventive maintenance are associated with the corresponding logarithmic 
regression curve (Figure 3).
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Figure 3	 Comparison of corrective and preventive maintenance costs (present values) based on cumulative 
traffic load for standard kilometer IIb (7,5 kn = 1,0 EUR)

In the case under consideration, the comparison of corrective and preventive maintenance 
of the standard kilometer IIb shows that the cost of preventive maintenance at the beginning 
of the observed prolonged life cycle of 12 years are higher than the initial cost of corrective 
maintenance. Benefits of corrective maintenance are greater flexibility and faster execution 
of maintenance because it maintains only a portion of the track that requires maintenance, 
and in the beginning of the life cycle maintenance costs are smaller because of latter start 
with track maintenance and only on the sections where failures are detected. Disadvantages 
of corrective maintenance are cumulatively higher costs and higher quality loss than for pre-
ventive maintenance, harder prolongation of life cycle without reducing the speed on the track 
and more intervening corrective maintenance. Advantages of preventive maintenance are lon-
ger periods of high quality of the entire track in relation to corrective maintenance, total less 
maintenance costs, less intervening corrective maintenance because of the high quality of the 
track and a bigger potential for lifecycle extension of the track. Disadvantages of preventive 
maintenance are initially higher costs than for corrective maintenance, comprehensive and 
high-quality preparation to ensure necessary preconditions for the timely performance of 
maintenance (timely procurement of necessary quantities and types of materials, services, 
logistics and long enough time periods for maintenance works).
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4	 Conclusion

Track maintenance should be based on preventive maintenance based on track condition, 
overall quality of the track, resulting traffic load and past experiences of experts in main-
tenance. Through monitoring activities such as visual inspection of the track, inspection of 
track with special equipment for measuring and testing individual elements, inspection of 
track with locomotive of maintenance personal, analyzing the geometric diagram of the re-
cording car and track quality index provide a basis for planning of preventive maintenance. 
Through inspections of track failures are observed regardless of their size, but according to 
their seriousness the necessary emergency corrective maintenance should be performed, 
and for the next period activities of delayed corrective or preventive maintenance should be 
planned. The fact is that through planned maintenance activities and working cycles it is not 
possible to achieve the level of quality that existed immediately after the track renewal [6], 
but it is also the fact that maintenance activities can slow down decline of track quality and 
ensure a certain lifecycle extension of the track. Preventive maintenance activities normally 
should be planned years in advance and for the total expected lifecycle of the track, while the 
potential number of failures for corrective maintenance activities is estimated based on past 
data on the frequency of errors and their impact on the traffic disturbances. For a successful 
preventive maintenance it is required to ensure quality computer support and development 
of software solutions which will be based on collected detailed data on the condition of track 
components, data on the changes of the quality of the track during operation in relation to 
traffic load, data on the quality of completed maintenance activities and data about previous 
maintenance costs. In that way it will be possible to successfully implement and realize the 
maintenance of the track based on the lowest whole life costs through planned life cycle of 
track.
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Abstract

Train or metro operating safety may be ensured only if the actual track geometry is known. This 
requirement includes also knowledge of the horizontal and vertical rail head wear. Analysis 
of this data is the source of cost effective and rational maintenance decisions. Moreover, 
the earlier the necessary repair is done, the less expensive it will be, as one may . Therefore, 
expenditures on measurement equipment are the most effective investment – saving costs of 
possible accidents and costly repairs if they are made late. This is even more evident in case 
of track network revitalization, as one has to decide where and what should be repaired first.
Any measurement method or tool without the objective data logging feature, makes it virtually 
impossible to collect all data that would be necessary for the detailed diagnostic reasoning on 
a line or railway network level, being useful only for direct measurement of some track para-
meter in a particular point. The principle of track geometry measuring trolley is described that 
can record all aspects of track alignment and riding quality on plots and tabular reports, so 
that maintenance service can locate efficiently the specific locations needing maintenance. 
The measurement results obtained with the trolley – also of the rail head wear – are described 
along with several track condition assessment methods.

Keywords:	 track geometry measurement, rail head wear measurement, turnout geometry 
measurement, track condition assessment, track condition reporting 

1	 Introduction

Rail transport is one of the safest forms of surface transportation [1], yet railways, metro and 
trams must carry out regular inspection and maintenance to minimise effect of the continuous 
infrastructure deterioration which could disrupt freight operations and passenger services. 
All such work has to be inspected, and the relevant measurement data has to be saved for 
reference, for checking the infrastructure deterioration rate, or – in the worst case – in the 
investigation procedures after the eventual accidents.

Figure 1	 Track maintenance issues
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Rail wear, plastic flow, and rolling contact fatigue (RCF) become more and more important 
issues for railways nowadays. They are the major factors of loss of rail head section and de-
velopment of surface cracks, depending on conditions like train speed, axle load, rail-wheel 
materials type, size and profile, track construction, characteristics of bogie type, total load 
carried (MGT), curvature, traffic type, corrosion, and environmental conditions [2], [3] (Figure 1).

1.1	 Crucial role of correctness of rail head/turnout and wheel profiles

The track rails guide the conical, flanged, linked wheels, so the cars stay on track without any 
active control both in the tangent track and in moderate curves (down to a radius of about 
500 m). On sharper curves, the width of the wheel tread is not enough to maintain this effect, 
and in addition, the wheel flange rests on the high rail side face. If the rail head is side-worn 
or the flange is worn, then flange climbing is likely and the wheelset may run outside the rail.  
Tram cars are designed nowadays with low floor levels, so they are the exception as rail cars, 
as their wheels are not linked, therefore, much benefit in vehicle guidance is lost. Because of 
that, the tram tracks calls for as much attention as railway lines, even as the line speed is lower.
As maintaining the correct rail head/turnout profile is crucial for safety of train operation and 
extending the track life, it is important to monitor the rail head/turnout profile and to compare 
it with the desired profiles, usually using the templates specified in the pertinent regulations. 
Rail profile grinding was initially developed by mining railroads of western Australia to control 
wear on curves and a dramatic decrease in rail wear was observed with the increase in rail 
life of up to 80% [4]. Therefore, the profile measurement systems are being needed more 
and more nowadays to monitor the profile [5]. Efficiency of rail/turnout profile assessment 
is significantly increased by use of the ‘virtual templates’ applied to profiles measured by a 
special trolley [6], or track/turnout recording vehicles [7], [8].
All requirements concerning the correct rail head (also turnout) and wheel profiles, as well 
as the track geometry quality, become even more complex in case of the Tram-Train concept 
initially developed in Karlsruhe in Germany, which is now spreading rapidly through Europe 
[9], [10]. The main idea has been to link a street tram network to the existing local passenger 
rail network. In this case, the wheel-rail interface is a key to the vehicle’s safe operation and 
controlling factor of the maintenance costs of such system.

1.2	 Effect of track geometry on vehicle behaviour in the track

On curves, the outer rail is usually at a higher level than the inner rail (except the tram track), 
unless the line speed is very low, of max about 15 km/h. However, a particular superelevation 
may be most effective for a limited range of speeds only. Speed reduction below the lower value 
of the speed range for the particular superelevation results in the excessive wear of the lower 
rail head, so speed reductions in a poor quality track may even make its deterioration faster.
Yet another important factor affecting safety of rolling stock operation is the track twist. This 
parameter should be carefully monitored as it may be a cause of the car wheel unloading, 
which may lead to derailment. Such risk appears if the track cant varies considerably over 
the vehicle wheelbase. This is effect is especially detrimental for vehicles with the suspen-
sion stiff in torsion. In addition, if cant irregularity is cyclic and its resultant effect on trains 
travelling at a particular line speed corresponds to the natural frequency of some vehicles 
passing there, there is a risk of resonant harmonic oscillation – cyclic roll – in these vehicles, 
which may lead to their extremely improper movement. 
Similarly, cyclic errors caused by changing vertical track unevenness can result in vehicles 
lifting off the track, especially of the cars whose suspension is too stiff when they are empty. 
In such case, the vehicle wheelsets become momentarily unloaded vertically, so the flanges 
do not fulfil their function properly, or wheel tread contact is inadequate. It may also happen 
that the track may be simply grossly distorted because of earthworks.
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1.3	 Main causes of accidents

Statistical analyses examining the accident cause, type of track and derailment speed [11] 
revealed that the main cause of derailments were broken rails or welds. Track geometry, exclu-
ding wide gauge, was the second cause of derailments on main lines – Table 1. However, for 
the main track, wide gauge was also one of the most important causes of accidents (3.9%).

Table 1 	  Main causes of accidents (based on [11])

Main track Siding track Yard track
Cause Frequency Cause Frequency Cause Frequency
Broken rails or welds 15.3% Broken rails or welds 16.5% Broken rails or welds 16.4%
Track geometry 7.3% Wide gauge 14.2% Wide gauge 13.5%

Train operation safety related issues require, therefore, measuring equipment for rail head 
profile and track geometry, making it possible to enter and save annotations with visual in-
spection results (e.g., broken rails or welds), addressing this way the most important causes 
of accidents [12], [13].

2	 Design requirements for track geometry measurement devices

All issues discussed above have to be addressed with the relevant measurement devices, 
which will provide objective data needed for diagnostics of track and turnouts geometry. 
Measurement of wheel geometry is not discussed here, albeit the approach demonstrated in 
this paper makes it possible to take wheel profile into consideration too. The decision was 
made to develop equipment to be used by maintenance services, acting either based on 
the information obtained from the periodic track and turnouts measurements of main lines 
made with the track recording vehicles e.g. [7], or checking the side and yard track network. 
Therefore, the general design requirements were selected as follows:
·· Hardware features

·· portable
·· ruggedized
·· resistant to adverse climatic conditions
·· no calibration required before the measurement session
·· easy to assemble and disassemble
·· long operating time, best on hot swappable batteries

·· Control system
·· custom made, to be independent from closed architecture of commercially available products
·· immediate access to functions needed most often
·· capability to work at night – backlit display
·· collection of visual inspection results has to be possible
·· capability to collect and store measurement data for a number of measurement sessions
·· measurement data file has to contain metadata describing its contents, measurement 
date and time, operator data, and device ID

·· collected measurement data has to be tamper-proof, protection from any corrections to 
measurement results has to be ensured

·· measurement data has to be transferred to the PC for analysis and archiving
·· Software

·· measurement data from different devices, providing the same type of information (e.g., 
track geometry, rail head profile, et.) has to be processed by common software system

·· the user has to be able to specify tolerances
·· routine analysis tasks have to be done using predefined functions
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3	 Devices for track and turnout geometry measurement

According to maintenance issues discussed in Section 1 the relevant devices were designed 
meeting design requirements put forth in Section 2. Two field tested devices are presented 
below:
·· trolley for track geometry and rail head profile measurement – TEP [6]
·· optical system for rail and turnouts profile measurement – Scorpio [8]

3.1	 Track geometry and rail head profile trolley 

The trolley (Figure 2) can measure track gauge, cant, horizontal and vertical unevenness, twist, 
gradient, distance and rail head profile (non-contact laser vision system), including grooved 
rails. It is possible to merge measurement data files to represent longer track segments than 
measured in a single measurement session. This way, obtaining a complete information on 
the track condition is possible as it contains – its geometry data along with the rail head 
vertical- and horizontal wear.

Figure 2	 Track geometry and rail head profile trolley

Test measurements shown in Figure 3 were taken in the tram track on the sharp curve. They 
revealed that rail head profile data can be collected 15 times faster with the trolley than 
with some other laser based reference device. Moreover, the developed trolley guarantees 
synchronisation of rail head profile with track geometry data. As regards rail head profile 
data processing (Figure 4), it was 30 times faster, and moreover, retains information about 
location of the profiles.
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Figure 3	 Exemplary track geometry and rail head measurement results

Figure 4	 Rail head wear processing example

Several track geometry readings can be overlaid to reveal track deterioration proceeding fa-
ster at particular locations. Information about the track geometry is presented along with the 
information about the defects and events in the track.
Rail head profile can be analysed to support rail grinding technology, providing information 
about grinding indices, and analyses for the low and high rails separately in the curves. Eva-
luation and presentation of a number of track condition assessment results is available, e.g. 
distribution of tolerance exceedings – Figure 5.
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Figure 5	 Exemplary analysis of distribution of defect types in the track

3.2	 Optical rail and turnouts profile measurement system

The device is composed from the rigid datum frame, movable laser measurement head and its 
drive system. The measurement result is the 3D model of the measured object (e.g. turnout), 
being the exact representation of the measured object both in the lateral and transverse direc-
tions. Merging of multiple measurements into one object, generating the arbitrarily selected 
2D profiles, calculation of the longitudinal profiles, and generating measurement reports.

Figure 6	 Optical system for track and turnout measurement
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4	 Conclusions

Presented devices were designed to collect track and turnouts geometry data, as required for 
ensuring train operation safety. Both devices were field tested, and verified using indepen-
dent measurement methods, outperforming them.
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Abstract

Making a company investment plan is a complex and difficult management issue. Project 
selection and ranking are crucial steps for the company’s success in the market. Strategic 
decisions, such as the development of a project investment plan, depend on many factors, 
with different relevance usually changeable over time. Some relationships of the system’s 
elements are functions of time. The subject of this paper is time dependent decision making 
in transport project management. Several transport projects have been evaluated using Dyna-
mic Priorities in Multi-criteria decision making. Here we consider rail investment projects as 
part of the Serbian railway network.

Keywords:	project management, rail projects’ evaluation, dynamic priorities

1	 Introduction

Making a company investment plan is a complex and difficult management task [1, 2, 3, 4]. 
Transport projects evaluation has been very often a crucial step in the transport company’s 
success in the market. The decision making in investment planning is a very complicated 
process because of many relevant factors, such as: stakeholders (owners, regulators, market, 
politicians…), system boundaries, transparency, and heterogeneous criteria [5]. 
The author of [4] in his PhD Thesis emphasized that the modeling process should be seen 
as a creative, dynamic and cyclic process. Decision makers are confronted with the difficult 
problem of evaluating and choosing among various alternatives of transport projects. Tradi-
tionally, Cost-Benefit analysis, CBA, is used as a support in the decision making process in 
transport projects planning. However, multi-criteria decision analysis has been promoted to 
be used in the transport sector to overcome some of the shortcomings of CBA [1, 2, 3, 4]. In 
this paper authors also suggest the usage of the multi-criteria decision making approaches 
for transport projects’ evaluation.
Good decisions depend on the conditions in the future, and conditions vary over time, so 
making good decisions require evaluation of what is more likely, or what is more desirable 
during different time periods. This is the crucial reason for using the dynamic approach in 
the decision making process. Dynamic judgments and the dynamic approach to transport 
projects’ evaluation is the topic of this paper. Basic assumptions of the applied mathematical 
computation are defined in the book [6]. There are situations in which changes occur in the 
structure of the problem, some new criteria can be added or old ones removed. Sometimes 
the judgments about the criteria change but the criteria remain the same. There are still 
others in which the judgments about the criteria remain the same, but the judgments about 
alternatives change over time. Finally, all these combinations are possible in practice [6]. 
The authors of [7] analyzed risks in megaprojects, after defining all relevant risks the special 
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focus was on the dynamic relations in the model. The Systems dynamics methodology was 
explained as a tool for better modeling and analyzing the behavior of complex systems. This 
approach has been used by researchers and project managers to understand various social, 
economic and environmental systems in a holistic view. 
The authors of [8] suggested a new multicriteria analysis approach, with the following cha-
racteristics: unification of the criteria, differentiation of the project’s performance over time, 
as a dynamic variable, and a new approach for the transformation of the physical scales to 
artificial ones. The application of the proposed approach is demonstrated on the example of 
the transportation infrastructure investments. 
The aim of this paper is time dependent decision making in transport project management. 
Numerous transport projects have been evaluated using Dynamic Priorities in Multi-criteria 
decision making. This paper is organized as follows. After the Introduction, the second secti-
on, named applied methodology, contains basic assumptions of Analytical Hierarchy Process 
(AHP). The third section, the model for railway investment planning, presents the developed 
model with all system elements and their mutual relations. Results and discussion is the topic 
of the fourth section. Finally, the last section is dedicated to concluding remarks. 

2	 Applied methodology 

Analytical Hierarchy Process (AHP, developed by Thomas Saaty) is one of the most popular 
approaches for Multi-criteria decision making. It is used in the analysis of decision-making 
and decision-making to solve complex problems whose elements are the objectives, criteria, 
sub-criteria and alternatives. AHP is one of the very popular approaches and because its 
ability to identify and analyze the inconsistency of the decision makers in the process of 
decompression and evaluation of the elements of the hierarchy. AHP in some way mitigates 
this problem by measuring the level of inconsistency and informs decision-makers about that. 
This is a static approach, which used fundamental Saaty scale to represent priorities. Expen-
ding the AHP approach it’s possible to cope with the time – dependent priorities. This new 
approach is called Dynamic Hierarchy Process (DHP) [9]. Time-dependent decision-making, 
i.e. dynamic decision-making is something that is often necessary. But these alternatives may 
evolve over time, together with our preference for them, such as, for example, the actions of 
the stock market whose prices are constantly changing over time. Dynamic decision making 
is a reality, not a complicated concept that can be ignored. It is necessary for the technical de-
sign problems in which the effects of several project factors change over time and must make 
the compromise between them, to allow the system to react differently and continuously over 
his work time. A typical form of the matrix in a dynamic form:

	 	 (1)

aij>0,aji(t)=aij
-1(t) in discrete situation, when A(t) is consistent, we have aij(t)=wi(t)/wj(t).

It is preferable that you first obtain weights for different time moments numerically solving 
the entire problem, and then these values approximate time-dependent curves. All relevant 
equations are developed in [9]. 
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3	 The model for railway investment planning 

Developed model has the network structure, including four clusters (Figure 1). Each cluster 
has a certain number of elements, which is explained in this section in detailes. Considered 
sections (Rail Corridor X in Serbia) are presented in Table 1 [1, 2 , 3].

Figure 1	 Considered model

Table 1 	  The considered alternatives with the lengths 

Section Alternative Length of section [km] Number of tracks
A1 Šid-Stara Pazova 116 Double-track
A2 Subotica-Stara Pazova 153 Single-track
A3 Resnik-Mladenovac-Velika Plana 70 Single-track
A4 Velika Plana-Stalać 86 Double-track
A5 Stalać-Đunis 17 Single-track
A6 Đunis-Trupale 40 Double-track
A7 Niš-Preševo 173 Single-track
A8 Niš-Dimitrovgrad 104 Single-track

All projects are already a part of the “Strategy for the development of railway, road, water, air 
and intermodal transport in the Republic of Serbia from 2008 to 2015”. The purpose of the 
model in this paper is to rank rail investment projects, considering the financial and operating 
aspects: C1 – Cost-benefit ratio, C2 – Criteria of speed restriction, C3 – Criteria of rail infra-
structure capacity utilization, C4 – Criteria of inconsistency with AGC & AGTC and C5 – Criteria of 
traffic volume [2]. Based on the explanation [2], all defined criteria for considered sections are 
calculated. The values are given in Table 2. Using these data the pair-wise comparison matrices 
are developed. The main idea is that alternative with which it can be achieved higher effect is 
better ranked. The matrix of a criteria comparison is made by expert’s recommendation. 

Table 2 	  The calculated values of considered criteria for all alternatives 

Alternative C1 [%] C2 [train hours/km] C3 [%] C4 [%] C5 [train/day]
A1 0.47 93 17/17 0.014 25
A2 0.45 24 75 0.084 48
A3 0.29 333 61 0.192 52
A4 0.07 31 23/23 0.048 40
A5 0.08 14 45 0.100 44
A6 0.05 14 23/23 0.010 44
A7 1.66 9 34 0.285 23
A8 2.84 12 36 0.267 16
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The relevant external projects [1, 3] can be national or domestic, infrastructure, ecological or 
social projects, etc. These projects has high importance in the model of transport projects 
evaluation, having in mind that the transport network is very dependent of its surrounding 
(including the transport system in the considered country but also neighboring countries). Cho-
osing the relevant external projects should be done by company management or by experts. 
Suggested relevant external projects in this model are: X – Vidin-Calafat Bridge, Y – Rehabili-
tation of Corridor IV and Z – Privatization of Port “Bar”. Project X will take flows of goods and 
passengers from Corridor X and make better service quality on Corridor IV. With project Y the 
competitive Corridor IV becomes stronger comparing to Corridor X, and with the aim to keep 
the same freight volume transport on Corridor X, the service quality should be improved. 
Project Z would increase the volume of freight transport from Montenegro, through Serbia, 
to Hungary.
We suggested using the dynamic approach for defining the priorities of relevant external 
projects. Here is explanation for this proposal. One relevant external project has been already 
realized, Vidin-Calafat Bridge, project X (opened 14. June 2013). The end of the second project, 
the rehabilitation of Corridor IV is planned for 2020. Project Z, privatization of Port “Bar” will 
be realized very soon, but its effects are going to be visible in next few years. We assume 
that relevant time horizon for consideration is from 2014 to 2020 (at that moment all named 
external projects will be finished).

4	 Results and discussion 

The model has two parts, static and dynamic. Static part means comparing projects by crite-
ria. This is done by using the Super Decisions software. The dynamic part presents projects 
evaluation by the relevant external projects. Mathematical computation for this part is done 
in Matlab. Table 3 presents the alternatives’ weights relative to the criteria. Calculations are 
done in the software by using the well-known equations from the AHP approach. 
The authors assumed that relative priorities of relevant external projects are time-dependent 
values. Here are pair-wise comparison matrices for relevant external projects, Table 4. Based 
on the data from Table 4, the functions for priorities are defined (Table 5).

Table 3 	  Alternatives’ weights relative to criteria

Cj C1 C2 C3 C4 C5 Weights
Ai 0.256 0.445 0.182 0.041 0.076
A1 0.051 0.211 0.314 0.022 0.037 0.168
A2 0.237 0.113 0.132 0.044 0.097 0.144
A3 0.237 0.045 0.063 0.022 0.151 0.105
A4 0.051 0.075 0.021 0.083 0.220 0.070
A5 0.237 0.045 0.063 0.083 0.151 0.107
A6 0.026 0.028 0.314 0.286 0.037 0.091
A7 0.019 0.045 0.063 0.286 0.020 0.050
A8 0.142 0.437 0.030 0.173 0.287 0.265
Sum 1 1 1 1 1 1
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Table 4 	  Pair-wise matrices for relevant external projects

2014 2017 2020
X Y Z X Y Z X Y Z

X 1 3 5 1 1 4 1 1 1
Y 0.333 1 4 1 1 3 1 1 1
Z 0.2 0.25 1 0.25 0.333 1 1 1 1

Table 5 	  Dynamic priorities for relevant external projects

X Y Z
X 1 2.875–0.643t 5.333–0.067t
Y 1  4.167t–0.5t
Z 1

According the data from the table 5:

	 	 (2)

	 	 (3)

	 	 (4)

where:

R2	 the R squared values, indicates how well data points fit a statistical model;
t	 time horizon: 2014 (t=1), 2017 (t=2) and 2020 (t=3).

Thereafter, using the following equations [9], the weights for relevant external projects can 
be obtained. This calculation is made in Matlab. 

	 	 (5)

	 	 (6)

	 	 (7)

	 	 (8)

 
	 	 (9)

 
	 	 (10)

where:

wext,weyt,wezt  are weights of relevant external projects, for X,Y,Z, t=1,3

The following graphs (Figure 2) are made by using the Matlab.
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Figure 2	 Weights wext, weyt and wezt for relevant external projects X, Y and Z

The weights of alternatives relative to criteria, wcj
, are constant value (Table 3), but the weights 

of alternatives relative to external projects, wemt, are time dependent. We assume that the 
criterion has the weight 0.7, and the relevant external projects 0.3 for the whole model. Final 
weights of alternatives in the model should be calculated by following equation (Table 6):

	 	 (11)

Table 6 	  Alternatives’ weights relative to external projects and final obtained results of the whole model 
through time horizons 

2014 2017 2020
wem1 wai1

wem2 wai2
wem3 wai3

A1 0.164 0.168 0.169 0.168 0.200 0.178
A2 0.145 0.144 0.144 0.144 0.133 0.141
A3 0.145 0.117 0.144 0.117 0.133 0.113
A4 0.145 0.092 0.144 0.092 0.133 0.089
A5 0.145 0.118 0.144 0.118 0.133 0.115
A6 0.145 0.107 0.144 0.107 0.133 0.104
A7 0.055 0.052 0.056 0.052 0.067 0.055
A8 0.055 0.202 0.056 0.202 0.067 0.206

The final alternatives’ rank is presented in the Figure 3. The main conclusion is that the re-
lative importance of the alternatives is not changeable through the time, in this case study. 
However, during the time, some alternatives become more (A1, A7 and A8) or less (A2, A3, A4, 
A5 and A6) dominant. 

Figure 3	 Final alternatives weights through time horizons 

w w w for i t jA t c e ti j m
= + = = =0 7 0 3 1 8 1 3 1 5. . , , , , , ,
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5	 Conclusions 

The model for decision making as a support system in decision making process should have 
flexible structure, to be easy to change the model according the changes in its surrounding. 
Decision makers sometimes need a model which take into account the changes of system’s 
elements or changes in system’s surrounding. This model presents the results with all po-
ssible modifications and gives the suggestions for all of them. The developed model takes 
into account changes in system’s surrounding, with consideration of the relevant external 
projects, but also includes the changes of elements’ priorities over time horizons, giving the 
final alternatives weights through time horizons. The analyzed case study was Rail Corridor 
10 in Serbia. The main conclusion is that the relative importance of the alternatives in this 
model is not changeable through the time. However, during the time, some alternatives be-
come more or less dominant. With respects to future studies, we recommend conducting the 
relevant stakeholders and their influences on the decision making process. Very often, there 
are dynamic stakeholders’ preferences, changeable over time. 
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Abstract

Railways are one of the key modes of transport. The existing aging ballasted tracks play a criti-
cal role in rail transport infrastructure. In order to identify the challenges and problems faced 
by railway infrastructure managers in European countries, a survey was conducted as part of 
the EU FP7 SMART RAIL project.. The survey consisted of two parts: questionnaires were sent 
to relevant specialists in various European countries; and a literature survey was undertaken.
Key findings include that: (a) rail transport are increasingly globally; (b) with technological 
advances, rail trends are for faster, heavier and longer trains, as well as increased energy 
effectiveness and greater reliability, whilst trying to reduce costs; (c) most of the railway tracks 
in Europe have reached or exceeded their design service life; (d) ballasted tracks are the most 
popular and economical track bed structure. One of the main challenges is how to enhance 
these existing ballasted tracks in the context of the trends for increased use. Most countries 
have their own standards in railway engineering and maintenance. Technical data were obta-
ined from seven countries, which should be useful for engineering design or evaluation. The 
survey can be used as guidance or/and reference on railway track management and research 
in particularly in European countries. 

Keywords:	existing railways, survey, aging, design service life

1	 Introduction

Railways are one of the key modes of transport. Aged ballasted tracks play a critical role in Eu-
ropean rail transport infrastructure. To identify the challenges and problems faced by railway 
infrastructure managers in Europe, a survey was conducted as part of the EU FP7 SMART RAIL 
project [1]. The survey used two means of data collection: questionnaires were sent to rele-
vant specialists in various European countries; and a literature survey was undertaken. The 
questionnaire was sent to all partners of this EU project SMARTRAIL and some network experts 
outside the project through email. More than 50 experts were asked to answer the questi-
onnaire. These experts were from 14 countries in Europe: Austria, Croatia, Czech, Germany, 
Greece, Ireland, Latvia, Poland, Russia, Sweden, Slovenia, Switzerland, The Netherlands, and 
the United Kingdom. Eight responses to the questionnaire from seven different countries 
were received, although in most cases the answer to at least one question was omitted. The 
seven countries were: Croatia, Greece, Ireland, Russia, Slovenia, Switzerland and the United 
Kingdom (UK).. These are referred to as the respondent countries (RCs). The questionnaire 
survey mainly focused on track issues, including general issues, vehicles, rails, fastening 
systems, sleepers, ballasts and sub-ballasts, placed soil and geosynthetics, subgrade, dra-
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inage systems, maintenance and the like. The literature survey included the railway market, 
climate, train speeds and lengths, standards and technologies. 
This paper presents the results of the questionnaire and literature survey, followed by a dis-
cussion of factors contributing to the European existing railway tracks and future demands. 

2	 Factors affecting tracks performance

A railway network is a complex system. system is quite a complicated system. First, operati-
ons and infrastructure influence each other in various ways. The quality of the rolling stock 
influences the wear of the infrastructure and thus the amount of maintenance and renewal 
needed. Secondly, infrastructure failures, but also planned interventions for maintenance, 
influence the reliability of the operations. An important aspect of rail infrastructure is that the 
assets or railways system components have long life spans and once installed it is very costly 
and complicated to modify the initial design. Decisions in design and maintenance will thus 
have a long-lasting impact. [2]
There are a number of factors affecting the performance of existing railway tracks. Their effects 
are complex and often inter-connected. Figure 1 shows an Ishikawa diagram (fishbone dia-
gram) to present the key factors that contribute to the behaviour of existing European railway 
tracks. 

Figure 1	 Ishikawa diagram (or fishbone diagram) showing the key factors contributing to European existing railway 
tracks.

3	 Results of the survey process

3.1	 Methodology of the survey

Figure 2 shows the methodology for the survey process. Two methods were applied to collect 
data: a questionnaire and a literature survey, [2].

3.2	 Results of the questionnaire survey

The age of the railway tracks currently operated in the RC’s is presented in Figure 3. It is possi-
ble that this question may have been interpreted differently by some respondents. Irish and 
Swiss responses, who indicate their tracks are relatively new were related purely to railway 
tracks rather than railway lines. In the case of others, they might have understood that railway 
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lines or track systems were the focus of the question. The answer to the question “what is the 
oldest railway track system still in service” was much more consistent. Figure 4 shows that 
many track systems built in the first half of 19th century, are still in operation. 

Figure 2	 Map of the survey process

Figure 3	 The age of the majority of railway infrastructure in use.

Figure 4	 The oldest railway track system still in service.

When asked “what is the most frequent cause of failures on the railway track system”, 
switches and crossings had the highest frequency of failure, followed by landslides and pro-
blems with transition zones. One railway operator specifically noted the correlation between 
aged or infrastructure in poor condition and failure frequency. The weakest component was 
generally seen to be related to the rail tracks. 
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The frequency of performing preventive inspection and maintenance for the railway track 
was very different across the RCs, from daily to weekly and half-year frequency. In Greece, 
surveys are conducted twice a year by a track recording car and monthly and weekly by the 
track agents; whilst in Slovenia, the respective rates are annualmaintenance and weekly – 
preventive inspection. In Switzerland, visual inspection is carried out every fifteen days and 
vehicle measurements are made twice a year.
The track stiffness adopted across Europe varied widley from 40 kN/mm to 200 kN/mm, 
See Table 1, which includes data also on the maximum axle loads by Country. In Figure 5 an 
overview of the current highest speed and expected future highest speed demand based on 
the existing railway system is presented. The data shows that in the majority of countries the 
current speed is between 120 km/h and 160 km/h. Most countries are planning for speeds in 
the range 160 km/h to 200 km/h in the future.

Table 1 	  Future evolutions in relation to vehicle load carrying capacity and high speed rail

Stiffness of the existing 
railway tracks [kN/mm]

Max. axle load [t/axle]

Croatia 150 – 200 22,5
Greece 50-75 22,5
Ireland - 18
Russia 100 – 150 30
Slovenia 60 – 100 30
Switzerland 100 – 200 22,5
UK 40 – 100 25

Figure 5	 Highest speed of the current and expected future rail transport 

The most cost-efficient solution to the railway track is generally considered to be ballasted 
track. The largest proportion of the RC’s maintenance budget is generally expended in relation 
to ballast, renewal/replacement followed by rail tracks, and subgrade materials. 
The average unit cost for the maintenance of railway track was quite consistent in the surveyed 
countries, and varied between 40 and 67 €/m. For example in Switzerland unit cost for mecha-
nized maintenance, which include ballast distribution, tamping, compaction and stabilization 
is 67 €/m. Renewal of ballast, rails, sleepers without cleaning up of infrastructure is 1400 
€/m, while renewal of ballast, rails, sleepers with cleaning up of infrastructure is 2500 €/m.
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3.3	 Results of literature survey 

The literature survey was focused on the issue what the future rail transport trends are. Figure 
6 shows the population per km track in these countries in a number of European countries. [4] 
It can be seen that surveyed countries (Croatia, Greece Ireland, Russia, Slovenia, Switzerland, 
UK) are covering from average to very high population densities per km track. 

Figure 6	 Population per length of railway track in selected European countries (data source: [4])

Figure 8 shows statistical data from 1980 to 2009 for railway passenger journeys in four diffe-
rent countries, USA, China, Japan and the UK. It can be seen that for all the four countries, 
railway passengers journeys and/or in length have been increasing annually. This implies that 
rail transport markets are increasing rapidly both in established and emerging economies. 
Since 1992, traffic on the Chinese railway network has increased by more than 110 percert 
[5]. In 1990s, the network had a 2% average annual growth rate; while in 2000s, the growth 
rate increased to 8% annually for both passenger and freight. This growth actually depends 
upon a number of factors, for example, national economic and trade growth, market evolution 
and demands, railway management competence and actions, national transport strategy and 
funding, and the like [6].

a)  	 b) 

c)  	 d) 

Figure 7	 Statistical data from 1980 to 2009 for railway passenger journeys for four different countries:  
a) United States of America, b) China, c) Japan and d) the UK, [7-10]



Rail Infrastructure Projects Design, Construction, Maintenance and Management118
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

From [4] historical data on train speeds has been collected and analysed. Before 1990, the 
data adopted a linear proportional increase. After 1990, however, train speeds have increased 
remarkably. With increasing rail market and advanced technologies, it is predicted that the 
train speed will continue to increase.
After analysing the related data from selected countries, it could optimistically be concluded 
that future railway demands will be increasing globally. 

4	 Conclusion

A survey on European existing railway tracks was carried out to identify challenges related to 
current infrastructure. There is a strong demand for rail transport and continuous research and 
development is being carried on to make railways faster, heavier, longer and greener. Most of 
the existing railway tracks in Europe have reached their design service life; the main challenge 
is how to enhance these existing ballasted tracks. Most countries have their own standards 
in railway engineering and maintenance. Some typically technical data have been obtained 
from seven countries which may be useful for engineering design or evaluation. The effects 
of climate on track services are critically significant. There are a number of projects on R&D of 
railways worldwide. There is a great deal of information on railways in various sources, e.g., 
journals and magazines, societies conferences, internet, etc. it would be helpful to obtain 
sufficient literature search and review before starting a new research and development project.
It is found that: (a) the markets for rail transport are increasingly global; (b) with technological 
advances, rail transport trends are for faster, heavier and longer trains, as well as increased 
cost and energy effectiveness and greater reliability; (c) most of the railway tracks have re-
ached or exceeded their design service life; (d) ballasted tracks are the most popular and 
economical track bed structure but there are some challenges related to how to enhance 
these infrastructure systems.
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Abstract

The paper deals with the problems of fulfilment of the new TEN-T infrastructure guidelines 
in Slovenia on one hand and the financing of upgrading and construction works for the new 
infrastructure on the other hand. The specific of our network is that the majority of our freight 
traffic is in transit that means this freight has no origin or destination in Slovenia and serves 
mainly to the foreign economy. The fact that the origin and/or destination of most of the 
freight traveling on our tracks are not in Slovenia is not the problem for itself, the real pro-
blem is that the railway undertakers are not fully charged for the costs they produced to the 
infrastructure as well as to the environment. This is the main reason why no major railway 
project in Slovenia is financially proved although the traffic volume forecast are enormous.
With other words the Cost Benefits Analyses can not be positive enough because the costs are 
Slovenian and benefits are from the countries which transported goods through our country.
New railway infrastructure can even not be proved by calculating of benefits by lowering of 
environmental costs with shifting the freight from the road to the rail. This is why because 
these environmental costs produced by the road traffic are actually also not ours, they are 
forced to use since also the road freight transport is on our roads mainly in transit. The solu-
tion for countries like Slovenia lies in infrastructure fees which will cover full infrastructure 
and environmental costs or the totally different scheme of co-financing on the European level.

Keywords:	railway infrastructure, TEN-T network and guidelines, financing, transport 

1	 Introduction

It seems that the transport today is more and more an independent branch of economy, rather 
than it´s support arm. You could say that it is becoming practically an end in itself, thereby 
fatally affect the daily lives of people and policy, which is responsible for the development of 
transport, energy, environment. Transportation is constantly increasing in spite of aging and 
reducing the number of people in our part of the world. There are demands and the “need” 
for new and new infrastructure. It is needed to put an end to the myth that continued growth 
will never stop.
If you want to return transportation to the place it deserves in the transport chain, it is high 
time to start charge the transport the full costs of the construction, maintenance and ma-
nagement of infrastructure and management of traffic on it, as well as all costs incurred to 
the space and environment.
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2	 TEN-T infrastructure guidelines and financial consequences 

The standards for the core TEN-T railway network as adopted by the Regulation (EU) No 
1315/2013[1] and which should be implemented by the year 2030 are for the railway infra-
structure for freight trains determined as follows:
1	 full electrification of the line tracks and, as far as necessary for electric train operations, 

sidings;
2	 freight lines of the core network as indicated in Annex I: at least 22,5 t axle load, 100 

km/h line speed and the possibility of running trains with a length of 740 m;
3	 full deployment of ERTMS;
4	 nominal track gauge for new railway lines: 1 435 mm except in cases where the new line 

is an extension on a network the track gauge of which is different and detached from the 
main rail lines in the Union.

If we compare the aforementioned requirements for the railway infrastructure with the existing 
condition of the TEN-T network lines in Slovenia, we may draw the following conclusions, 
presented in the Table 1.
The total TEN-T network of railway lines in Slovenia is 567.1 km long, 323.2 of them are double 
track lines and 243.9 km are single track lines. All together 890.3 km of tracks perform the 
TEN-T Slovenian railway core network. 
206.9 km of double track lines (64.0 %) respectively 110.2 km of single track lines (45.2 %) 
does not meet the requirement for the minimum speed of ≥100 km/h. Or with other words, 
317.1 km of lines respectively 56.0 % of all Slovenian TEN-T network will need to be reconstruc-
ted or completely new build for achieving the desired speed of at least 100 km/h. 
The first demand of TEN-T requirements, that is electrification, will be fulfilled till the year 2015, 
since the electrification works are in progress on the last yet not electrified line Pragersko–
Hodoš on the Slovenian-Hungarian connection of the new Mediterranean railway corridor.
The Slovenian TEN-T network and plans for the future development are shown at the Figure 1 
below. For the time being this development plans are not yet confirmed by the government 
and the Parliament, while the National Development Plan is still in the preparation phase and 
will be published probably in autumn this year. It is the great possibility that the development 
plan of the lines will stay the same but the final realisation will be postponed. 

Table 1 	  TEN-T lines in Slovenia

Line section Double track 
line [km]

Single track 
line [km]

V≥100km/h 
(2) [km]

V≥100km/h 
(1) [km]

V≥100km/h 
(2) [%]

V≥100km/h 
(1) [%]

Dobova–Zidani Most 50,8  33,7  66,3  
Zidani Most-Ljubljana 63,7  24,9  39,1  
Zidani Most-Maribor 91,9  38,2  41,6  
Maribor-Šentilj-s.b.  16,5  3  18,2
Pragersko-Ormož  41,2  38,4  93,2
Ormož-Hodoš  69,2  59,2  85,5
Ljubljana-Sežana-s.b. 116,8  19,5  16,7  
Divača-Koper freight st.  45,5  0  0
Ljubljana-Jesenice-s.b.  71,5  33,1  46,3
Total V≥100km/h 323,2 243,9 116,3 133,7 36,0 54,8
Total V<100km/h 567,1 206,9 110,2 64,0 45,2
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Figure 1	 Slovenian TEN-T network

2.1	 Needed investment money for realisation of TEN-T requirements 

The question is how much money do we need for the fulfilment of TEN-T standards? The 
biggest problems are the minimum speed of 100 km/h and the useable length of station 
tracks of 750 m. With a rough estimation the investment costs would be between 5.5 and 7.5 
billion EUR depending on the designing speed for open tracks (from 100 km/h to 160 km/h). 
Before beginning of construction works the National Spatial Plan (NSP) must be prepared and 
adopted by the government. These procedures take in average at least three years. This means 
that before the beginning of the year 2017 no major project can start although the NSPs for the 
Maribor-Šentilj and Ljubljana-Jesenice lines as well for the Pragersko station are already in 
progress. 14 years would be available as the realisation time. Regarding the needed finances 
and available time, between 390 and 530 million EUR per year should be invested into the 
Public Railway Infrastructure (PRI) of Slovenia to upgrade the Slovenian TEN-T network to the 
desired level.

3	 Slovenia as a transit transport land 

More than half, exactly 57.2 % of railway freight in tonnage in realised in transit transport on 
the Slovenian railway network in the last year, what is shown in this Section 3. The statistics 
is even more favourable for the transit if we take into account the NTKM. In later case the per-
centage is even 72.2 % (All together 4,289.8 million NTKM and in the transit together 3,095.7 
million NTKM were realised). 

3.1	 Past freight railway traffic flows

Slovenia is a typical freight transit transport land what means that more than half of all forwar-
ded freight is realised as a land or a port transit. Figures related to the past, by railway tran-
sported goods, are shown in the following Table 2. The figures present the total amount of all 
three freight Railway Undertakers (RU) operated in Slovenia.
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Table 2 	  Transported goods by railway (in `000 tonnes)

Year 2007 2008 2009 2010 2011 2012 2013
Dom. transport 1,853 1,915 1,634 1,870 1,474 1,369 1,550
- import 5,198 5,343 4,064 4,333 4,962 4,194 4,259
- export 2,260 2,089 1,861 1,994 2,018 2,063 2,391
- land transit 4,187 3,773 2,817 3,377 3,314 2,690 2,858
- port transit 5,751 5,894 5,051 6,433 6,817 7,215 8,129
Transit together 9,938 9,667 7,868 9,810 10,131 9,864 10,987
Int. transport 17,396 17,099 13,857 16,138 17,111 16,094 17,638
All together 19,249 19,014 15,491 18,008 18,585 17,463 19,188

From the Table 2 it is obvious that the domestic railway transport, i.e. the origin and destina-
tion of goods are in Slovenia, represents approximately 10 % of total transported goods till 
the year 2010 and fell even to 8 % in the years 2011 to 2013. The reason for such result lies 
probably in short transport distances in our country and the decline of the Slovenian industry 
which input raw material and the output products were dedicated for the railway transport. 
It is evident that the Port of Koper is the most important O/D source for the railway freight 
transport on our railway network. Approximately 55 % of all loaded and unloaded freight co-
mes to and leaves the Port by the rail. In average 30 % of the total throughput in the port has 
the Slovenian origin or destination and from this 30 % of Slovenian port freight about 66 % 
were transported by the rail in the last three years. Just for the information the data regarding 
the port throughput, this was in the last three years as follows: 18.0 million tonnes in the year 
2013, 17.9 in the year 2012 respectively 17.0 million tonnes in the year 2011.

3.2	 Future freight railway traffic flows 

For the future traffic flows extensive analysis have been done in recent years. These analyses 
show that we can count with enormous growth of freight traffic till the year 2030. It is suppo-
sed that freight throughput in the Port of Koper will rise from about 18 million tonnes to the 
about 30 million tonnes. In general almost doubling of the existing railway freight transport 
is expected in the next 17 years in the “do minimum” scenario. 
With extensive upgrading of the “Mediterranean corridor” (the speed of 100 km/h for freight 
trains and sufficient capacities of nodes and stations) the freight flow on the Divača–Ljubljana 
section could rise up to 35 million tonnes. In this case the capacity of existing double track 
lines would not be sufficient any more. Forecasted figures for the railway freight transport can 
be seen from the Table 3. 

Table 3 	  Transported goods by railway (in `000 tonnes)

Line sections year 2013 “do-minimum” 2030
Koper-Divača 10,000 17,000
Divača-Ljubljana 12,000 21,000
Ljubljana-Zidani Most 8,000 21,000
Ljubljana-Jesenice 5,000 9,000

3.3	 Infrastructure users fees

In the Table 4 the amount of paid infrastructure users’ fee in the last three years are shown 
separated by users. At the moment four RU have Slovenian Safety Certificate and are active 
in the transport industry. Three of them are freight RU.



Rail Infrastructure Projects Design, Construction, Maintenance and Management 123
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

The coverage of the PRI costs for the maintenance and traffic control and command (TC&C) leis 
only between 8.5-9.5 %. The costs for renewals, upgrading and new construction of the PRI are 
even not considered in the stated percentages. In the Republic of Slovenia the infrastructure 
fee is obligated only for the freight trains and special passengers trains but not for the trains 
running under public service obligations contract. 

Table 4 	  Infrastructure users’ fees (in 000 EUR)

Railway Undertaker 2011 2012 2013
Rail Cargo Austria AG 447.748,13 € 628.657,26 € 685.983,61 €
Slovenian railways, 
Freight Transport, ltd.

8.515.154,64 € 7.604.156,50 € 8.117.812,12 €

Slovenian railways, 
Passengers Transport, ltd.

53.711,20 € 43.841,71 € 51.055,76 €

Adria Transport, ltd. 112.841,23 € 169.604,07 € 273.407,49 €
Without V.A.T. 9.129.455,20 € 8.446.259,54 € 9.128.258,97 €
With V.A.T. 7.607.879,33 € 7.038.549,61 € 7.540.713,31 €

From the above percentage it is obvious that we are far away from the full coverage of the 
costs which transport causes to the infrastructure and to the environment. It is also true that 
also road traffic is not paying the infrastructure costs caused to the Slovenian environment.
A simple comparison between EUR/NTKM paid by the freight railway transport and the road 
tax paid for yearly registration of passengers cars in Slovenia shows firstly how small railway 
fee actually is (3,781millionNTKM realized in the year 2013 and 9.128 million EUR infrastructu-
re fee means 0.0024 EUR/NTKM) and secondly that even road tax for passengers cars are al-
most double as high as the infrastructure fee (road tax for average passengers car of 1350 cm3 
and weight of 1 tonne is 62 EUR; with in average 15,000 km/year it means 0.0041 EUR/NTKM). 

Table 5 	  Maintenance and TC&C costs of PRI (in 000 EUR with V. A.T.)

Year 2007 2008 2009 2010 2011 2012 2013
Maint. of PRI 69.370 73.801 67.717 60.928 71.589 68.039 63.787
TC&C 41.722 36.864 37.849 35.916 34.500 33.000 33.000

4	 New EU infrastructure financing policy 

4.1	 What can we expect in the new financial perspective from 2014 till 2020? 

First of all the old financial instrument TEN-T is replaced with the new scheme called “Connec-
ting Europe Facility” (CEF)[2], which will assure the financial means for the actual perspective 
in the period from 2014 till 2020.
In the most radical overhaul of EU infrastructure policy since its inception in the 1980s, the 
Commission has published new maps showing the nine major corridors which will act as a 
backbone for transportation in Europe’s single market and revolutionise East–West connec-
tions. For realising of this ambition, EU financing for transport infrastructure will triple the 
finance to the 26 billion EUR from which about 11.3 billion EUR has been taken away from 
the Cohesion found and will be dedicated only for the Cohesion Countries upon the public 
tenders. 
This new infrastructure policy will put in place a powerful European transport network across 
28 Member States to promote growth and competitiveness. It will connect East with West and 
replace today’s transport patchwork with a real European network.
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The new policy establishes, for the first time, a core transport network built on nine major 
corridors: 2 North–South corridors, 3 East–West corridors; and 4 diagonal corridors. The core 
network will transform East–West connections, remove bottlenecks, upgrade infrastructure 
and streamline cross-border transport operations for passengers and businesses throughout 
the EU. It will improve connections between different modes of transport and contribute to the 
EU’s climate change objectives. The core network is to be completed by 2030. 
This EU funding will be tightly focused on the core transport network where there is most 
EU added value. To prioritise the East–West connections, almost half the total EC transport 
infrastructure funding (€11.3 billion from the “Connecting Europe Facility”, or CEF) will be 
ring-fenced only for cohesion countries, [3].

5	 EU co-financing of the PRI in the Republic of Slovenia

5.1	 Last financial perspective 2007-2013

In the last financial perspective Slovenia has got about 450 million EUR from the Cohesion 
Found and some project design documentations co-financed from the TEN-T source. The total 
amounts of money spent for the investments into the PRI, from the year 2009 to the year 2012, 
are as follows (in 000): in the year 2009 – 100,115 EUR, in the year 2010 – 131,036 EUR, in the 
year 2011 – 105,728 EUR, in the year 2012 – 71,559 EUR, in the year 2013 – 133,462 EUR and 
for the year 2014 – 336,340 EUR is planned.
For the year 2015 approximately the average sum of last years will be needed to complete 
all foreseen projects in time. All above presented figures are the sum of European Cohesion 
founds and our own means. 

5.2	 New financial perspective 2014-2020 (railway sector)

Slovenia will probably get round 360 million EUR from the Cohesion envelope. From the speci-
al IPE quota for Cohesion countries Slovenia is entitled to an amount of 159 million EUR which 
must be tied up till the end of 2016. 
As it was said before for the IPE instrument public tenders will be launched. How much Slo-
venia will be able to get from the IPE will depend on the quality of the proposed projects sent 
to the tenders launched by the EC. 
At the moment no official figures regarding Slovenian forecast for the amount of money from 
the IPE instrument are available. The unofficial information said that for the next legislative 
period from 2014–2020 Slovenia plans to get from all European founds together (Cohesion 
found, ERDF, IPE) and for the whole Traffic infrastructure in total about 1,065 million EUR. Our 
own participation should be at least in the same value. 
From the above money about 765 million EUR should be the investment money for the PRI. 
Together with our participation it presents about 1,530 million EURs investment money for 
the PRI. 
From the above figure it is possible to calculate the average yearly capability of investment 
many in Slovenia which lies between 200 and 250 million of EURs, what is far away from the 
needed investment money calculated in the Section 2.1. 

6	 Conclusions 

It is obvious that yearly paid infrastructure fees for using of the PRI in Slovenia are not high 
especially in the comparison with the costs of the maintenance of the PRI and of the TC&C on 
it, which are shown in the Table 5. The result of such low percentage of operator´s contribution 
to the basic cost on the PRI are probably due to not paying of environmental costs at all and 
in the too low infrastructure fees in the transport in general. 
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It is simply not possible with such infrastructure users’ fees, for the countries like Slovenia, 
to finance the appropriate renewal, upgrading and adaptation of the capacity needs to the 
market demands anymore. 
The transport charges and taxes must be restructured in the direction of wider application of 
the ‘polluter-pays’ and ‘user-pays’ principle (at least for the freight transport and to cover the 
real costs of the PRI and the TC&C on it). They should underpin the transport’s role in promo-
ting European competitiveness and cohesion objectives, while the overall burden for the sec-
tor should reflect the total costs of transport including infrastructure and external costs, [4].
Putting an end to the permanent changing of the European priority corridors, which are mostly 
determined on the political level as a compromise and not necessarily correspond to the real 
facts and needs. The infrastructure corridors should be developed on the European level 
upon the real wider economic needs and not on the basis of single member state priorities. 
Financing of the projects should be released of the unnecessary administration and numerous 
controls, which take time and cost money. Project management should be involved instead 
of administrating. Appropriate amount of investment money from the EU funds must be dedi-
cated to the single project upon the Feasibility Studies directly without the tendering. Totally 
different scheme of co-financing on the European level are needed.
Decisive measures on the EU level will be needed to restrict the long haul road freight tran-
sport, because the soft measures proven didn’t bring the modal shift from road to rail. Alt-
hough the rail is amongst the most efficient and climate-friendly type of transport it currently 
carries about only 10% of European cargo and 6% of passengers each year, [5].
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Abstract

ETCS (European Train Control System) is a unique European standard for controlling and ma-
naging a railway traffic. It was a result in a form of need for mutual railway abovestandard 
in European countries which has a goal to adjust the existing systems of railway managing 
and to create a unique European system of insurance which has a result to creat a unique 
European railway network. Beside the mentioned reasons for introducing the ETCS system 
other reasons are the increasing diversion of cargo flows from road to rail. To implement the 
ETCS system on BH railways at Corridor Vc it is necessary to analyse present state of railway 
infrastructure and to adjust and renew infrastructure so it would be prepared for installation 
of ETCS system. In this paper a possibility of introducing of this security on BH railway at 
Corridor Vc was presented. Implanting of ETCS security system was presented throughout 
four project options. Project options allude implementation of ETCS separatly for each level 
of that system. First project option refers to implementation and modernization of current 
degree of insurance so that Corridor Vc could be lead to ETCS Level 0. 2nd, 3rd and 4th option 
is concerning on ability of introducing higher levels of ETCS which are ETCS Level 1, ETCS Level 
2 and ETCS Level 3. Whith evaluation of project options analysis it was concluded that each 
design option is reasonable, cost-effective and profitable.

Keywords:	ETCS, BH railways, Corridor Vc, ETCS Level

1	 Introduction

The best way to carry out modernization and standardization of infrastructure, is the introduc-
tion of ETCS security system. Strategy of introducing other ETCS on B&H’s railroads on Corridor 
Vc in this paper is presented with four project options starting with ETCS level 0 up till level 
3. Project options are divided by degree or level of ETCS insurance. The first project option 
involves the reconstruction of infrastructure by bringing it to the national level of security that 
meets ETCS Level 0. Second project option considers introducing of ETCS Level 1, while the 
third and fourth project options consider the possibility of upgrading the existing ETCS Level 
1 to higher levels the ETCS Level 2 and Level 3. 

1.1	 Status line at Corridor Vc in Bosnia and Herzegovinia

Corridor Vc is setted from Budapest up tilland Ploče. At mostly it pasess through Bosnia and 
Herzegovina (405 + 741 km). Corridor Vc enters Bosnia and Herzegovina in Bosanski Šamac 
where it is connected to the track line Bosanski Šamac – Sarajevo. From Sarajevo it follows 
the line Sarajevo – Čapljina – state border.
Railroad line Bosanski Šamac – Sarajevo was built from April 1th until November 15th 1947. 
The total length of this line is 235 + 351 km. On this line there are 63 official locations, 20 of 
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them are stations, two of them are main, Doboj (ŽRS) and Sarajevo (ŽFBH) On this line there 
also are 33 train stops, 8 passing point, a junction and a state border.

Figure 1	 Route of Coridorr Vc through Bosnia and Herzegovina [1] 

Line Sarajevo-Čapljina, to be more accurate line Sarajevo – Čapljina – state border – Ploče 
began in construction in 1958 and its construction was completed in 1966. Total length of this 
railway line is 170 + 390 km. On this line there are 41 official locations, of which are 16 stations 
of which one is the main station named station Sarajevo. The railway also has 16 train stops, 
7 passing point, one junction and one national border, [1].

1.2	 ETCS development

As part of UIC’s projects for infrastructure, largest and most important project is – ERTMS 
(European Rail Train Management System). Key projects, from a technical point of view, that 
are incorporated into ERTMS are: European Train Control System – ETCS and Global System for 
Mobile Communication – Railway – GSM-R. ETCS is formed with four levels, (Level 0, Level 1, 
Level 2 and Level 3). Goals of ETCS system, according to [2]:
·· centralize management and make it more intelligent;
·· reduce the costs of operation and maintenance of stationary systems;
·· increase the interoperability of heterogeneous railway systems;
·· increase the capacity and speed.

Functions of ETCS system: 
·· monitoring of (local) maximum speed;
·· monitoring the correct route of trains movement;
·· monitoring the direction of movement;
·· monitoring the implementation of special regulations.

2	 ETCS Levels

2.1	 ETCS Level 0 

When the vehicle that supports ETCS is being used on a line that does not support ETCS, that 
is Level 0 of ETCS.

2.2	 ETCS Level 1

ETCS Level 1 system is a signalling system that allows the integration of ETCS equipment on 
existing national signalling security system that remains in operation. At this level on rail 
tracks Eurobalise are being installed, those transmitters take on signals from the existing 
track signalling via signal adapters and telegram coders (LEU – Lineside Electronics Unit) 
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and pass them as data to train as data that gives authorization to move and contains infor-
mation on route and fixing points. Because of a point distribution of these transmitters, it 
is necessary that train passes over this transmitter first in order to obtain information about 
the next section. With cable connection of these transmitters, known as EuroLoop, constant 
communication with the vehicle is being held. Euroloop system implies the installation of 
power lines which transmit signals along the rails so that it achieves continuous coverage of 
the driving path, which increases safety and reliability of traffic. 

Figure 2	 Schematic diagram of ETCS – Level 1[1] 

2.3	 ETCS Level 2

ETCS – Level 2 is a system oriented to the digital radio transmission signal and train protection 
system. ETCS – Level 2 is a practical upgrade of ETCS – Level 1 with all the Level 1 elements 
but with addition of GSM-R transmitter on the locomotive, the GSM-R receiver and Radio 
Block Centre (RBC). Eurobalise transmitters are used at this level only as passive positional 
elements or so-called Electronic milestones. Between the two positional elements train defi-
nes its position by sensors. This level system is based on radio. It uses the GSM-R system, in 
order to continuously transferred speed limit information on the route to the vehicle. At this 
level Eurobalise are used as passive positioning markers.

Figure 3	 Schematic diagram of ETCS – Level 2 [1] 

2.4	 ETCS Level 3 

Level 3 of ETCS system goes considerably beyond the simple signal-safety management and 
navigation, because it is fully implemented in the radio control system distances between tra-
ins. Fixed rail signalling devices are no longer needed. Trains define its positions the same as 
in Level 2 through sensors. As a participant in traffic here the train is given with the autonomy 
of making decisions, therefore, attention must be given to maintaining a high level of reliabi-
lity. Level 3 is still under development and in Europe there are currently several experimental 
and pilot projects in several railroad stocks. This level supports full radio signalization, [3].

Figure 4	 Schematic diagram of ETCS – Level 3 [1] 
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3	 Strategy of ETCS implementation at Corridor Vc in B&H 

3.1	 Strategy of ETCS Level 0 implementation 

This level of rail security will lead to increased safety and increased line capacity in facilita-
tion of rail traffic where this level was the basis for the introduction of ETCS Level 1 ETCS as a 
basic level of ETCS security. The costs of reconstruction and installation of complete SS and TT 
security system at complete section of the Corridor Vc is estimated by former cost experience 
at implementation of such security levels of insurance in relation to the length and charac-
teristics of the rail. December 30th 2009 ŽFBH signed an agreement with German company 
Thales Rail Signalling Solutions GmbH on support and installation of SS and TT equipment 
for line Konjic – Čapljina in value of €11,742,602,72 million. This section of rail is single-rai-
led with length of 96 + 466 km and it contains 22 official locations of which is 10 stations, 4 
crossing and 8 train stops. 

Table 1 	  Economic analysis and project appraisal of ETCS implementation on B&H’s rails on Corridor Vc – Op-
tion 1 – ETCS Level 0 [1]

Year Eeconomic 
costs of 
investment 
(€)

Savings in 
maintenance 
costs 
(€)

Savings 
in staff 
costs 
(€)

Cost savings in 
traveling time 
for passengers 
and goods (€)

Savings in 
the costs 
of train 
operation (€)

Benefits of 
introduction 
of ETCS 
Level 0 (€)

Benefits 
and costs 
flow 
(€)

1 -26.660.000 -26.660.000
2 -26.660.000 -26.660.000
3 -26.660.000 -26.660.000
4 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
5 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
6 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
7 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
8 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
9 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
10 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
11 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
12 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
13 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
14 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
15 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
16 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
17 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
18 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
19 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
20 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
21 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
22 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
23 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
24 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
25 -550.000 624.000 11.160.000 -1.499.712 2.571.072 9.734.288
Residual value 7.998.000 7.998.000
EIRR 9,73%
NPV (5%) 40.333.206
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According to this ratio deploy cost of insurance implementation and length of rail on which 
the implementation is being done, it can be concluded that the total cost for implementation 
of the SS and TT insurance on complete length of the rail at Corridor Vc (405 + 741 km) through 
Bosnia and Herzegovina is on average of € 50 – 60 million. Locomotive expenses or costs 
of installation the ETCS equipment in locomotives are around €100.000 when it comes to 
new locomotives. Railways in Bosnia and Herzegovina do not dispose with nither one new 
locomotive, so the investment costs of ETCS equipment installation in existing engines are 
significantly higher on average of €2.00.000 – 250.000 depending on the state of the loco-
motive. Considering the fact that these are relatively old locomotives costs of ETCS equipment 
installation per locomotive is an average of around € 200.000. From this facts it can be 
concluded that total cost of ETCS equipment installation for the entire locomotive fleet of 80 
locomotives at Corridor Vc is around € 15-20 million. In this option, as this will be the case 
in other options, costs of maintainance will be analyzed for 25 years from implementation 
of ETCS system Level 0. So it can be concluded that the overall costs for implementation of 
ETCS Level 0 insurance at Corridor Vc on Bosnia and Herzegovina’s rails on average is around 
€70 to 80 million. 

3.2	 Strategy of ETCS Level 1 implementation

Costs of ETCS Level 1 implementation are divided into costs that are related on equipment 
installation and costs of infrastructure and equipment maintenance. The costs of preparing 
tracks for installation of ETCS system Level 1, according to the the experience of countries in 
which this level is installed (Austria), are around € 2.000 – 3.000 per mile of track. B&H’s 
railways on Corridor Vc have a length of 405+741 km therefore the costs of preparing the route 
for the introduction of ETCS Level 1 is to about € 1.000.000. As the cost of installation and 
deployment of ETCS rail security Level 1, are ranging up till € 30.000 – 300. 000 per km of 
railways, it is important to note that these costs far exceed the upper limit of € 300 000 when 
it comes to installation of the equipment in the station area, while costs on the open line are 
considerably less than € 30 000 per km of track. According to empirical examples (Austria), 
it can be assumed that costs of ETCS Level 1 equipment installation in large stations is a 
around € 3-4 million. In smaller stations the empirical examples come to the figure of about 
€ 1 to 1.5 million per station, while the cost of ETCS equipment installation on train stops, 
junctions, level crossings, passing points, and industrial gauges are around € 200.000 – 
400.000 depending on the characteristics of train stops and level crossings. While the cost 
of ETCS equipment installation on the open railroad on average does not exceed € 50. 000 
– 80.000 per track mile. Out of 36 stations at the Corridor Vc there is total of 6 large stations: 
Bosanski Šamac, Doboj, Zenica, Sarajevo, Mostar and Čapljina station. This means that total 
cost of ETCS Level 1 equipment installation at these stations is equal of € 20 million. Cost 
of equipment installation at the remaining 30 stations are around € 30 million. Total cost of 
ETCS Level 1 equipment installation in the stations at the Corridor Vc is amount of around € 
50 million. Cost of ETCS Level 1 equipment installation at other 68 official locations, industrial 
railtracks and a few dozens of level crossings are approximately around € 25 million. Total 
costs of ETCS equipment installation at the official positions is roughly around € 75 million. 
Finally, it can be concluded that the costs of ETCS Level 1 implementation on the BH railroads 
at Corridor Vc is a total of around € 100 to 120 million.
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Table 2 	  Economic analysis and evaluation project of implementation of ETCS safety on B&H’s rails at Coridorr 
Vc – Option 2-ETCS Level 1 [1]

Year Eeconomic 
costs of 
investment 
(€)

Savings in 
maintenance 
costs 
(€)

Savings 
in staff 
costs 
(€)

Cost savings in 
traveling time 
for passengers 
and goods (€)

Savings in 
the costs 
of train 
operation (€)

Benefits of 
introduction 
of ETCS 
Level 0 (€)

Benefits 
and costs 
flow 
(€)

1 - 40.000.000 - 40.000.000
2 - 40.000.000 - 40.000.000
3 - 40.000.000 - 40.000.000
4 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
5 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
6 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
7 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
8 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
9 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
10 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
11 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
12 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
13 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
14 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
15 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
16 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
17 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
18 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
19 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
20 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
21 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
22 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
23 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
24 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
25 - 1.800.000 1.560.000 24.180.000 -9.185.736 4.138.566 14.754.264
Residual value 12.000.000 12.000.000
EIRR 9,85%
NPV (5%) 62.211.226

3.3	 Strategy of ETCS Level 2 implementation 

Also implementation of ETCS Level 2 costs are presumably calculated over the empirical data. 
For example, the costs of implementation of ETCS Level 2 system, which will be operated in 
Hungary by the German Siemens at line Budapest – Kelenföld – Székesfehérvár, in a dis-
tance of 65 km, costs € 53 million. According to previous experiences of countries that have 
implemented ETCS Level 2, on the roadlines at the Corridor Vc in Bosnia and Herzegovina at 
least 5 radio block centers will be need, which are placed every 50-100 km depending on the 
characteristics of lines and terrain on the route of the railroad. Construction and installation 
of radio block equipment for one radio block center will cost tens € millions. Building up and 
setting up the GSM-R antennas costing tens of € thousands per transmitter including signal 
boosters and accessories. From what is stated it can be concluded that the total cost of ETCS 
Level 2 implementation at the B&H’s railraods at Corridor Vc in a distance of 405 + 741 km 
amounts to roughly € 300 million. Locomotive expenses are related to the installation of 



Rail Infrastructure Projects Design, Construction, Maintenance and Management 133
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

GSM-R receiver (antenna) in the locomotives. In our case, we consider the total fleet of 80 
locomotives and from the empirical data, total cost of GSM-R equipment installation to the 
locomotives is around € 2 million. Very expensive and high quality ETCS Level 2 equipment 
maintenance costs are minimized as far as possible. Thus, the annual maintenance costs 
should not exceed the figure of about € 2 million. Finally, ETCS Level 2 security on B&H’s rails 
at the Corridor Vc implementation costs are total of around € 300 – 350 million.

Table 3 	  Economic analysis and evaluation project of implementation of ETCS safety on B&H’s rails at Coridorr 
Vc-Option 3- ETCS Level 2 [1]

Year Eeconomic 
costs of 
investment 
(€)

Savings in 
maintenance 
costs 
(€)

Savings 
in staff 
costs 
(€)

Cost savings in 
traveling time 
for passengers 
and goods (€)

Savings in 
the costs 
of train 
operation (€)

Benefits of 
introduction 
of ETCS 
Level 0 (€)

Benefits 
and costs 
flow 
(€)

1 - 110.000.000 - 110.000.000
2 - 110.000.000 - 110.000.000
3 - 110.000.000 - 110.000.000
4 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
5 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
6 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
7 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
8 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
9 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
10 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
11 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
12 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
13 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
14 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
15 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
16 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
17 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
18 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
19 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
20 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
21 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
22 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
23 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
24 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
25 - 2.450.000 3.120.000 43.524.000 - 8.248.416 9.598.896 35.945.584
Residual value 33.000.000 33.000.000
EIRR 8,46%
NPV (5%) 118.449.989

3.4	 Strategy of ETCS Level 3 implementation 

Level 3 is still under development and in Europe there are several experimental and pilot projects cu-
rrently in several railroad stocks. ETCS Level 3 solutions for reliable train control are very complexed 
and not suitable for transfer and implementation to the older models of railway vehicles. As this level 
is still in an experimental stage, it will at some European rails be implemented in future 20 years, 
which tells us that the railroads in Bosnia and Herzegovina, will not take hold in the near future. 
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Conclusions 

Option 1, which includes reconstruction and an upgrade to the existing state of the railway 
security with fully restored SS and TT devices that would lead rail to the ETCS Level 0and in-
dicates the real socio-economic benefits that are result of ETCS Level 0 implementation. This 
project option demonstrates an acceptable net present value and economic internal rate of 
return of 9.73% (EIRR = 9.73%). Also the cost-benefit ratio is larger than 1 which indicates 
that the project is cost effective and profitable, and that its implementation needs to begin.
The second project option involves an upgrade from the existing national railway security 
system and ETCS Level 1 implementation. This is financially much larger project compariong 
to the project of ETCS Level 0 implementation but in the end there are much greater benefits 
from this project or from this ETCS level. This option also displays projects reasonable net 
present value and also an acceptable value of economic internal rate of return (EIRR = 9.85%).
The third project option requires substantially greater financial investment because ETCS Le-
vel 2 involves the usage of GSM-R system and with this level makes the European Rail Traffic 
Management System (ERTMS). However, by analyzing the relation between costs and benefits 
and the possibility of introduction of ETCS on the BH’s railways at Corridor Vc is reasonable 
and shows a positive net present value and internal rate of return equal to 8.46% (EIRR = 
8.46%).
The fourth design option involves the introduction of ETCS system Level 3, which represents 
the highest possible level of ETCS security. Implementation of this system in the EU is not 
expected before 2025. Finally, it can be concluded that the project of ETCS implementation 
on BH’s railways at Corridor Vc is fully justified, effective and profitable. 
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Abstract

South East Europe (SEE) is a particular region of Europe regarding transport infrastructure 
development and international transport operations, due to the fact that the region includes 
an interrupting zone of the Trans-European Transport Networks (TEN-T), namely the Western 
Balkans (WB) countries. Concerning strategic transport infrastructures development, sub-
stantial investments have been made during the last decades or are underway. In the current 
period of economic recession, the TEN-T programme and the programme for the development 
of the SEE Comprehensive Transport Network still promote large infrastructure projects, but 
seek to ensure maximum return of investments. Major obstacle for the maximisation of the 
benefits and return of investments, but also for increased accessibility and mobility, is the 
existence of borders along the main international routes crossing SEE. In mid-2013 Croatia 
accessed European Union and the same is foreseen for the rest of the WB countries, but with 
it is unknown when this will be realised. Therefore, borders will remain for long time ahead 
and continue to impede international transport. In the framework of “Accessibility improved 
at border CROSsings for the integration of SEE” project (ACROSSEE) a large survey campaign 
has been performed, in order to register the current situation at several Border Crossing Points 
(BCPs) of the region. Specifically, questionnaire-based and field surveys have been perfor-
med at 30 Road and 29 Rail BCPs, which comprised observations of border procedures, regi-
stration of waiting and procedural times, interviews of BCPs authorities and truck drivers, etc. 
This paper presents the surveys’ methodology and preliminary results, targeting at defining 
short term measures and recommendations for the facilitation of trade and transport in SEE. 

Keywords:	 transport infrastructure, border crossings, international transport and trade 
facilitation, South East Europe, ACROSSEE

1	 Introduction

SEE region is still a discontinuity zone of the TEN-T. The authors in the recent past [1] discu-
ssed about the planning experience and the perspectives for strategic transport infrastructure 
development in the region in the context of European Transport Policy, based inter alia on 
the SEE Transport Axis Cooperation (SEETAC) project [2]. SEETAC (a project also co-funded by 
the SEE Programme), elaborated while the TEN-T new regulation was still under preparation, 
concluded to priority transport infrastructure projects, but moreover to the ascertainment that 
large scale infrastructure projects implementation in a period of scarcity of funds should be 
very carefully planned, considering that capacity limitations are rare in the region and that it 
is very important to tackle the problems of interconnectivity of the SEE network with the TEN-T 
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and the problems at border crossings. In other words, why spend millions in large infrastructu-
res that have long preparation period under the current circumstances just to save minutes 
in travel time and why not reduce times at borders from hours just by half in the short term?
While for the first time the TEN-T guidelines [3] include indicative maps of the TEN-T extensions 
in SEE and indicating the important interconnecting points, the ACROSSEE project, co-funded 
by the SEE Transnational Cooperation Programme [4], had set an ambitious goal to survey 
and identify the problems for international transport, with special focus on border crossings. 
The project’s technical activities are divided in three main pillars: a) the establishment of an 
institutional platform and enhanced administrative cooperation for transport development 
and facilitation of movement of passengers and goods in the region, b) the development and 
use of a transport model to assess the existing and future bottlenecks and the needs for short 
term improvements and c) the analysis of border crossings in order to identify problems and 
measures to ease up international traffic. 
This paper presents the methodology and preliminary findings of the cross border surveys 
and analysis in the framework of ACROSSEE. 

2	 Methodology for the surveys 

The surveys in the framework of ACROSSEE had been planned to serve both the needs of the 
analysis of border crossings and the transport model development. Especially for the latter, 
it is quite common that the border authorities and national agencies provide traffic data that 
most of the times differ. Therefore, it was decided to perform two-day traffic counts at Road 
BCPs and five-day traffic counts at Rail BCPs, to capture the rail traffic irregularities during a 
working week.
These traffic surveys have been only part of an extensive field survey, which was finally con-
ducted by the project partners in each country at selected BCPs along the main international 
transport corridors in the region, in the periods May – June and September – October 2013, 
i.e. excluding the summer season. The surveys’ part regarding BCPs operation comprised 
autopsies and questionnaire-based surveys addressed to the authorities present at each 
BCP and to truck drivers. In parallel, questionnaire-based survey addressed to the National 
Customs Agencies and the ministries responsible for borders and Customs of the involved co-
untries was conducted (this way they were informed also about the BCPs surveys and on-site 
visits). Other relevant questionnaire-based surveys also performed concerned the different 
stakeholders, transport operators and enterprises active in SEE. 

2.1	 Field of survey

A major issue to confront during the planning of the surveys was the different statuses of the 
various SEE countries (EU member state, Schengen Treaty country, non EU member state). 
As a result different approaches were followed in each case: In the case of two bordering 
Schengen countries only traffic flows data could be performed, since stops are not obligatory 
and no controls are performed at those border points. In all other cases, of two neighbouring 
non-Schengen countries, of an EU country or a Schengen country with a non-EU country the 
entire set of surveys had been planned to be implemented. 
As a result, the surveys had been planned to be performed at 35 Road BCPs and 30 Rail 
BCPs, as listed in Table 1 and presented in Figure 1. However, the BCPs actually surveyed 
are less, mainly due to the fact that in specific cases the surveys couldn’t be performed due 
to unforeseen circumstances, misspecification of the BCPs names or actual operation (e.g. 
Vidin – Calafat Danube Bridge II was not yet operational, another BCP was dedicated only to 
passenger vehicles, etc.).
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Table 1 	  BCPs selected to be surveyed in the framework of ACROSSEE 

No Country/ Bordering Country Rail BCPs Road BCPs
1 SI/ HR Dobova/ Savski Marof Obrezje/ Bregana
2 HR/ RS Tovarnik/ Sid Lipovac/ Batrovci
3 RS/ fYRoM Ristovac Preševo
4 AL/ ME Bajza Hani I Hotit
5 EL/ FYROM Idomeni Evzonoi
6 EL/ BG Promachonas/ Kulata Promachonas/ Kulata
7 EL/ AL – Krystallopigi/ Kapshticë
8 EL/ AL – Kakavia/ Kakavijë
9 RS/ BG Dimtrovgrad/ Dragoman Gradina/ Kalotina
10 BG/ RO Vidin/ Calafat (not operational) Vidin/ Calafat
11 RO/ BG Giurgu/ Ruse Giurgu/ Ruse
12 RO/ MD Holboca Vama Albita
13 HU/ UA Záhony Záhony
14 RO/ HU Curtici/ Lőkösháza Oradea-Bors/ Ártánd
15 HR/ HU Koprivnica/ Gyékényes Gorican/ Letenye
16 HR/ BA Slavonski Šamac Županja
17 RS/ HU Subotica/ Kelebia Horgoš/ Roszke
18 RS/ BA Brasina Trbusnica
19 RS/ ME Koprovat Vrbnica
20 RS/ RO Vatin/ Stamora Moraviţa Vatin/ Moraviţa
21 BG/ TR Svilengrad Kapetan Andreevo
22 UA/ RO Dorneşti Siret
23 AL/XK – Morine

Figure 1	 BCPs surveyed in the framework of ACROSSEE
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2.2	 Tools used

The questionnaires were developed on the basis of those used in relevant surveys performed 
in the past by the same team at the Road and Rail BCPs along the Pan – European Corridor 
X [5], and thus their effectiveness had been successfully tested. These questionnaires were 
further improved, in order to cover the scope of the surveys; for example they included a part 
referring to the “mirror” BCPs, to cover the cases that they were not surveyed because not all 
SEE countries are represented in ACROSSEE project.

2.2.1	 BCPs’ Authorities questionnaires
The questionnaires addressed to the authorities of the BCPs were obviously different for the 
Road and Rail BCPs, following however a similar structure, in parts with thematically more or 
less common requested information: 
The first part of the questionnaires concerned the general description of the station’s infra-
structure (available lanes/ tracks and their distribution, buildings, power and water supply, 
lighting), facilities (banks, restaurants, coffee-shops, duty free shops, etc.) and equipment 
(X-Rays machines, weighbridges, telephone and internet connections, tracing means, service 
lines and storage areas); including an assessment of their condition.
The second part referred to the operation of the station. Specifically, it included details about 
the agencies present (Customs, Border Police, Veterinary and Phyto-sanitary services), about 
their working hours and their sufficiency (in terms of number of staff, level of knowledge of 
computer and English). 
Moreover, this second part incorporated questions in tabular form, concerning the minimum, 
average and maximum waiting and procedural times per type of vehicle/ train and the times. 
It also included questions regarding the foreseen procedures and their sequence, and details 
such as if some of the procedures are performed simultaneously or at separate areas. Further-
more, information concerning the cooperation and communication of the BCP authorities with 
those of the neighbouring BCP were also enquired. 
The third part contained statistics requirements concerning traffic flows of the previous years 
(on annual basis), traffic characteristics (e.g. peak periods during day/week/month/year), 
percentage of transits, percentage of empty trucks, percentage of traffic requiring phyto-sani-
tary or veterinary controls, etc.). Finally, a request for estimation of the BCP’s capacity usage 
by the authorities was included. 
The fourth and last part of the questionnaires was specifically dedicated to the level of coope-
ration with the adjacent BCPs and the identification of any problems occurred at the station 
from the performance of the neighbouring BCP. Additionally, the authorities were asked to 
state the main problems of the BCP and about future development plans.

2.2.2	National Customs Agencies questionnaires
The questionnaire addressed to the National Custom Agencies has been developed in order 
to obtain information on the legislation under which the BCPs perform, the policies adopted 
and applied (including implementation of Integrated Border Management strategies) and 
finally the best practices application on issues concerning the BCPs spatial and internal or-
ganization and operation.

2.2.3	Truck drivers questionnaire 
Finally, the questionnaire for truck drivers included questions about the type and weight of 
transported commodities, the origin and destination points and the route followed for the 
specific trip but also for other trips of the same driver, the waiting time and the time needed 
for the procedures to be performed and the problems perceived by the driver at the specific 
BCP as well as other BCPs along the route. 
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2.3	 Application of the tools

It has been planned from the beginning that the surveys at BCPs should be combined with the 
traffic counts and therefore, in order that the BCPs authorities would have prepare the stati-
stics data requested, the questionnaires addressed to the BCPs and the National Customs 
Agencies had been sent out initially and then the field surveys (traffic counts, autopsies, 
interviews) followed. 
All data collected by the various partners have been submitted in appropriate templates 
and an integrated database for all BCPs has been developed for the analysis. The analysis, 
especially of the data concerning waiting times, procedural times and the main problems of 
the BCPs, included comparison of the data collected by the BCPs authorities with the respec-
tive data collected from the National Custom Agencies and other sources (e.g. enterprises, 
transport operators and associations) and – especially for the cases of Road BCPs – from 
the drivers of commercial vehicles crossing the BCPs. Most important results of the on-going 
analysis are presented in the following paragraphs.

3	 Data analysis 

The results of the analysis are presented in the series of figures below and refer to the pairs 
of Road and Rail BCPs as presented in Table 1 and Figure 1. Figure 2 illustrates the evaluation 
of the level of equipment and installations for 29 Rail BCPs and 29 Road BCPs (where relevant 
data have been obtained). The majority of the Road BCPs are experiencing lack of equipment 
of phyto-sanitary controls. Moreover, the existence of the necessary tracing means at Road 
BCPs increase the time for the controls. The equipment and installations of Rail BCPs overall 
are in good level, except the equipment of phyto-sanitary controls, which do not exist.

   

	

Figure 2	 Aggregation of Road (right) and Rail (left) BCPs self-evaluation on the level of existing infrastructure 
and equipment
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Figure 3 presents the Road and Rail BCPs evaluation of capacity usage (%) on daily basis, 
as assessed and estimated by the BCPs authorities. Overall, many Rail BCPs have higher 
unexploited capacity due to the low traffic and many Road BCPs cannot serve more traffic 
(even it is low) due to the existing problems, mainly regarding understaffing and lack of 
equipment.

Figure 3	 Single BCPs self-evaluation of daily capacity usage (%)

In Figure 4 are presented the total time for crossing a pair of BCPs as the average of the times 
required to do this in both directions. Where data refer to only one BCP (and not a pair) this 
is indicated by an asterisk (*), while if no data exist for a BCP the value appearing in the 
diagramme is zero. 

Figure 4	 Total (waiting and procedural) transit times for crossing each pair of Road and Rail BCPs (average in 
both directions, in minutes) 
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As expected, commercial vehicles and freight trains face the most significant problems in 
terms of waiting and procedural times required. The reason for this is the inexistence of 
appropriate equipment and the insufficiency of working staff (in terms of number and not 
effectiveness). At Rail BCPs the main reason of delays is the change of locomotive and the 
unavailability of locomotives in the neighboring country, which usually is not ensured for 
hours. The following figures present the comparison of data obtained from the BCPs users. 
Figure 5 presents the average transit times reported by rail operators for five BCPs with the 
values reported by the respective Rail BCPs authorities. Times reported by operators are much 
higher than those reported by BCPs authorities (this does not apply only at one BCP). 

Figure 5	 Comparison of total (waiting and procedural) transit times reported by users and BCPs authorities at 
5 single Rail BCPs (average in both directions, in minutes)

Figure 6 presents a comparison of the transit times reported by BPCs authorities with the 
respective reported by truck drivers. It clearly shows the difference on how the users and BCPs 
authorities perceive the times spent at borders, even though users could exaggerate. Howe-
ver, there are several cases, for which the total transit times reported by the BCPs authorities 
oversubscribed the respective time reported by the truck drivers. Only two are the cases for 
which the times reported both by the BCPs authorities and the truck drivers were similar. The 
reasons for these differences in the times reported in order to be fully understood must be 
linked with the problems reported at each BCP both by the authorities and the truck drivers 
(in the majority of the cases they both have the same perception in this issue) and be fully 
analysed case by case, which exceeds the purpose of the current paper. 

Figure 6	 Comparison of total (waiting and procedural) transit times reported by truck drivers and BCPs 
authorities (average in both directions, in minutes)
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Figure 7 presents a comparison of the transit times required at some BCPs according to the 
ACROSSEE survey with times reported by truck drivers and have been extracted from dia-
grammes of the International Road Transport Union (IRU) during various periods in the past, 
and thus the comparison is indicative. However, it clearly presents the difference on how the 
users and BCPs authorities perceive the times spent at borders, even though users could 
exaggerate.

Figure 7	 Comparison of total (waiting and procedural) transit times reported by truck drivers to IRU and by 
BCPs authorities at 11 single Road BCPs (average in both directions, both for TIR / non-TIR trucks, in 
minutes)

4	 Conclusions

As experience shows from previous similar surveys, many problems could emerge, mainly 
due to a) the nature of the subject, i.e. regarding sensitivity of data related to borders that 
lead to unwillingness of some BCPs authorities to provide data or actual information and b) 
the large geographical coverage and the simultaneous performance of the surveys that make 
the supervision a very hard task, if not impossible (at least for the developer of the surveys’ 
methodology). 
The BCPs surveyed (presented in bold in Table 1) might not represent all the BCPs of the regi-
on, but certainly represent the majority of them along the most important international routes. 
Moreover, the biggest part of the surveys were conducted before the accession of Croatia in 
the EU, and thus the effects on BCPs operation, due to the displacement of the EU external 
borders, are not reflected in this analysis. 
The knowledge of the current situation and the identification of the problems are the corner-
stone for providing solutions. This applies also to the specific case of BCPs in the framework 
of ACROSSEE. Even having to face specific difficulties due to the particularities of the subject 
and – mainly – due to its sensitivity that additionally hampers data collection, the volume and 
quality of the data collected are considered satisfactory for the scope of the project.
More thorough analysis of the BCPs and, after the transport model is established, the repre-
sentation of the main international transport corridors in time-distance diagrammes with the 
presentation of all bottlenecks at BCPs, other nodes or links of the road and rail networks 
(also in terms of capacity shortage) are expected to highlight the importance of the time lost 
at each BCP.
The results of the surveys, despite any weaknesses, can present the problem of border cro-
ssings at its real dimension, and could be a mean for highlighting the importance of measures 
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at BCPs, versus large-scale infrastructural investments, which require substantial maturity, 
financing and implementation time. These measures could bring equal or more benefits in 
terms of travel time reduction, minimal risks for environmental degradation, within shorter 
period of time and with submultiple investment costs.
ACROSSEE results in general could affect decision making, by enhancing the argumentation 
of the permanently affected and potentially benefited communities (importers, exporters, 
transport operators, chambers, etc.) against the politically driven large-scale projects, which 
are differentiated many times according to the switching of persons in the governments and 
Ministries of the various countries.
The facilitation of transport of persons and goods should be a permanent point of national 
agendas. The framework offered by the EU to its member states, as well as the efforts of 
the non-EU countries towards the integrated border management according to international 
best practices that are promoted by the international organisations, comprise a promising 
framework, which is anticipated to be further enhanced very soon, with the establishment of 
the Transport Community Treaty in South East Europe (between the EU and Western Balkan 
countries).
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Anđeli interchange on Matulji 
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Abstract

Matulji – Lupoglav section of the Adriatic highway was opened in 1981. and after 30 years it is 
in dire need of upgrade. Currently, construction of the second carriageway on this section is 
in design stage, but there were also upgrades on the existing section done, especially in the 
last couple of years. This was necessary because of the increase of traffic, but also because 
of large increase in residential construction on the outskirts of the highway corridor, and so-
metimes even in the corridor. In 2006, BINA Istra as the concessionaire of the Istrian Y, which 
Matulji-Učka is a part of, decided on three main points of upgrade on the existing section. 
These were construction of the merging lanes on the existing Veprinac interchange (Phase 1), 
construction of the new Anđeli interchange (Phase 2) and construction of the 2km long slow 
vehicles lane from Frančići viaduct to Anđeli viaduct (Phase 3). After conceptual design of the 
proposed upgrades, which explored multiple variants and options, final decision was made 
by the concessionaire that on Veprinac interchange merging lanes for vehicles connecting 
onto the highway in both Učka and Matulji direction should be designed, new Anđeli inter-
section will be designed to increase traffic safety and slow vehicles lane will be designed on 
the mountain side of the existing carriageway to allow for retaining of traffic throughout the 
construction period. This paper will focus on the design and construction of the new Anđeli 
interchange, from the conceptual design that included multiple variant options in 2006 to 
finalization of the project and opening of the interchange for use in the summer of 2012. 

Keywords:	 infrastructure, road design, highway, interchange design, upgrade

1	 Introduction

Even after construction of slow vehicles lane on the 1.5 km stretch of B8 in front of “Učka” 
tunnel entrance at the Kvarner side, ther were still issues with traffic congestion, especially 
in the summer months. Also, existing emergency stop areas near “Anđeli” viaduct were used 
by the locals as an illegal road entry point, and existing Veprinac interchange was built with 
direct exits from county road 5048 towards Učka and Matulji, without any merge lanes. Be-
cause of that, this part of the B8 was considered lacking in traffic safety, and it was decided 
to improve the existing state even before the construction of the second carriageway.
Conceptual design of existing section improvements along with solutions for construction 
of additional 1.8km long slow vehicles lane and merge lanes in Veprinac interchange, pro-
duced multiple variants of the future “Anđeli” interchange. Finally, 5 different variants were 
proposed to the Investor, which differed in layout disposition of the interchange, and in type 
(semi-interchange with only turn-out lane from Matulji and merge lane towards Matulji, or a 
full interchange). After revising the proposed variants, the Investor decided that a full inter-
change should be designed, with two design constraints. First was that the existing frame 
structure that served as a road passage under the B8 highway must be kept, so traffic can be 
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maintained throughout the construction period, and the second was keeping of the existing 
water reservoir in the future interchange.

Figure 1	 Matulji-Učka section of Adriatic highway (B8)

2	 Design stage 

2.1	 Interchange

Anđeli junction is serving primarily as a connection to settlements of Kolavići and Zatka, but 
in the future, city of Opatija plans to build a local road network that it is an essential part of. 
Given the terrain configuration, the interchange was designed as a half-clover stretched over a 
long section of main road, but in a narrow corridor, to minimize the earthworks. Steep terrain 
slopes also imposed usage of minimum design elements.
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Figure 2	 “Anđeli” interchange

Technical elements of the interchange allow for design vehicle speed of 30 km/h on ramps, 
while the speed on the main road is limited to 80 km/h. Also, because the existing road 
underpass has inadequate width of only 4 meters, alternate traffic will be kept until the con-
struction of second highway carriageway.

Table 1 	  Technical elements used for interchange design

minimum horizontal radius 25 m
maximum slope level (ramps) 10 %
maximum slope level (other) 12 %
lane width (traffic/emergency) 3.25/2.5 m
shoulder width 2.0/1.5 m
crossfall (straight/curve) 2.5/max. 7.0 %
minimum vertical radius (crest/sag) 250/200 m

Connection to the existing road to Kolavići was reconstructed and moved to surpass the level 
difference in excess of 12m at an acceptable longitudinal slope of 10.8%. Also, because of 
the level differences, design of retaining walls was necessary. Total of 5 retaining walls were 
designed, 2 on the northern side to protect the Slatina flood stream, and 3 on the southern 
side for protection of the existing water reservoir / cutoff chamber “Kolavići”. Since the geo-
technical investigation works showed that terrain consists mostly of rock, cuts were designed 
with slopes between 1:1 and 2:1, with maintenance shoulders on cuts higher that 8m. Fill 
embankment slopes were designed at 1:1.5. Since the merge lane towards Matulji required the 
demolition of existing emergency stop area, it was moved app. 240m in direction of Matulji. 
Because of this, emergency phones installation and optic fibre cables in highway shoulders 
were also moved.

2.2	 Viaduct

Since the existing road underpass, which is a concrete frame structure, couldn’t be recon-
structed, the new structure that serves the merge lane in Učka direction was designed sepa-
rate from it in every way. To accomplish this, the new structure has pile foundations, to also 
minimize influence on existing B8 embankments. In constructive sense, viaduct is a single 
span slab propped on head beams with variable height – a monolithic structure.
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Table 2 	  Viaduct technical elements

span 12.8 m
width 7.10 m
beam height 1.50-4.65 m
pile diameter 0.8 m

Structure was calculated in SOFiSTiK software, with finite elements method, as a spatial con-
struction elastically propped on the ground. Dimensioning was carried out for Ultimate limit 
state (ULS), and checked for Serviceability limit state (SLS).

Figure 3	 “Anđeli” viaduct longitudinal profile

2.3	 Permits obtaining procedure 

Long period of time needed for finalization of this project was in no small part a direct con-
sequence of prolonged legal procedures. Preliminary design was started in October of 2008, 
and in July of 2009 the request for Location permit was submitted. It wasn’t until May of 2011 
that the Location permit became valid. In the 2 years that passed, procedure was delayed by 
many factors, including transfer of jurisdiction, land owner appeals and bureaucracy issues. 
This was cause for subsequent postponing of slow vehicles lane construction since financing 
for that part of the project was terminated because of the delays.
Fortunately, construction permit obtaining procedure was much faster and without big pro-
blems. This meant that construction permit was issued in November of 2011, which allowed 
the construction to start in early 2012.
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3	 Construction

Construction of the interchange started in February of 2012, as soon as weather conditions 
allowed. Deadline for opening of the new interchange was set for the beginning of the tourist 
season. It was carried out by Bouygues TP as a main contractor, and Cesta Pula and other 
local companies as subcontractors. The new road viaduct construction works were carried 
out by Viadukt.

3.1	 Changes in original design during construction

In the process of construction preparation, it became obvious that the company that manages 
local water and drainage has no need for the existing water reservoir / cutoff chamber “Kola-
vići”. This information didn’t emerge in the design stage because of jurisdiction issues. Since 
it became clear that the reservoir can be demolished, two of the five designed retaining walls 
lost their purpose and were substituted with embankments. Instead of the existing reservoir, 
pressure reduction station was built along with a new pipeline. Also, after negotiations with 
Croatian waters agency, which is responsible for all waterways in Croatia, two retaining walls 
designed to protect the Slatina flood stream were substituted with a series of concrete culver-
ts. This meant that only the retaining wall on the connection road to Kolavići was constructed, 
and main and construction designs were updated accordingly.

Figure 4	 Slatina flood stream bed and culvert entrance

During the construction, design of cuts was changed to accommodate wider maintenance 
paths with access on both beginning and end of the cut. This required changes in the plot 
division reports, which was done according to as built documentation and survey.
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3.2	 Construction finalization and interchange opening

Construction of the interchange was finished in a predicted timetable, with only mild obstruc-
tions to ongoing traffic. Beginning of July 2012, internal technical audit was performed by the 
Ministry of Internal Affairs and Ministry of Maritime Affairs, Transport and Infrastructure. This 
allowed for opening of the interchange even before the official technical audit. The official 
audit was performed in late July, and with it, construction of the new Anđeli interchange was 
officially over after six years of design and construction.
In 18 months after the interchange opening, there was only one significant accident, caused 
by a driver who performed an illegal U-turn at the emergency stop area position. Fortunately, 
there were no fatalities, only material damages. This proves that the reasons for construction 
of “Anđeli” interchange were valid.
Currently, local population is requesting that City of Opatija continues with improvements to 
road network that are a part of the local spatial plans. Construction of the “Anđeli” interchan-
ge allowed the planned connections to Benčinići and Slavići to move from wishful thinking 
into possible projects. Time will show if this is just the beginning of improvements or a lonely 
exception.

References
[1]	 Hidroelektra-projekt d.o.o.: Jadranska autocesta (B8), dionica Matulji-Učka, Poboljšanja na 

postojećoj dionici, idejno rješenje, Zagreb, 2006.

[2]	 Hidroelektra-projekt d.o.o.: Jadranska autocesta (B8), dionica Matulji-Učka, Poboljšanja na 
postojećoj dionici, idejni projekt, Zagreb, 2009.

[3]	 Hidroelektra-projekt d.o.o.: Jadranska autocesta (B8), dionica Matulji-Učka, Poboljšanja na 
postojećoj dionici, dio građevine: Čvorište Anđeli, glavni projekt, Zagreb, 2010.

[4]	 Nadilo, B.: Dosadašnja izgradnja I dovršetak prve faze Istarskog ipsilona, Građevinar 58 (2006), pp 
307-316, 2006.

[5]	 www.bina-istra.hr

[6]	 http://www.novilist.hr/Vijesti/Crna-kronika/Opatijac-prezivio-slijetanje-opel-astre-s-ceste-za-tunel-
Ucku-u-40-metarsku-provaliju



Road Infrastructure Projects Construction, Maintenance and Management 153

Investment Plan for Bar – Boljare Motorway
Angelina Živković1, Dragana Macura2, Rešad Nuhodžić1

1 Ministry of Transport and Maritime Affairs, Podgorica, Montenegro
2 Faculty of Transport and Traffic Engineering, University of Belgrade, Serbia

Abstract	

Nowadays the main transport project in Montenegro is Bar-Boljare motorway, the new infra-
structure project. The 170km new motorway will connect Serbia to the north of Montenegro, 
and further south to the Adriatic Coast, and with the Port of Bar, as a major port in the Adriatic. 
This motorway will be part of Bar-Belgrade-Budapest European Corridor, linking Montenegro 
to Central Europe, and presenting the transport project with very high national and regional 
priority. After the main sections of the motorway have been defined the Montenegrin go-
vernment should make final investment plans for realization in the future. The authors de-
veloped the multicriteria model using the Analytic Network Process – ANP, as a solution for 
analysing and ranking 5 sections of the Bar-Boljare motorway. The network structure of the 
problem leads to the application of the ANP.

Keywords:	 investment plan, transport projects, analytic network process 

1	 Introduction

Project Bar-Boljare motorway is a key element in the strategy of the Montenegro Government 
of accession to the European Union, as it will allow Montenegro to be fully integrated within 
Europe. The project is also very important for the unification of the country as it will allow the 
north-east regions to be connected to the coast through our capital. Finally, the project will 
allow our key port of Bar to be fully connected to the rest of the European corridors and better 
serve Serbia and Kosovo, further facilitating the unlocking of this part of the Western Balkans 
and contributing to economic and political stability in the region.
Motorway toll-road proposed for linking the Adriatic coast at Bar via the capital Podgorica to 
the Serbian border at Boljare. Planned to connect Montenegro with Republic of Serbia through 
Požega – Belgrade and further link on the TEN-T corridor X, and hence to Romania and Central 
Europe. It would also connect with routes to the regional capital cities of Sarajevo in Bosnia 
and Herzegovina, Tirana in Albania and Skopje in Macedonia, therefore Bar-Boljare motorway 
has a clear strategic role to play in the region. The approximate length of this link is of about 
170 km. Since the size of Montenegrin economy and the estimated total investment value of 
Bar-Boljare motorway project, which exceeds 2 billion, it’s evident that this motorway corridor 
has to be divided into sections, which all together form an entity, from a technological point of 
view. After defining the five relevant sections of this motorway corridor, the program of their 
mutually synchronization in time and space should be set up. In accordance with that, the 
topic of this paper is defining the final rank of considered sections of the motorway corridor 
in Montenegro, considering the relevant set of criteria, subcriteria and interest groups. 
The authors suggest using the multicriteria decision making approach, the Analytic Network 
Process, to define the investment plan for Bar-Boljare motorway.
This paper is organized as follows. After the Introduction, the following section is dedicated 
to the model description. All system’s elements: alternatives, criteria, subcriteria and stake-
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holders are named. The third section, the brief description of the ANP approach, shows the 
main steps of the applied multicriteria approach. The next section is Results and discussion, 
presenting the final obtained results of the model. Finally, the last section contains conclu-
ding remarks and future researches. 

2	 Model description 

Following the main concept of the ANP approach, to have different clusters, mutually connec-
ted, with or without feedbacks, etc. The developed model has 6 clusters: alternatives, 4 gro-
ups of criteria with subcriteria and stakeholders. 
All system’s elements are presented in the figure 1. 

Figure 1	 The developed model

2.1	 Alternatives

In the existing planning and project documentation, motorway Bar-Boljare corridor is defined 
as follows: Bar – Djurmani – Sozina tunnel – Virpazar – Tanki Rt – Farmaci (Podgorica) – Smo-
kovac (Podgorica) – Mateševo – Andrijevica – Berane – Boljare (border with Serbia). This was 
the base for defining the five considered sections, table 1. 

Table 1 	  Sections of the considered motorway 

Section Length
A1 Bar (Djurmani) – Virpazar 11.7 km
A2 Virpazar – Smokovac 38.2 km
A3 Smokovac – Mateševo 43.5 km
A4 Mateševo – Berane 34.3 km
A5 Berane – Boljare 41.3 km
TOTAL: 169 km

In corridor Bar-Boljare motorway, section Djurmani – Sozina tunnel – Virpazar, approximately 
of 10 km of semi-motorway has been constructed, within 4,2 km of Sozina tunnel, as well as 
temporary linkages with existing roads in Sutomore and Virpazar. It is proposed that the Bar-
Boljare motorway and planned Adriatic-Ionian motorway have a common alignment in zone 
of capital Podgorica, in the length of approx. 10 km. Proposed motorway sections have been 
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coded as dual-2 links (2 lane in each direction). Within the model, the motorway has been 
given the following characteristics:
·· lane in each direction;
·· design speed of 100 kilometers per hour;
·· capacity of 30 000 vehicles per day per direction.

Based on experts’ opinion relevant criteria and subcriteria for the model are defined (table 2). 
Some of them are mutually connected. For instance, the criterion “Increasing the enterprises’ 
competitiveness” is in relation with the criterion “Contribution to the regional development”, 
etc. 

Table 2 	  Criteria and subcriteria of the model

Criteria Subcriteria Description 
C1 Costs C11 Construction costs

C12 Maintenance costs
C13 Operating vehicle costs 
C14 The economic rate of return EIRR
C15 Period of construction 

C2 Traffic C21 Number of accidents 
C22 Traffic volume
C23 Alternative routes 
C24 Forecasted traffic volume
C25 Changes of traffic flows 
C26 Infrastructure capacity utilization

C3 Environmental impacts C31 Environmental protection
C32 External influences
C33 Demographic changes

C4 Benefits C41 Travel time savings
C42 Attractiveness of investment
C43 Contribution to the regional development
C44 Increasing of the security
C45 The impact to the regional significance
C46 Valorization of the potential
C47 Tourism development
C48 Easier access to market
C49 Area development
C410 Increasing the enterprises’ competitiveness

2.2	 Stakeholders

As the relevant stakeholders, following six interest groups are considered: 
·· S1 – Government;
·· S2 – Local authorities;
·· S3 – Construction sector;
·· S4 – Tourist sector;
·· S5 – Private sector;
·· S6 – International financial institutions.
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Their relative importance is defined, so the final rank among them is: Government, Inter-
national financial institutions, Construction sector, Tourist sector, Private sector and Local 
authorities, respectively. 

3	 Brief description of the ANP approach

The ANP approach has been widely used for developing the model as a support system in the 
decision making process. The model with network structure is very good for presenting the 
nature of the problem in practice. The first step in this approach is developing the pairwise 
comparison matrices, presenting the priority among elements, using the fundamental Saaty 
scale [7] (table 3).

Table 3 	  Fundamental Saaty scale 

The importance Definition
1 Equal
2 Intermediate
3 Moderate importance
4 Intermediate
5 Strong importance
6 Intermediate
7 Very strong importance
8 Intermediate
9 Extreme importance

The matrix “A” shows a comparison among elements aij, representing the experts’ priority 
of one element over the others. The matrix “M” is normalized matrix “A” with elements a’ij.
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The vector of priorities, “W”, is an eigenvector of the matrix “A”. The factor λmax, where n is a 
number of criteria, is used for calculation of the consistency index of a matrix of comparisons, 
CI. This is the main advantage of the eigenvector method. 
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After the consistency index is calculated, the consistency ratio, CR, can be considered as a 
relation of the consistency index and the random index, RI. For CR > 0.1, the degree of consi-
stency is satisfactory. Otherwise, the judgment of a decision maker should be revised.

	 	 (6)

Table 4 	  The values of RI

n 1 2 3 4 5 6 7 8 9 10
RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49

For calculating the final rank of alternatives, the normalized super matrix and the limit matrix 
should be developed. These calculations can be done in the software Super Decisions (www.
superdecisions.com). 

4	 Results and discussion 

After applying the developed model for ranking the sections of the Bar-Boljare motorway, the 
obtained results are presented in the following table.

Table 5 	  Final rank of considered projects 

Section Rank
A3 Smokovac – Mateševo 1
A1 Bar (Djurmani) – Virpazar 2
A2 Virpazar – Smokovac 3
A4 Mateševo – Berane 4
A5 Berane – Boljare 5

The section A3, Smokovac-Mateševo, will make better links between the north and south of 
the country. With a better appreciation of the potential in the field of economy and tourism 
development in the northern region, it will increase the accessibility to the hardly accessible 
regions, increase mobility, change market conditions and increase competitiveness of enter-
prises. Also, this project will increase employment and change the structure of employment, 
with involvement of local constructions firms, equipment, materials and labor in the construc-
tion phase, which will have its multiplier effect on indirect benefits, it will bring significant 
benefits that go far beyond the economic and financial benefits. 
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Southern sections A1, Bar-Virpazar, and A2, Virpazar-Smokovac, are highly ranked related to 
economic and social benefits, especially considering traffic demand. These sections have the 
highest value of traffic demand. 
Section A4, Mateševo-Berane, with constructed section A3, Smokovac-Mateševo, leads to 
even better valorization of the potential of the northern region, better connection to the main 
road, regional and local roads, increasing benefits related to the travel time savings, vehicle 
operating costs, increasing the level of security, etc. 
Section A5, Berane-Boljare, is the border section of the Republic of Serbia, which attractive-
ness could become even higher due to the fact that some sections of the Belgrade-Požega 
have been already designed and built. 

5	 Conclusions 

The main transport infrastructure project in Montenegro is Bar-Boljare motorway, as a part of 
Bar-Belgrade-Budapest European Corridor. This road is divided into 5 sections, which sho-
uld be ranked for investment in the future. This paper presents the model for ranking these 
sections using the Analytic Network Process, the multi-criteria approach. The model has al-
ternatives, criteria and subcriteria, as well as stakeholders, all together make the network 
with mutual links and relations. The final obtained rank is as follows: Smokovac-Mateševo, 
Bar-Virpazar, Virpazar-Smokovac, Mateševo-Berane and Berane-Boljare. 
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Abstract

Experience analysis in developing concept bypass of small cities shows that the implemen-
tation of new transport infrastructure projects of high rank is associated with significant pro-
blems that result in the extension of the deadlines of the projects. This paper describes the 
issues of regional plans as a basis for designing roads. It points to the lack of an accurate 
analysis of the planned corridor. Also the insufficient number of current data and information 
in spatial planning documents that the designer used during the execution of the project is 
discussed. The need to create additional solutions for corridors in order to create the optimum 
balance between benefits, costs and impacts based on the evaluation of the traffic model and 
the spatial position solutions is emphasized. This paper shows a way of finding solutions for 
corridor bypass in small cities enabling sustainable development of these cities in the future.

Keywords:	road design, spatial planning, transport planning, evaluation  
and selection of solutions

1	 Introduction

To create design solutions tracing corridors of major infrastructure facilities, collaboration 
of road designers, spatial planners, environmental experts and local government, is very 
important from the beginning of the design. This type of collaboration in recent practice was 
not commonly applied.
Problems tracing corridor bypass in small towns is shown in the example of the bypass of Drniš. 
The position of the city of Drniš in the existing road network is shown in Figure 1. In dynamics 
of development and integration of the Šibensko-kninska County, in coast-hinterland relation, 
the need for the construction of the Drniš bypass became obvious. This need was already ob-
served already when developing technical documentation study to build a fast road Šibenik 
– Drniš – Knin – BiH border (BC). The existing transport network of Drniš is made of old roads 
with bed technical elements, which are not suitable to support traffic that would be directed 
between the planned high-speed road through the intersection “Drniš” and state roads D33 
and D56. The route of the planned Drniš bypass starts in the area of the village Siverić on the 
state road D33, before crossing the railroad Knin-Šibenik, and it finishes as an extension of 
the connecting road of intersection “Drniš“ and highways in the intersection “Drniš” in BC.
Planned road network of Drniš bypass consists of two corridors, one of which is provided un-
der the spatial planning documents, and the other is evaluated through “Study to determine 
the optimum solutions of Drniš Bypass”, and can be described as follows: 
·· CORRIDOR I – BC Tromilja-BH (ŽC6246) – St. John Cemetery – Badanj – D33;
·· CORRIDOR II – BC Tromilja-BH (ŽC6246) – St. John Cemetery – passage under an industrial 
platform-planned bond D33 and D56.
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Figure 1	 Position of the city of Drniš in the existing road network

2	 Project background

2.1	 Spatial planning documentation

Until recently, spatial plans were made without detailed analysis of their impact on the surro-
unding area and the environment, and taken that the planned activities are often several 
decades old, and that the area and its content has changed, the result is very often a need 
to plan a route out of the planned corridor. The result is a growing number of modifications 
of the route that leads to the alteration of spatial plans, which is a time-consuming process. 
This way of designing and collaboration requires great effort and significantly extends the 
deadlines given by investors, and is a common situation with facilities of line infrastructure 
that spatial plans wait for optimized design solutions. The project background for designing 
the corridor of Drniš Bypass consists of the following documentation: 
·· Spatial Plan of the Šibensko-kninska County, modification and addition, August 2012;
·· Physical Plan Drniš- modification and addition, Urbing d.o.o., April 2006;
·· Urban development plan of Drniš – modification and addition, Urbing d.o.o., 2009;
·· Conceptual design of a fast road Sibenik-Knin-Drnis-BiH border, shares Tromilja-BiH border, 
Faculty of Civil Engineering, Zagreb, November 2009;

·· A study to determine the optimum solution of building a fast road Tromilja-Drniš-Knin-Str-
mica, Faculty of Civil Engineering, Zagreb, in December 2010;

·· A study to determine the optimum solutions Bypass Drniš, Faculty of Civil Engineering, Za-
greb, December 2012.

The Conceptual design of the bypass Drniš under the current spatial planning documentation 
is designed in CORRIDOR I. The plan from spatial planning documentation to build the corridor 
was abandoned in the way so that the bypass could continue to the connecting road of inter-
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section “Drniš” of fast road Šibenik-Knin-Drniš-BiH border, which prevented the construction 
of another bridge over the Čikola river. Modification and addition of spatial plan of Šibensko-
kninska County in August 2012 have fully accepted the general design of the CORRIDOR I, on 
the basis that the spatial planning documents of a lower rank needs to be updated.
In the process of environmental impact of Drniš Bypass, during the public consultation the 
proposed Conceptual design of CORRIDOR I was rated as unacceptable by the citizens of Drniš. 
The citizens of Drniš expressed their disagreement with constructing the bypass route in the 
area of State Road D33 to St. John Cemetery, where the planned route of bypass divides the 
Badanj village in two parts.
Newly designed bypass route (CORRIDOR II) takes over the existing network traffic from 
the state road (D33) which passes through the southern part of the city and opens up new 
approaches to the town from the north. The northern area of the city was planned to be a 
commercial and residential zone. UDP Drniš is in the process of modification, and through this 
procedure it is necessary to implement the redevelopment of area. The bypass contributes to 
the development of the planned zone and allows heavy freight traffic access without loading 
the town (street) network. Diverting transit traffic on the bypass unloads the approach roads 
to the town, and in the east the road traffic no longer intersects the railway traffic. Figure 2 
shows an overview of variants of the previously described corridors of Drniš bypass in one of 
the existing spatial planning documents.

Figure 2	 Urban development plan of Drniš with a preliminary ruling bypass

2.2	 Geodetic background

In order to develop technical solutions of road systems a common procedure was performed 
by creating a digital elevation model for the project, as follows: 
·· scan HOK 1:5 000;
·· vectorization of contour plan, height and structure characteristics;
·· calculation of triangulation.

For the project the following documents were obtained: TK100, TK25 and digital orthophoto 
plans that were used for technical solutions and their spatial valuation.
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3	 The methodological approach

The methodology for selection of optimal variants consists of the following basic steps: 
·· analysis of spatial planning documents;
·· development of technical solutions planned road network;
·· development of transport models;
·· definition of network scenarios;
·· calculation of costs and valuation scenarios.

3.1	 Traffic modelling

The traffic model is the basis for determining the traffic impacts of specific scenario which 
is analysed in the following section of the study. For the purposes of the preliminary design 
of the Drniš bypass a traffic model is made for road traffic in 2011 and in 2030, for narrower 
and wider areas in which the traffic impacts of road transport without investment and traffic 
impacts with the investment are calculated. The calculation of the effects of traffic is made 
for the following components: 
·· operating cost;
·· travel times;
·· accidental cost;
·· pollutant volume;
·· CO2 volume.

The existing transport network is shown in Figure 3. Statistical data on migration shows that 
the active population mostly perform their work (60%) within the settlement they live in, 
while 20% travel between settlements of Drniš. 20% of the active population commute to 
work out of town. Data obtained by counting the number of transactions that are carried out 
at several locations in the city, as well as data on counting traffic on national roads were used 
for calibration and evaluation of models. Projected traffic in the year 2030 was conducted with 
traffic growth of 2%. Figure 4 shows review of the planned traffic network load in 2030.

Figure 3	 The existing traffic network of Drniš 
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Figure 4	 Planned network traffic load in 2030.god.

3.2	 Description of segments and presentation of technical solutions

The bypass of Drniš is intended as a road with a pavement with two traffic lanes and the de-
sign speed of 80 km/h. Drniš bypass road segments are shown in Figure 5.

 
Road network of 

the Drniš Bypass is divided into seven (7) road segments: 
·· a	– IDRJ bypass Drniš – June 2011, CORRIDOR I;
·· e	– BC Tromilja-BiH (ŽC6246) – connecting road for Drniš;
·· f	 – connecting road for Drniš – D33;
·· g	– D33 – D33 planned bond and D56;
·· h	– planned connection D33 and D56;
·· i	 – planned connection D33 and Drniš bypass;
·· j	 – connecting road for Drniš.

Figure 5	 Overview of road segments
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3.3	 The calculation of costs and evaluating scenarios

By the combination of road segments for the planned network developed five (5) scenarios. 
For each scenario construction costs and traffic impacts are calculated. Review of scenarios, 
their calculated costs and economic indicators, is given in Table 1. Basic construction costs 
are calculated for all road segments as follows: 
·· route;
·· objects;
·· drainage.

Economic indicators are calculated for total costs (investment and maintenance) and tran-
sport effects, as follows: 
·· savings;
·· Net Present Value – NPV;
·· Benefit / cost ratio – B / C;
·· Internal Rate of Return – IRR.

Net present value is calculated for the period of operation of 20 years with a discount rate 
of 5%.

4	 Selection of optimal solutions and evaluation of variant

Economic efficiency is based on a comparison of costs and benefits (cost – benefit analysis) 
actions taken in the transport system (planned event – to do something) with the costs if the 
planned action is not taken (maintaining the status quo – do the minimum). Based on the 
basic parameters of the economic efficiency of the net present value (NPV), cost-benefit factor 
(B/C) and internal rate of return (IRR) acceptability of all proposed scenarios in road network 
system of Drniš is evident. Table 1 which provides an overview of the costs and economic in-
dicators show that all scenarios offer positive values, which is an indication that all scenarios 
are thoroughly acceptable.

Table 1 	  Overview of costs and economic indicators

By comparing scenario 1, which represents Drniš Bypass in CORRIDOR I and scenario 5 repre-
senting the Drniš Bypass in CORRIDOR II, it is evident that bypass scenario in CORRIDOR II 
has better economic indicators.
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Scenarios 2 and 3 represent parts of the Drniš Bypass, while Scenario 4 is an addition to 
the network in terms of defining the entire road system of the City of Drniš that makes Drniš 
bypass and connection of existing D33 and D56. Economic indicators of previously described 
scenarios also show the acceptability of these solutions, and the actual construction of the 
Bypass in CORRIDOR II proved to be very flexible solution.
Scenario 5 as the solution of the Bypass in CORRIDOR II according to criterion of savings, NPV, 
B/C and IRR is in the second place, right after the scenario 4 that represents its supplement 
on connection of D33 and D56. If you consider the ratio of investment per kilometre scenario 
5 is the most cost-effective scenario of the Drniš Bypass. In conclusion, it is determined that 
scenario 5 as the solution of the bypass in CORRIDOR II, if we compare all the technical and 
economic indicators, is the optimal solution for the bypass. 

5	 Conclusion

The analysis of practice experiences shows the importance of cooperation between all stake-
holders (including representatives of regional and local communities) from the start of design 
services. Spatial planning documentation that provides a starting point for road designing 
generally is not precise enough and does not contain all current data and information that 
designers need to consider when creating conceptual designs. This often results in smaller or 
larger deviations of finally designed route from the corridor outlined in the spatial planning 
documentations. Therefore, we can expect more frequent occurrence of the physical plans 
to adopt design solutions verified through the traffic, economic and spatial aspect, whose 
analysis should be carried out in the earlier stages of the strategic development of transport 
infrastructure projects. In this way the significant and increasingly frequent prolonging the 
period of completion of design and study activities would be avoided.
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Abstract

During construction work on individual road network sections it is necessary, for shorter or 
longer period of time, to close for traffic some small part or even the entire length of the 
section. At the same time, unobstructed traffic should be ensured redirecting to the nearby 
road routes or, if no such routes exist, constructing temporary (or permanent) road sections 
and intersections is needed. Traffic redirection during the construction or reconstruction of 
high priority roads, with heavy traffic volume, is a problem which is additionally enhanced in 
cases of main city routes. 
An example of such problem is the South Osijek Bypass, a part of the D2 Croatian state road. 
With traffic load of 18,500 vehicles/day AADT (Average Annual Daily Traffic), this is one of the 
busiest roads in Croatia. The role of South Osijek Bypass is traffic redirection outside the city 
and connection of major roads to Našice (D2) and Valpovo (D36) to the west, Vukovar (D2) and 
Erdut (D213) to the east, Beli Manastir (D7) in the north and Ðakovo (D7) and Vinkovci (D518) 
to the south. Northern pavement of South Osijek Bypass was built between 1973 and 1989 
year with two traffic lanes intended for two-way traffic while the southern pavement extensi-
on was postponed because of, at that point, insufficient traffic volume. Southern pavement 
construction started in year 2011, during which extension of four intersections and building 
of a whole one new intersection was needed. Given that the old, northern pavement was 
constantly under heavy traffic, the solution of temporary traffic regulation during the works 
was a particular challenge for the designer.
The paper describes traffic solutions for unobstructed traffic flow during construction works 
on the southern pavement extension of South Osijek Bypass with special emphasis on the 
importance of quality traffic flows diverting.

Keywords:	 temporary traffic regulation, reconstruction of road, South Osijek Bypass,  
heavy traffic volume, traffic flow regulation 

1	 Introduction

During construction or reconstruction of roads, special attention should be paid on unin-
terrupted traffic flow throughout the whole construction period. The uninterrupted flow of 
traffic can be secured by placing the appropriate traffic signs (a simpler way, in normal traffic 
conditions) or special, particular regulation of traffic (more complex manner, in particular 
traffic conditions) [1].
Particular traffic regulations, by their definition, represents all the measures to ensure the 
uninterrupted traffic flow at some stretch of the road. Particular traffic regulation is necessary 
in cases of complex construction; such as work at intersections, construction of the half-width 
of the road, in the course of alternating one-way traffic, etc.
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Sometimes is necessary, for shorter or longer period of time, to close for transport small 
stretch of road or even the entire length of the road. With simultaneous progress of the con-
struction, road users should allow an uninterrupted ride on nearby roads or, if no such direc-
tions, performing a temporary (or permanent) road sections and intersections. About all the 
measures for traffic regulation, it is necessary to inform promptly all road users about the new 
traffic regulation in a given period.

1.1	 Legal and technical regulations

The obligations of investors and contractors before and during the execution of works and the 
mode of organisation of temporary traffic regulation during the construction or reconstruction 
of roads are determined by the legal and technical regulations [2-6].
Act of Roads [2], defines the obligations of the legal entity that manages roads during con-
struction works. According to Art.62, Act requires establishment of appropriate temporary 
traffic regulation during construction. Traffic regulation must be established for ensures safe 
traffic flow and unhindered performance of work or other activities.
Act of Road Traffic Safety [3] defines a mode of marking construction works and obstacles on 
the road. Art.10 requires visible marking of road (or part of road) where works are carried out. 
Marking must ensure road users safety. Part of the road is marked by setting the appropriate 
traffic signs [4], and the safety of traffic participants is provided by placing bumpers.
According to the General Technical Requirements for Road Works, Volume I, [5], the contractor 
is required to set up and maintain traffic signs on construction site and in all prescribed pla-
ces in the required number, form and technical characteristics in accordance with the work 
progress and the requirements of legally relevant institutions. The Contractor shall procure 
and maintain temporary lighting for the road, which must provide the same level of light as 
public lighting, which it replaces. 
Temporary traffic diversion, according to GTR [5], will be performed in areas where buildings 
or construction site intersects existing roads, intersections, pedestrian and bicycle paths, 
or parts thereof, and because of the safety or scope of work it is not possible to establish a 
satisfactory traffic flow.
In the case of buildings affecting the traffic flow in the wider region and a number of associa-
ted existing roads, as well as in the case of national roads, the investor is required to ensure 
project development of temporary traffic regulations and to obtain all necessary approvals 
from the relevant institutions. 
The contractor is required for quality solution of roads for temporarily traffic. Solution has to 
be in accordance with the category of roads and with the application of relevant standards. 
The contractor has to ensure safe traffic during the construction works. Upon completion of 
the works the contractor shall remove the temporary roads [5].
Regulation of justified cases and the procedure of closing a public road [6] prescribes the 
events in which public road can be closed and the closing procedure. Under the public road 
closure, it is considered the establishment of banning or restricting traffic for all or certain 
types of vehicles on certain public road or part of a public road on certain days or for a spe-
cified period.
Reasonable cases for the closure of a public road, according to the Regulation [6], is perfor-
ming of routine and periodic maintenance works and reconstruction of public roads, as well 
as other works or activities on a public road that affect traffic safety or can not be done without 
closing the public road.
It is necessary to establish the conditions under which a public road will be closed, such 
as determining the optimal time of closure of public roads, determining of a public road on 
which traffic can be redirect, determining the conditions for the establishment of temporary 
traffic regulation; determining the time at which the road must be opened and brought to the 
original state and determining the mode of informing the public.
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2	 Temporary traffic regulation during construction of South Osijek Bypass

2.1	 Importance of South Osijek Bypass for City of Osijek and the surrounding region

Traffic redirection during the construction or reconstruction of high priority roads with heavy 
traffic volume is a problem which is additionally enhanced in cases of main city routes. An 
example of such problem is the South Osijek Bypass, a part of the D2 Croatian state road. 
With traffic load of 18,500 vehicles/day AADT (Average Annual Daily Traffic), this is one of the 
busiest roads in Croatia. The role of South Osijek Bypass is traffic redirection outside the city 
and connection of major roads to Našice (D2) and Valpovo (D36) to the west, Vukovar (D2) 
and Erdut (D213) to the east, Beli Manastir (D7) to the north and Ðakovo (D7) and Vinkovci 
(D518) to the south.

Figure 1	 South Osijek Bypass, a part of the D2 Croatian state road [7]

Northern pavement of South Osijek Bypass was built between 1973 and 1989 year with two 
traffic lanes intended for two-way traffic while the southern pavement extension was postpo-
ned because of, at that point, insufficient traffic volume. Southern pavement construction 
started in year 2011, during which extension of four intersections and build of a whole one new 
intersection was needed. Considering that the old, northern pavement was constantly under 
heavy traffic, the solution of temporary traffic regulation during the works was a particular 
challenge for design engineers.

2.2	 Description of project solution: road section between intersections Vinkovačka and 
Čepinska 

The length of the four-lane section Southern bypass of Osijek city is 12.1 km long. It was 
planned to upgrade five existing intersections and the construction of a new intersection – 
“Vinkovačka”. The task of the new intersection “Vinkovačka” was to relieve traffic between in-
tersections “Čepinska” and “Trpimirova” also between streets Drinska and Divaltova. Project 
solution of road section between streets Vinkovačka and Čepinska (Figure 2), including the 
new project solution intersection “Vinkovačka” were represented the very challenging task on 
the route of the Southern Bypass. On the mentioned road section there are three structures: 
1	 Underpass “Filipovica”, length L=41,6 m (new object (two objects) demolition of the 

existing embankment below the northern pavement);
2	 Overpass “Bosutsko” over railroads, length L=127,50 m (a new object with the existing);
3	 Underpass “Vinkovačka”, length L=44,20 m (four-lane city roads, demolition of existing 
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and construction of new structure, partial demolition of the existing embankment below 
the northern pavement, construction of two objects).

Figure 2	 Part of layout drawing Southern bypass of Osijek: road section between intersections Vinkovačka 
and Čepinska [8]

2.3	 Different variants selection of traffic regulation 

Works on the embankment below the south pavement have led to problems with the unin-
terrupted flow of traffic. It was necessary to make a decision: will traffic on the north pavement 
during the constructions be stopped? Investor (Croatian Roads) and the Designer analyzed 
two variants: 
1	 Traffic to the northern pavement will not be interrupted during construction works. The 

existing embankment below the northern pavement would ensure with the planks in the 
length of 600 meters, installation of cement-gravel-clay piles (jet grouting), and with 
construction of AB diaphragm behind objects with a length of about 100 m. Estimated 
cost of this variant was 16.5 million HRK (2.1 million euros).

2	 Traffic to the northern pavement will be stopped during the construction work and redirect 
to the bypass line of the existing road nearby to the agricultural economy “Ankin Dvor” 
(Fig.3.). Estimated cost of this variant, redirected traffic to the bypass line, amounted to 
about 6 million HRK (0.78 million euros).

Decision about the traffic conduction was analyzed as follows:
·· costs of both variants;
·· any unforeseen circumstances and constructions work that can further occur during the 
execution of works;

·· possible traffic accidents and casualties passengers on the northern pavement due to open site.

Investor (company “Croatian Roads”), team of design engineers and representatives of the 
City of Osijek, made the decision to accept variant II as cost effective and safer traffic variant. 
With this variant all work on road section will be uninterrupted, without any potential traffic 
accidents, traffic jams, delays in operation at the site and without unforeseen works (and 
without additional financial resources) for the implementation of the most demanding part 
of the route South bypass of Osijek. 
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Figure 3	 Final variant (II) of traffic regulation: bypass route of existing road [8]

In the main design [8] was planned closure of traffic on the northern pavement between 
intersections “Čepinska” and “Vinkovačka” with the traffic possibility by branches of the 
intersections loop. Diverting traffic from the north pavement between mentioned intersecti-
ons was defined by the alternate route: bypass line of the existing road near by agricultural 
economy “Ankin dvor”.
The bypass route (Fig. 3). is 4.5 km length and passes through the existing transport infra-
structure of the city of Osijek. The route begins at the intersection “Čepinska” using ramp of 
intersection. After that, the traffic diverted to city road street St. L. B. Mandic in the direction 
of the roundabout at the entrance to the industrial zone. Further traffic passing industrial zone 
(Jablanova street) and cross the railroad tracks in the level and connects to the street Zapadno 
predgrađe. Then bypass route passes economy “Ankin dvor” and after crossing the railroad 
tracks at the level connects to Vinkovačka street to Vinkovačka intersection. Node “Vinkovač-
ka” provides a connection of bypass traffic flow to the existing pavement of southern bypass 
and represents the end of the bypass route.
End of bypass route represented the biggest problem because it had to provide a crossing 
of two relatively strong traffic flow direction: one way the direction of the bypass route, and 
another direction from the city center. This is the busiest intersection during rush hour and, 
realistically, at this intersection was expected increase in traffic congestion.
Proposed problem solution and finally accepted, was roundabout (Fig.4). This solution, as 
the most rational and the safest, ultimately was derived. Traffic equipment and signaling on 
the road was organized to allow uninterrupted traffic on the bypass route. Velocity of traffic 
is regulated at 50 km/h. 

Figure 4	 Roundabout as solution for good connection of few traffic flows [9]
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2.4	 Traffic regulation in phased

Complete traffic regulation during construction works is made through two phases:
·· Phase I – included upgrade of the existing road near by “Ankin dvor” in a length of 1.22 km. 
The existing road was 5-6 meters width, with surface of crashed stone, thickness of 50cm, 
in very poor condition. The existing road was upgraded from crushed stone material and a 
asphalt pavement.

·· Phase II – included the construction of the northern and southern branches of nodes “ Vin-
kovačka “ (in accordance with existing project documentation [8]), the preparation of project 
documentation for the bypass route [9], and construction of controlled railway crossing with 
semi-barriers, light and sound.

The performance of first phase of bypass construction started end of January 2012 and during 
2013. started final, second phase. 

3	 Conclusion

Before making the final decision about stopping and traffic diversion due to road construction 
should be analyzed the overall picture of traffic flow in the city and surroundings. The final 
solution can not be an overnight solution and should be approached from several directions, 
taking into considering all users in traffic flow. The contribution of the described traffic regula-
tion, specially for community that lives along the road, is manifold: this solution is provided a 
safe traffic flow without congestion, construction works on the South bypass route will be uno-
bstructed, according to the timetable, the local community got a new road as an alternative 
road and this solution is created the basic conditions for further development of the observed 
part of the city of Osijek. Finally, the leading idea, with selection of technical characteristic 
or economic optimization of road route, should be traffic safety. From the date of opening 
for traffic on the bypass direction weren’t no major traffic accidents or delayed traffic flow.

Figure 5	 The construction site on Southern bypass of Osijek: overpass “Bosutsko”
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Abstract

Finland is testing a new model for Performance Based Maintenance Contracting (PBMC) for 
roads in 2014. In Finland, PBMC have been used for about thirteen years and the market is 
very competitive, driven by lower costs, and quality needs improvement. Continued pressure 
towards efficiency and reduced costs are approaching the limits and a new model is needed 
to increase the quality and provide incentives for contractors. An internal road agency stee-
ring group was assigned the task to develop a new model for maintenance that would be 
appropriate for Finland. The “alliance model” has been tested in some countries, but there 
are limited results and the alliance model may not be appropriate for Finland. This new model 
is titled “Program Managed Performance-Based Maintenance Contracts” and has similarities 
to the alliance model, but is much simpler. Since the model is presently under development, 
the objective of the paper is to discuss the development, procurement, and preliminary fin-
dings. The tendering of this model is in early 2014 and details are not known at the time of 
the writing this abstract, but preliminary finding will be available for the conference. The new 
model introduces possibilities for improved quality, services, and provides a better oppor-
tunity for risk sharing.

Keywords:	Performance Based Maintenance Contracts (PBMC), outsourcing, maintenance 
and contracting

1	 Background Information

The Finnish Transport Agency (FTA) began operations at the beginning of 2010, where three 
important modes of transport, such as, road, rail and waterways were restructured into one 
transport agency. Previously, the road administration client was known as the Finnish Road 
Administration (Finnra), which managed the state public road network, but now FTA includes 
road, rail and waterways. FTA is responsible for maintaining and developing the transport 
systems as a whole in cooperation with other key stakeholders and its goal is to promote 
productivity and innovations in the transport sector. FTA is also responsible mobility of the 
transport system’s network, environmental stewardship and responsible for operational stee-
ring of nine Centres for Economic Development, Transport and the Environment (known as 
the ELY Centres).
The Centres for Economic Development, Transport and the Environment were partially com-
posed from the nine Finnish Road Administration regional offices that were also created du-
ring the reorganization of FTA in 2010. These nine ELY Centers have transport responsibility, 
which includes road transport mobility and safety functions on behalf of FTA’s steering goals. 
In addition, the ELY Centers are responsible for maintenance and functionality of the road 
transport assets, systems, and promote safety and mobility of the road network. These ELY 
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Centers basically act as the “road manager” on behalf of FTA and is responsible for the procu-
rement of capital investment projects and all outsourced maintenance contracts.

1.1	 FTA and ELY-Centres routine maintenance contracts

In Finland, safety, mobility and availability of the road network is assured through meticulous 
maintenance. Road maintenance services are publicly tendered in the form of area-based 
contracts and currently there are 81 area-based contracts using the Performance Based Main-
tenance Contracts (PBMC) concept. The contractors preforming the road maintenance services 
are responsible to maintain the services according to the client’s Levels of Service (LOS) for 
their respective road classification. In Finland, winter maintenance operations include snow 
plowing, prevention of slippery conditions or deicing of roads, repairing unevenness of the 
road surfaces, and ensuring the visibility of traffic control equipment, such as signs and road 
markings. In the summertime, the main duties include maintaining the gravel roads, traffic 
signs, vegetation control, grass and brush cutting, repairing and patching pavement defects, 
like potholes, and any other surface defects that may cause risks to traffic safety. The con-
tractors are also responsible for continuous monitoring of the road system, availability to 
on-site tasks, reporting and tracking defects, and assisting authorities/officials when there 
are emergencies. The present maintenance contracts are shown in Figure 1 and also includes 
the location of the new pilot project that is being tested in Espoo.

Figure 1	 Area Maintenance Contracts in Finland.
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2	 Program Managed PBMC

The Finnish Transport Agency (FTA) initiated a feasibility study to evaluate the “Program Ma-
naged PBMC” model during the end of 2012. An internal working group with the assistance 
of experts from the infrastructure industry decided and recommended to pilot test the new 
model. After the feasibility study and preliminary development of the tender documentation, 
FTA and ELY Centre Uusimaa decided to continue the development of this new model in the fall 
of 2013. The new model is based upon principles and guidelines from the project management 
of maintenance contracts, alliance model, traditional routine and periodic maintenance con-
tracts. The new model is termed “Program Managed PBMC” because the routine maintenance 
services significantly deviate from traditional project manager concepts and maintenance 
management concepts. A custom-made approach was necessary to achieve many new goals 
and desires of the client organization. At issue is a totally different management concept, 
where the procurement contracts are actually tendered and managed by the “contractor”. 
However, the intent and spirit of the public procurement requirements should be observed 
and honored.

2.1	 Client’s goals

The new model is more appropriate for demanding and very demanding type maintenance 
contracts, where flexibility and allowance for variations are prominent, compared with tra-
ditional contracts. The model allows for flexibility during the contract period, client change 
orders can be included in the contract, and the potential for innovations and development. 
The main goal is to provide services from a road users’ perspective and provide flexibility for 
implementation of these services. The model attempts to balance the risk and promote better 
teamwork and cooperation between the client and the contractor. The model is quite stra-
ightforward and is aligned with the present area maintenance contract models, which have 
the potential to be adaptable. The result should be less management and quality inspection.

2.2	 Structure of the Program Managed PBMC

The provider/contractor (herein called the program coordinator) is responsible for the ma-
intenance services for the area based maintenance contract according to the client’s road 
classification and service levels. The service requirements of the program coordinator include 
many of the typical routine maintenance services, management and administration services 
and all related procurement duties. 
The program coordinator offers professional and quality services on behalf of the client so 
that both parties have a common interest and focus for the maintenance services. The pro-
gram coordinator together with the client should provide an effective implementation met-
hod and a cooperative management method that leads the entire maintenance process in a 
cooperative and open manner. The program coordinator is responsible for the maintenance 
planning process that needs to be approved and continually modified in a cooperative effort 
with the client. All purchases (product deliverables, performance, service requisitions and 
subcontracting) will be competitively tendered regardless of the number of bidders and even 
those that have provided alternative bidding prices. Maintenance activities are supported in 
the maintenance plans according to the procurement plans that are done in the name of the 
program coordinator. The client will nevertheless make final decision and approval.

2.3	 Espoo Pilot Project

The area maintenance contract for Espoo is scheduled from 2014-2019 and is chosen as the 
pilot project for this new model. The new model is procured by Pirkanmaa ELY-Centre on behalf 
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of Uusimaa ELY-Centre and is categorized as a very demanding maintenance contract, which 
includes the roads in the cities of Espoo, Kauniainen, Kirkkonummi, and outlined parts of 
Helsinki. The contract includes about 850 km of roads and 150 km of pedestrian and bicycle 
pathways. Winter road classification for this contract comprises about 130 km of dual lane 
roads of class 1S and about 200 km of single lane 1S, which includes ramps. The remaining 
road network is comprised of roads classified as II and III. The Espoo contract area is a highly 
travelled and often congested road network that is susceptible to disturbances throughout 
most of the day. Performing maintenance activities on the road network is challenging for the 
safety of both workers and road users, which requires significant attention and well planned 
activities and services. Another challenge for the maintenance contractor is the location along 
the coastal area, because the weather may change rapidly and temperatures fluctuate above 
and below the freezing point.

3	 Procurement process

The procurement process for the pilot project is done in two stages. During the first stage, 
the official invitation for “expression of interest” was issued during the fall of 2013. The can-
didates expressing their interest in the project were required to have a turnover of at least 
€12 million and had previous experience in maintenance works or construction/project ma-
nagement. In addition, they were required to have two of their own staff that had a minimum 
of two year experience as project managers in routine or periodic maintenance contracts, 
providing their education, training and experience met the requirements. Also, there was a 
prequalification limit of five tenders. 
All prequalified bidders were sent a preliminary proposal in the beginning of October 2013 
and only the preliminary quality portion of the bidding documents were submitted to the 
client by the end of October 2013. Next, the client explained the initial contract proposal 
documentation through private individual negotiations for deliberation. These bilateral nego-
tiations were intended to develop the invitation to tender documents, versus official contract 
negotiations.
The second stage of the procurement process was to gather lessons learned from the bilateral 
negotiations, finalize the invitation to tender documents and conclude when there is a signed 
agreement with the winning bidder.
The finalized invitation to tender documents was sent to those offers’ participating in the 
negotiations at the end of January 2014. The proposal due date is planned for April 1, 2014 and 
the tenders are expected to be evaluated within a week, so that the client can have a signed 
contract with the award winner by the middle of May 2014.

3.1	 Tender Evaluation procedure

The tender evaluation selection criteria established in this pilot project is using a competitive, 
negotiated method. The main focus of the award is one that is the most overall economically 
beneficial. The most overall economic beneficial tender is the one receiving the highest score 
from amongst the bidders. The procedure uses a 1000 point maximum scoring scale and is de-
termined by the following weights of 20% for quality, 10% of key personnel and 70% for price.
The quality assessment category is evaluated by four different selection factors that are com-
posed of the quality plans, program coordinator’s procurement expertise, winter maintenance 
responsiveness, and the program coordinator’s training and development. The scores from 
these four selection factors are multiplied by the appropriate weighting factors to determine 
the sub-category score and then summed to receive the quality category score.
The key personnel category is determined by the service and organization capability and by 
the examinations of key personnel. The evaluation includes the service and organizational 
capabilities and skill levels. The examinations seek to evaluate all the program coordinators, 
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various key personnel expertise, and capabilities relating to the wide range of tasks and wor-
king requirements. The scoring of points is accomplished by averaging the total points scored 
form the tests. The scores from these two selection factors are multiplied by the appropriate 
weighting factors to determine the sub-category score and then summed to receive the key 
personnel’s category score.

Figure 2	 Components of the Target Price

The bid price is the “Target Price”, which consists of all procurement related costs and acqui-
sitions, management and administration, as well as the management service fee. The tender 
with the lowest target price will receive 10 points. The other bidders target price is compa-
red with the lowest bidders target price. The price scores are multiplied by the appropriate 
weighting factor to determine the price score.

Table 1 	  Evaluation Scoring System

Category Selection Factors Max. poss. 
score

Weighting 
Factor

Weighted 
Score

A1.
Quality of the 
Maintenance 
Management 
Plans

A.1.1 Evaluation of management plans,  
functional descriptions and initial quality points, 
and depot locations, inventory of accessories 

10 9 90

A.1.2 Program coordinator’s 
procurement and philosophy 

10 6 60

A.1.3 Program coordinator’s responsiveness 
and commitments, as well as management 
to the weather conditions

10 2 20

A.1.4 Program coordinator’s personnel 
training and development

10 3 30

Subtotal of A.1 20 200
A2.
Key Personnel

A.2.1 Service and organizational capacities 10 5 50
A.2.2 Key Personnel Exams 10 5 50
Subtotal of A.2 10 100

B.
Bidders Price

B. Target Price 10 70 700
Subtotal of B 70 700

Total Score 100 1000

The fixed management fee includes the program coordinator’s general overhead costs, risks 
and profit margin. Contract management and administrative costs portion includes among 
other things; contract management and administrative costs, fulfillment of their duties, as 
well as office and information technology costs. The procurement costs include all related 



Road Infrastructure Projects Construction, Maintenance and Management180
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

purchases to fulfill the outcomes of the project requirements and includes; equipment pur-
chases, all related sub-contracting, service contracts, construction and maintenance services 
and materials, temporary traffic devices and systems, and other related purchases, which are 
not included in the management or administrative cost portion.
The total score is calculated by a summation of all the points scored for all the sub-categories 
and the highest score is declared as the winner of the tender. Table 1 shows the details of the 
scoring system, categories, selection factors and the weights. Figure 2 shows the components 
that are included of the “Target Price”.

3.2	 Program Coordinator’s Payment Mechanism

The annual target price includes all actual costs defined in the contract, such as management 
and administration costs, as well as the cost of purchasing. If the cost exceeds the target pri-
ce, the client will pay the program coordinator 70% of the all costs exceeding the target price 
up to the guaranteed maximum price. 
The guaranteed maximum price is fixed at 10% above the target price and can only be modi-
fied during the contract period through client ordered additional work, changes in the con-
struction/maintenance index, external influences that exceed the guaranteed maximum price 
that are agreed by the client, or changes in the quality service levels. Otherwise, the program 
coordinator will be responsible for all costs exceeding the guaranteed maximum price. 
The program coordinator has the option to transfer the costs exceeding the guaranteed maxi-
mum to the following year’s procurement cost, providing that the client provides approval. 
The program coordinator is fully responsible for the prices in the last year of the contract for 
any costs exceeding the guaranteed maximum price.
Similarly, if the costs are below the target price the client pays the program coordinator an 
incentive of 30% of the amount below the target price up to a maximum of 250000 euros, in 
each contract year. If the incentive is exceeded in one year, the amount greater than 250000 
euros can be transferred to the following years purchase price reduction. Figure 3 shows an 
example scenario of the payment mechanism.

Figure 3	 Example of payment possibilities

3.3	 Additional potential incentives

There are four additional schemes or possibilities to receive incentives in this model, pro-
viding that the target price is not exceeded by the program coordinator. The first possible 
incentive is from the road user satisfaction and innovation. Traditional PBMC already include 
this incentive, so that is not new. The results from; the road user satisfaction survey during 
winter, a special evaluation team for measuring the performance during winter, improved 
summer services and innovations may receive a maximum incentive of 2% based upon the 
annual winter maintenance costs. 
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The other three incentive models have not been used in routine and periodic maintenance 
contracts. These three incentives are contract related, workers’ and road user safety, and ob-
servations contributing to safety accidents. In second incentive scheme, the program coordi-
nator may possibly receive an incentive of €15000 every year for providing good maintenance 
services, providing the program coordinator does not exceed the amount of penalty points in 
that year. If the program coordinator receives greater than 100 penalty points, then there is 
no incentive. Penalty points and the incentive calculations are shown below:
·· written warning → 20 penalty points;
·· A-Group Disincentive → 50 penalty points;
·· B-Group Disincentive → 80 penalty points;
·· B-Group Disincentive for not performing entire work on class 1 roads during winter → 100 
penalty points;

·· disincentive for not performing according to work plan #7 → 100 penalty points;
·· dDisincentive for not performing according to the quality plans, follow-up reporting, and 
inaccurate data reporting from #8 → 100 penalty points;

·· quantity of non-conformance report reminders are over 50% or equivalent errors in A-Group 
disincentives → 100 penalty points.

The incentive scoring structure:
·· maximum incentive is 15000 euros, if there are no penalty points;
·· 50 penalty points → incentive of 7500 euros;
·· 100 penalty points or more → no incentive;
·· intermediate values for the incentive is calculated using the formula: Incentive = 15000 × 
(1-b/100), where b is the period accumulated penalty points. The program coordinator is 
entitled to an incentive, if b ≤ 100.

The third incentive scheme consists of the program coordinator’s observations of workers’ 
and traffic safety hazards, deficiencies, problems in the contract area, and deficiencies from 
other operating companies maintaining other roads. The program coordinator may be entitled 
to a maximum incentive of €15000 by reporting observations, follow-up activities, new ideas 
for improvement work, and improved traffic safety measures. The incentive calculations are 
shown below:
·· reporting 100 observations or ideas per year → an incentive of 15000 euros;
·· reporting 50 observations or ideas per year → an incentive of 5000 euros;
·· reporting under 50 observations or ideas per year → no incentive;
·· intermediate values are calculated by linear interpolation.

The final incentive scheme is that the program coordinator may receive an annual maximum 
incentive of €20000 euros if road traffic accidents in the area contract are explained or re-
solved in greater than 60% of the occurrences. The incentive calculations are shown below:
·· if greater than 60% of traffic accidents are explained → an incentive of €20000;
·· if 30-59% of traffic accidents are explained → an incentive of €10000;
·· if under 30% of traffic accidents are explained → no incentive;
·· intermediate values are calculated by linear interpolation.

4	 Discussion and remarks

The tendering phase is presently in process and there are a maximum of five bidders that are 
preparing their respective tender offers. The Espoo “Program Managed PBMC” pilot project 
is expected to be awarded in mid-May 2014, after the tenders are evaluated, and it appears 
that the way forward is proceeding satisfactorily.
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The winning contract is expected to be determined in about two months and if all related pro-
curement procedures can be completed in time, the contract can then commence on October 
1, 2014. It is hopeful that the procurement model will work in practice, as well as, how the 
model appears from the development group members’ perspective.

5	 Conclusions

This paper presents a new model for the maintenance contract development in Finland and 
offers a potential model for others to consider. The Programed Managed PBMC is a totally 
new maintenance model that attempts to balance the risks and seeks to improve the quality, 
compared to the previous Finnish maintenance contracts. Since the procurement process is 
underway there are no actual results to date and the test of time will reveal if the results from 
this new model are acceptable. In theory, it appears to be adequate and until there are actual 
results can there be any valid conclusions.
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Abstract

In the preparatory phase of new construction, rehabilitation and construction technologies 
there are several options to apply. The decision support can rely on computerised design pro-
grammes, laboratory test series, accelerated loading tests, monitoring of experimental (test) 
sections (and their eventual combination). These decision support means basically differ 
from each other from the view-point of time need and accuracy. This paper concentrates on 
the role and risks of experimental sections generally and in the Hungarian road management, 
highlighting some case studies. Sophisticated (professional) design, very careful constructi-
on, timely maintenance, as well as regular monitoring with expedient processing of condition 
data time series are all needed for the real success of an experimental section. If any of these 
preconditions is lacking, there is a real danger that misleading conclusions are (can be) drawn 
from the actual performance of the experimental section for the expected performance of the 
new construction or maintenance technology to be implemented. The Hungarian case studies 
to be outlined are connected with cement concrete pavements. Every case study is evaluated 
for its level of success; the eventual mistakes made there are also highlighted. Some general 
conclusions are drawn to provide information for the less experienced road sector stakehol-
ders who plan to build trial section before implementing a promising new road technology 
in the near future.

Keywords:	experimental section, road management, cement concrete pavement, 
continuously reinforced cement concrete pavement, whitetopping 

1	 Previous investigation of the suitability of innovation

It is evident that the continuous development and implementation of innovative materials 
and technologies can be considered as a must in every national economy sector. This sta-
tement is valid also for road engineering since the up-to-date road construction and ma-
intenance techniques using innovative, high-performance materials are badly needed for 
meeting the challenges coming from the combined, synergic effect of ever increasing traffic 
and environmental load. However, the planned wide use of new materials and/or methods 
presupposes the proving of expected good performance as a reason for introducing the inno-
vative material or technique instead of (or at least in addition to) the traditional “old” one. The 
typical investigation types for getting previous evidence about the suitability of the innovative 
procedure are: computerized performance models, laboratory test series, accelerated loading 
tests and trial (experimental) section monitoring [1].
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1.1	 Computerized performance models

Special computerized (e.g. finite element) models are available worldwide to forecast the 
performance of various pavement structure compositions. The expected deterioration of se-
lected – eventually critical – condition parameters (stresses, strains, deformation etc.) as 
a result of the cumulative, synergic effect of mechanical and environmental loads can be 
obtained after relatively short running time as the output of the model. The real challenge for 
the engineer is the realistic selection of the programme inputs, the mechanical properties 
(e.g. E-modulus) of the pavement structural material in question. Similarly, it is a hard task 
to choose each characteristic deterioration mode to be considered in the calculation. This 
approach does not take much time but the level of accuracy in its results is rather limited due 
to the generalization and simplification of the inputs considered.

1.2	 Laboratory test series

Another methodology for the forecast of the performance of an innovative material or techno-
logy is producing test specimens and carrying out special laboratory investigations. Typically, 
not only the samples made by innovative technologies are tested but also reference speci-
mens are investigated in order to compare the performances. Even if the planned material 
composition is used in the laboratory test series, it is important to select the investigation 
methods which are more or less able to simulate the characteristic deterioration modes of the 
structure in question. The limitations of this relatively quick methodology are, among others, 
as follows: environmental loads cannot be considered at all or at least not realistically; the 
relatively small size of the laboratory samples tested results in different performance from 
that of the relevant built road element. 

1.3	 Accelerated laboratory tests

A lot of countries operate accelerated loading testing (ALT) facilities (circular tracks, linear 
tracks with load moving to and fro, etc.) which are usually open-air but a couple of them were 
made in buildings. In some cases, the artificial, (almost) continuous loading is performed by 
multi-axle, heavy trucks; however, it is more wide-spread that continuously moving, highly 
loaded wheels or axles are used for this purpose. Several technological variants – inclu-
ding reference one(s) – can be loaded simultaneously allowing a direct comparison of their 
performances. Another positive feature of this performance prediction procedure is that no 
previous “speculation” on the expected pavement deterioration modes is needed; the actual, 
experienced changing in the initial condition parameter levels provides information about the 
critical mode(s). However, some 10-year highway traffic load can be performed in ALTs in a 
month or two; the repeated environmental load of a highway section under “normal” traffic 
cannot be simulated when using accelerated loading facilities. (The ALTs in buildings can 
have the possibility to change air temperature, relative humidity, sub-grade moisture content, 
etc., but it does not allow realistic simulation). It is worthwhile to mention that building and 
operating accelerated loading facilities are rather expensive. 

1.4	 Trial (experimental) section monitoring

It is obvious that the construction and monitoring experimental (trial) sections can provide the 
most reliable forecast (prediction) about the performance of a new material or technology if, 
among others, the following important preconditions are met: careful selection of the location 
and sufficient length of experimental section(s); the Client’s detailed disposition including 
the need for reference section; professional and thorough pavement design; well-equipped 
contractor motivated to innovation; effective quality management including continuous and 
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tight independent quality control; careful planning of the monitoring of the trial and referen-
ce sections including the condition parameters investigated, measuring techniques (devi-
ces) to be used, durable marking of point-like measuring spots if any (in case of the use of 
non-continuous measuring techniques); selection of measuring frequency (typically every 
year); sophisticated evaluation of the condition data time series obtained for comparing the 
performances of innovative and traditional variants. Even if every precondition listed before 
are satisfied, and so, reliable performance prediction can be expected, the time-consuming 
nature of the methodology cannot be ignored.

2	 Case studies of Hungarian road experimental sections

The long-term monitoring results of experimental sections (preferably together with neighbou-
ring reference sections) can provide more certain and more reliable information about the 
appropriateness of the new material or technology than the other approaches. 
Next two Hungarian case studies will be shown for road experimental sections pointing out 
their goals (the new technology to be demonstrated), the (eventual) reference sections, the 
frequency and period of monitoring, condition parameters to be monitored, measuring tech-
niques applied, evaluation of the results and discussion of the actual level of success to have 
used the experimental section for assessing the performance of the innovative material or 
technology.

2.1	 Case study on various cement concrete technologies 

However, the first trials with cement concrete pavements were carried out in Hungary alre-
ady in 1911, and a lot of them were constructed since, Ministry for Transportation decided 
to continue motorway construction programme using exclusively asphalt pavements from 
1976 on. As a rather negative consequence, building of cement concrete pavements ceased 
on other – non-expressway – roads, as well. It was just in 1998 – following a 22-year break – 
that a ministry decision initiated the preparatory activities for restarting the cement concrete 
pavement construction in Hungary. KTI Institute for Transport Sciences, Budapest was commi-
ssioned to the preparatory activities [2]. The latest relevant foreign experience was gathered. 
The following three alternative technological variants were chosen for detailed investigation 
and the comparison of their actual performances: 
·· jointed and dowelled cement concrete pavement;
·· jointed and dowelled cement concrete pavement with “exposed aggregate” surface;
·· continuously reinforced cement concrete pavement.

After having evaluated the results of a detailed laboratory test series, the mix recipes were 
developed for the experimental sections. 35 to 42 MPa compressive strength range was se-
lected with 0.40 to 0.42 w/c-ratios for each concrete mixture variant. (Plastificator was added 
in 0.10 to 0.12% of weight of water, and air-entraining agent in 0.04 to 0.08%). 
As a site of the trial sections, a heavily trafficked – above 1100 heavy vehicle/day – secondary 
road (road 7538) close to the Slovenian state border was chosen. (In accordance with the 
Hungarian ministerial orders in 1999 – when trial sections were designed and constructed 
– no experiment was allowed to make on a main national public road). The road needed a 
complete pavement structure reconstruction due to its total failure. In addition to the three 
cement concrete experimental subsections with a length of 500m each, a neighbouring re-
ference (control) subsection of 500m was also built using high modulus asphalt pavement 
with modified binder.
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The pavement structure variants were as follows:
·· experimental subsection 1:

·· 220 mm jointed and dowelled cement concrete pavement;
·· 150 mm mixed-in-plant cement stabilisation base course;
·· 100 mm mixed-in-place cement stabilisation sub-base.

·· experimental subsection 2:
·· 220 mm jointed and dowelled cement concrete pavement with exposed aggregate 
surface;

·· 150 mm mixed-in-plant cement stabilisation base course;
·· 100 mm mixed-in-place cement stabilisation sub-base.

·· experimental subsection 3:
·· 170 mm continuously reinforced cement concrete pavement (CRCP);
·· 150 mm mixed-in-plant cement stabilisation base course;
·· 100 mm mixed-in-place cement stabilisation sub-base.

·· reference subsection:
·· 30 mm stone mastic asphalt with modified binder;
·· 80 mm asphalt binder course with modified binder;
·· 90 mm asphalt base course with modified binder;
·· 150 mm mixed-in-plant cement stabilisation base course;
·· 100 mm mixed-in-place cement stabilisation sub-base.

The construction of the trial sections was basically influenced by the extremely rainy spring 
and summer of 1999. That is why the design bearing capacity of 50 MPa at the surface of 
sandy gravel capping layer could not be reached, its stabilisation with cement was decided 
by the Client. 
The trial subsections were built with 6m pavement width following the width of the secondary 
road. Just one of the traffic lanes was allowed to be closed during the construction. No con-
tinuously reinforced cement concrete pavement (CRCP) had been built in Hungary before the 
experimental section on road 7538. The relevant foreign literature was utilized in the design 
(thickness, dilatation structure, anchoring to prevent the horizontal end movement of CRCP, 
positioning of reinforcement etc.).
The principal goal of the experiment was to evaluate and to compare the performances of the 
four pavement structure types under “canalised” heavy traffic load. (The lorries run in very 
narrow wheel paths due to the 3 m traffic lane width).
The monitoring of the trial subsections was done first with a frequency of 6 months and later 
12 months. The condition evaluation methodology all pavement condition parameters related 
to every possible failure type. Table 1 presents the failure types and condition parameters 
considered.

Table 1 	  Possible distress types and condition parameters measured on various subsections

Failure type Condition 
parameter

Pavement Spacing of evaluation
Asphalt Concrete

Longitudinal deformation unevenness X continuous
Slab faulting unevenness X continuous
Rutting transverse profile X 3 fixed cross sections/subsection
Loss of skid resistance skid resistance X X 50 m in alternate traffic lanes
Wear of aggregate grains macro roughness X X 50 m in alternate traffic lanes
Surface defects visual evaluation X X continuous
Poor bearing capacity bearing capacity X X 3 fixed cross sections/subsection
Pavement edge distress pavement width X X 100 m
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The location of measuring points was marked by durable painting on the pavement surface. 
The visual pavement survey resulted in a distress map with the location, type and severity of 
each surface defect detected. The first condition survey was performed in November 1999 to 
fix the initial (0) condition of the experimental section. The regular monitoring of the trial and 
reference sections has made it possible to identify the deterioration process of each condition 
parameter. Just some of the results are identified: 
·· already at the end of the first year, several punch-outs presented themselves on the conti-
nuously reinforced concrete trial part section; their further deterioration made it necessary 
to patch them using asphalt mixture to prevent the accidents coming from the sudden une-
venness of the pavement surface; the subsequent investigation of the reasons of the very 
early deterioration has revealed the poor design (too thin pavement layer, too narrow pave-
ment etc) as a decisive parameter;

·· the tendency of surface roughness deterioration characterized by macro roughness and skid 
resistance (actually the combination of macro and micro texture of pavement surface) can be 
divided into 3 phases; in the first 2 years, an intensive deterioration is observed, the speed 
of this deterioration is significantly slows down in the period of 3-10 years of pavement age, 
while practically unchanged roughness values can be detected when the age of pavement 
exceeds 10 years; as an example, Table 2 presents some statistical parameters of the macro 
roughness and skid resistance values measured on the surface of jointed, dowelled cement 
concrete pavement with “traditional” surface at the age of 0, 2, 8 and 13 years (the pavement 
ages were selected of the almost continuous data time series for representing the three 
deterioration phases mentioned before). After 13 years of traffic load, both the texture depth 
and SRT-values deteriorate to nearly the same levels independently on the pavement and 
surface type selected, at the same time the standard deviations of the measuring data ma-
sses are much lower after high number of vehicle repetition number than immediately after 
the opening to traffic of the road with new pavement. The SRT-values of 50-55 and the texture 
depth ranges of 0.30-0.50 mm measured on the test cement concrete pavement surfaces 
after 13 years of traffic load with high heavy vehicle share are still appropriate (safe) values.

Table 2 	  Some statistical parameters of macro and micro roughness (measured using sand patch method and Brit-
ish pendulum) obtained at different ages of cement concrete pavement surface (test section road 7538)

Statistical parameters Texture depth [mm] SRT-value
at pavement age [year]
0 2 8 13 0 2 8 13

Mean value 0,99 0,67 0,52 0,40 79,4 63,4 60,7 51,9
Minimal value 0,70 0,42 0,37 0,31 66 53 58 50
Maximal value 1,27 1,16 0,72 0,51 90 72 65 54
Range 0,57 0,74 0,35 0,20 24 19 7 4
Standard deviation 0,17 0,17 0,08 0,07 6,55 4,56 1,78 1,29

2.2	 Case study on whitetopping technologies 

Laying thin cement concrete courses on asphalt pavements with repeatedly deformed surfa-
ces is considered as a possible rehabilitation technique. When designing the first Hungarian 
whitetopping experimental section, the following technological features were considered:
·· the thin cement concrete layers have 120-150 mm thickness, while the ultrathin ones are 
50-120 mm thick;

·· 20 years of life time can be expected on any old – asphalt or cement concrete – pavement 
if various technological preconditions are met;
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·· old pavement should have sufficient, homogeneous bearing capacity without fatigue cracks, 
rutting cannot exceed wearing course;

·· concrete slabs are square;
·· layers should be bonded to decrease bending stress in the structure;
·· min. 75 mm remaining asphalt layer(s) thickness in the old pavement structure before using 
whitetopping is required;

·· old pavement surface has to be sufficiently rough and clean for ensuring effective bond with 
thin cement concrete course;

·· properties of whitetopping recipe: fibre dosage, high early strength;
·· the layer is built without dowels and joint sealing;
·· effective curing is a must.

A highly trafficked main road no.5 (daily 2750 heavy vehicles) at the outskirt of the city Szeged 
was selected as a site of the first Hungarian whitetopping experimental section [3]. The top 
layers of an extremely rutted, 7,0 m wide asphalt pavement section of 85 m length were milled, 
and thin cement concrete course was laid. The main elements of cement concrete recipe are:
·· aggregate	 1,832 kg/m3;
·· plastic fibre	 1 kg/m3;

·· cement 	 420 kg/m3; 
(CEM I 42.5 N)

·· water	 168 kg/m3;
·· plastificator	 6,3 kg/m3.

Compressive strength amounts to 27.2 N/mm2 after 1 day, 39.3 N/mm2 after 2 days and 43.1 N/
mm2 after 28 days. After 10 months of traffic load, 1.2 mm texture depth and 68 SRT-value were 
the average roughness values. The number of cracked slabs of 1.75 m x 1.75 m size reached 
41, that is, almost 22 % of the 188 concrete slabs by 2013. Most of the cracks can be found 
in the outer lane, close to the two ends of the test section. Two of the worst slabs had to be 
replaced; otherwise local asphalt patching was performed. The reasons for the unexpectedly 
high percentage of early cracks are as follows:
·· the actual heavy traffic load of the section was much higher than expected, among others, due to 
the many permissions given by Highway Authority for passing overloaded vehicles on the section;

·· at the end of the experimental section, the heavy lorries reaching the first whitetopping 
slabs traveling from the connecting rutted asphalt pavement surface exerted high load cau-
sing their quick failure;

·· at the other end of the section, a lot of multi-axle heavy road vehicles have to decelerate 
and stop because of the signal-controlled junction;

·· manual laying resulted in the relatively low homogeneity of slab quality.

3	 Concluding remarks

Experimental sections have a major role in the validation of new technologies and mate-
rials. However, they can provide reliable and useful data just if their design, construction, 
maintenance and operation are performed properly. Two Hungarian case studies are shown 
highlighting also the reasons of eventual improper performance. It could be concluded that 
the synergic effect of careful design, high-level construction (with competent and innovation 
devoted contractor) and the efficient independent quality control can be considered as im-
portant prediction for the success of road experimental sections.
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Abstract

In the economic and financial conditions of our time the cost of infrastructure works is often 
the main factor upon which decide to whether or not to make an investment in the South 
– Eastern Europe. Another important factor to be taken into account in the development of 
infrastructure investments is the environmental impact of construction. Thus, since the de-
sign phase is focused on using new technologies, performing to ensure two objectives: low 
cost and low environmental impact. This paper aims to draw up possibilities to reduce costs 
by using new technologies both to the foundation layers and layers of asphalt mixtures. The 
focus is on the use of new materials and technologies that have a positive environmental 
impact by reducing both transportation and production costs. Since the design phase, based 
on laboratory studies, it is proposed the use of hydraulic binders for execution of road founda-
tion layers, the use of asphalt mixtures with high stiffness modulus and warm mix technology.

Keywords:	roads infrastructure, management, optimization, road structure design, 
asphalt mixture stiffness, fatigue

1	 Introduction

In our days it can be seen a general increase in traffic flow and higher axle loads of trucks on 
Romanian roads which have steadily increased the demand for stronger and more durable 
road pavements. The increase in traffic flow also means that traffic interruption for mainte-
nance becomes less desirable for roads user, since almost 60% of total amount of passangers 
and goods use roads network. The need to increase the service life of pavement submitted 
to traffic of growing magnitude imposes the use of asphalt mixtures with high performance. 
A solution that has been adopted in the last decades is the modification of conventional 
bitumen through the incorporation of polymers, enhancing fatigue resistance and reducing 
permanent deformations. With the purpose of extending pavement life, new technologies 
like high modulus asphalt mixes (MAMR), called “enrobé à module élevé” (EME), developed 
in France, have been developed. 
A relatively new processes and products in Romania use various mechanical and chemical 
means to reduce the shear resistance of the mix at construction temperatures while reportedly 
maintaining or improving pavement performance. Warm-mix tehcnology is distinguished from 
other asphalt mixtures technologies by the temperature regimes at which they are produced 
and the strength and durability of the final product. Cold asphalt mixtures are manufactu-
red at ambient temperatures, on the order of 20° to 50°C, while hot-mix asphalt is typically 
produced in the range of 150° to 180°C. Warm mixes are produced in the temperature range 
of 120° to 140°C. Hot-mix asphalt has higher stability and durability than cold-mix asphalt, 
which is why cold mix is used in the lower pavement layers of low-volume roadways. The goal 
with warm mix is to obtain a level of strength and durability that is equivalent to or better 
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than hot-mix asphalt. By conducting laboratory tests, the goal of this study is to highlight 
the properties of asphalt mixtures made with respect of these two technologies and to use 
laboratory datas (as stiffness modulus) in pavement design process. When it is about to de-
sign a pavement structure, there are few important factors to care about: initial cost, rate of 
degradation, effects of roads work by user delay cost and accident costs, environmental costs 
and state agency costs by maintenance cost and traffic management costs.

2	 Benefits and problems associated with new technologies

2.1	 Warm mix technology benefits

Warm mix technology has great benefits regarding the environmental protection and the im-
provement of paving operations. These benefits are described below.
Energy savings reported on WMA trials ranged from 20 to 35 % at the plant depending on 
the WMA system, moisture content of the aggregate and the type/efficiency of the plant. The 
energy savings may be equivalent to approximately 1.5 to 2.0 liters of fuel per tone of material. 
Lowering the mixing and placement temperatures of bituminous mixes provides enormous 
gains in reduction of asphalt fumes. Visual observations of WMA during placement clearly 
show reduction in asphalt fumes and reports indicate reduction in the magnitude of 30 % 
while other more optimistic studies are indicating reductions of up to 90 % behind the paver. 
Warm mix asphalt technologies facilitate compaction. Certain systems have been described 
as “Flow Improvers” to improve “compatibility” of bituminous mixes even in adverse windy 
and cold weather conditions. The objective of WMA systems is to modify the temperature/
viscosity relationship in a manner such that, suitable mixing and compaction viscosities are 
achieved at lower temperatures, while adequate viscosity is maintained at service tempera-
tures. 
Warm mix asphalt facilitates transportation. Transportation constraints/distances may con-
sist in a problem for placement of conventional HMA mixes. In a sense, transportation time 
consumes some of the HMA compaction time. This may become a major constructability issue 
when mixing and placement temperatures are relatively close. Increasing mixing temperature 
to compensate for long transportation is not viable as increased mixing temperature will li-
kely damage the binder. Warm mix asphalt provides more flexibility; it is possible to increase 
mixing temperature above the “WMA mixing temperature” (but below the HMA mixing tem-
perature) with limited binder damage. 
With most WMA systems the temperature of the bituminous material at the end of compaction 
is lower than with HMA, and also closer to service temperature. Accordingly, the usage of WMA 
allows quick return to traffic. For the same reasons, multiple lifts of WMA may be place on top 
of one another within a short period of time. This is a net advantage whenever, deep fill of 
bituminous materials is required to be placed in a trench in a short period of time.

2.2	 Warm mix technology possible problems

There is a general concern for WMA rutting performance that is connected with the decrea-
sed mixing temperature which may lead to incomplete drying of aggregates and insufficient 
coating with bitumen. Another aspect that may influence decreased resistance to permanent 
deformations is the decreased oxidative hardening of bitumen due to the lower production 
and compaction temperature. These problems might be treated with adding active adhesion 
agents or initially choosing harder bitumen grade [1]. 
Potential rutting problems require careful evaluation of asphalt in laboratory. Testing samples 
should be prepared carefully, because there might be a necessity for mixture aging before 
compaction to ensure proper correlation with actual production process. The choice of the 
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right compaction method might also be a problem, because some methods might not be 
sensitive enough to temperature changes. 
Due to low mixing temperatures, moisture contained in the aggregate may not completely 
evaporate during mixing and the retained water in the aggregates could lead to increased 
susceptibility to moisture damage. Because of residual moisture left behind by the microsco-
pic foaming process, this is even more critical for WMA technologies that involve foaming as 
a binder viscosity lowering action. These problems, if they occur, may be successfully treated 
with active adhesion agents. 
WMA is reported to have better compaction potential due to decreased viscosity and less 
bitumen ageing in the production process. This can allow saving compaction energy and 
reducing the time necessary for compaction which may be especially important in low tem-
perature paving. The reduced compaction risks, if realized, cause the cost that can far exceed 
additional costs for WMA production. However, if wax technologies are used, they require 
additional attention regarding the temperature conditions for rolling. The compaction must 
be finished before the wax starts to crystallize; after this temperature the wax forms lattice 
structure in the asphalt that may be damaged if the compaction is continued. This means that 
compaction window is shorter than for HMA and additional rollers may be required to reach 
the necessary density in the given time window [2].

2.3	 High modulus asphalt mixtures technology benefits

Introduction of this concept is not new, it appears in 1980’s, and, gradually, have prooved to 
main advantages. Improvement of asphalt mixture layers performances by a stiffer behavior, 
a better fatigue behaviour and a higher rutting resistance combined with a better durabi-
lity – moisture resistance. Its properties conduct to a use of thia asphalt mixture on heavily 
trafficked roads, especially where traffic is slow and with heavy loads – truck routes, container 
terminals. It has excellent load-spreading properties due to its high elastic stiffness, which 
is mainly achieved by using low penetration grade binders, often polymer modiffied binders 
used. The high resistance to permanent deformation of high modulus asphalt mixtures makes 
it an ideal base layer for thin wearing courses in areas of high risk of rutting – combined with 
SMA (Stone Mastic Asphalt) as a wearing layer.
Another great advantage is from economical point of view, because this type of mixture allows 
thinner layers and it has a better responses to the increase of traffic loads and intensity. All 
these cames with savings of aggregates, maintenance and traffic interruptions.
The places where it should be used includes construction sites where a greater degree of 
responsibility has been passed onto the contractor, for example in the type of contract under 
which the contractor will design, build, finance and operate roads in return for payments 
related to vehicle usage.

2.4	 High modulus asphalt mixtures technology problems

There are two important aspects regarding at problems raised by this technology. First, it is 
about the implementation of this new concept in a country with its own norms, design met-
hods and not always comparable tests methods. Another aspect is related by the ability of 
local asphalt contractors to manufacture and lay the new material, including storage facilities 
for binder, maintenance of appropriate asphalt temperatures and appropriate compaction 
equipment – high modulus asphalt mixtures needs a higher compaction temperature (becau-
se of polymer modiffied bitumen) and heavy compactors for rolling. The main aspects that 
need to be considered during construction are:
·· Ensuring that there is good bonding between subsequent layers (the application of a opti-
mum tack coat is essential);
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·· Ensuring that the mixing temperature is between 160 and 180°C and that the compaction 
temperature never drops below 140°C;

·· Ensuring that the support layer is sufficiently stiff so as to enable high modulus asphalt 
mixtures to be compacted to the required density;

·· Ensuring that the average thicknesses are met, and particularly the minimum thicknesses;

3	 Laboratory studies

Experimental study aimed that through laboratory results to highlight high modulus asphalt 
mixture performance when WMA technology is used. This study was carried out on two types 
of high modulus asphalt mixtures designed according to French Norms: an asphalt mixture 
– noted by “MAMR16 – HMA” and an asphalt mixture produced with “WARM MIX – L”, an 
organic additive (WMA type) – noted by “MAMR16 – WMA”. The materials (aggregates, fibber 
and bitumen) used to prepare the asphalt mixtures and the asphalt mixtures recipes are the 
following: crushed rock from Turcoaia (8/16 – 36%, 4/8 – 30%, 0/4 – 24% by mix), filler from 
Holcim – 10 % by mix, polymer modiffied bitumen OMV 25/55-65 STAR FALT – 4.12% by mix 
and organic additive (WARM MIX-L) – 0.5% by bitumen – used for WMA mix.
The organic additive used is a liquid additive mixed in bitumen, dissolving easy when bitu-
men is hot, without any special mixing equipment.
To highlight the performance of both new tecnologies, in Roads Laboratory of Faculty of Ra-
ilways, Roads and Bridges (Technical University of Civil Engineering of Bucharest) were con-
ducted tests for stiffness, Marshall characteristics, fatigue and permanent deformation tests. 
Each value is a mean value of a specified tests numbers according with european norms. In 
table 1 are summarized temperatures used for preparing and compacting of asphalt mixtures 
in laboratory. Two temperatures were used for warm mix compaction – 160°C and 145°C to 
highlight the influence of warm mix additive on asphalt mixture behaviour.
In figures 1 and 2, 3 are presented the results obtained for high modulus asphalt mixture 
using hot technolgy.

Table 1 	  Temperatures used at preparing and compacting of asphalt mixtures

Technology Aggregates Bitumen Mixing Compaction
Temperature °C

“warm mix” 150 160 160 & 145 160 & 145
“hot mix” 180 175 180 175

 

Figure 1	 Changing of OMV 25/55-65 bitumen 
characteristics when additive is used

Figure 2	 Asphalt mixture modulus 
with test type



Road Infrastructure Projects Construction, Maintenance and Management 193
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

Table 2 	  Physical – mechanical characteristics

Characteristic Asphalt mixture type
HMA WMA1 WMA2
Compaction temperatures
175 °C 160 °C 145 °C

Density, kg/m3 2496 2479 2465
Water sensivity, % 63 70 78
Marshall stability (S), kN 16.80 17.22 15.42
Marshall flow (I), mm 3.87 4.9 4.82
Marshall index (S/I), kN/mm 4.34 3.51 3.20

4	 Pavement design depending on asphalt mix stiffness

Starting from idea that flexible pavement design based on elastic multistrat theory it must 
be took on consideration the values obtained in laboratory for stiffness modulus, authors 
propose a road structure to do case studies, according with romanian norm for pavement 
design (table 3).

Table 3 	  Road structure proposed for calculation

Road layer Layer thickness [cm] Stiffness modulus [MPa] Poisson number
Asphalt mixture in wearing course 4 Em 0.35
Asphalt mixture in binder course 5
Asphalt mixture in base course 6
Foundation of crushed rock 20 500 0.27
Ballast foundation 30 260 0.27
Soil type P1 100 0.27

Using the program ALIZE5 (based on Burmister theory) it was establish stress and strain state 
in road structure under action of standard 115 kN axle. So, it could be determined the fatigue 
damage ratio based on horizontal tension strain (εr) at the bottom of asphalt layers, and ver-
tical strain (εz) at subgrade level. For calculation it was considered a 2 m.o.s. ( m.o.s. means 
million of standard 115 kN axle) values of traffic volume Nc for a perspective period of 15 years. 
First case used stiffness modulus stipulated on romanian norm for pavement design (PD 177) 
– Em = 3895 MPa – and the second case used the stiffness modulus obtained in laboratory – 
Em = 7607 MPa. The medium stiffness was calculated using formula:

	 	 (1)

Results obtained from pavement design are presented in table 4.

Table 4 	  Results obtained from pavement design

Mixture stiffness horizontal tension 
strain [εr]

vertical strain [εz] 
at subgrade level

RDO
(fatigue damage ratio)

vertical admissible 
strain εz adm

Laboratory 117.6 237 0.72 272.84
Design norm 150.1 271.4 2.05 272.84

E S E x h Shm i i i= ( )[ ]//1 3 3 
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As it can see from Table 4, the structure with stiffness values from laboratory fullfil the requi-
rements for specified traffic volum, whilst the structure with stiffness values from design norm 
fail the fatigue damage ratio criteria, which should be lower then 0,85.
Raising the value of traffic volume it can be find out that the structure with stiffness values 
from laboratory can acomodate a traffic value of 3.5 m.o.s., which correspond to a higher 
traffic class, according romanian norms. In this case, it can be taken in consideration lowering 
the thickness of asphalt layer, by taking out the binder course, without negative effects on 
bearing capacity of pavement structure.

5	 Conclusions

Warm-mix asphalt presents an opportunity for the asphalt industry to improve its product 
performance, construction efficiency, and environmental stewardship. The challenge is to 
thoroughly research and implement this new technology in the least restrictive manner possi-
ble in order to encourage innovation and competition. Using this type of additive contribute 
to a slight increasing of penetraion at 25°C and a decreasing of ring and ball point, all these 
caming with a improvement of bitumen adhesion at aggregate, for a better durability.
Because of the additive which decrease bitumen viscosity, it can be seen a small decrease of 
Marshall stability for temperature of 145°C. For 160°C values are close to hot mix technology, 
which cand lead at conclusion that using this additive assure a longer time for asphalt mixture 
transportation and compaction.
The potential increase in pavement life from the combined technologies will result in signifi-
cant reductions in emissions and energy costs, which is expected to outweigh the energy cost 
required to produce the desired additives and good quality aggregates.
High modulus asphalt mixture can assure – with a small extra cost, using high quality materi-
als – an up to 35% reduction of asphalt layer thickness. Adding warm mix technology for this 
mixture, the economical and envinronmental savings are even bigger.
Although the laboratory results appear to indicate some small changes in the performance 
of the mixtures, they do not consider aging effects and the performance functions are based 
on conventional mixture data, and therefore need to be validated by field data before further 
conclusions can be drawn.
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Abstract

Road network management is a systematic process of effective maintenance, improving and 
exploitation of constructed roads, combining engineering principles with sound business 
practices and cost effectiveness. Thus, creating the conditions for more organized and flexible 
approach to decision-making processes in order to meet current and future customer needs 
is needed.
Public roads management in the Republic of Croatia is based on strategic documents, Act on 
Roads and planning documents. Act on Roads (Official Gazette 84/11) is the basic document 
governing the classification of roads, planning, construction, reconstruction, maintenance, 
measures to protect the traffic and roads, concessions, management, financing and super-
vision of the road system. Although the total road network is a unique road system due to 
technical, traffic and economic characteristics, there are two main subsystems in Croatia: the 
highways (and semi-highways) and the primary road network. Primary road network consists 
of state, county and local roads. Public roads management is entrusted to the County Road 
Administration and the City of Zagreb (for county and local roads), Croatian Roads (for state 
roads), Croatian highways and concession companies (Rijeka-Zagreb highway, Zagreb-Macelj 
highway, BinaIstra) for management of highway network. Rational and quality management 
of the road network is a real challenge nowadays, which must meet high traffic demands 
with available financial resources. Such an approach necessarily requires modern database, 
system for monitoring the condition of roads and facilities, the unique reference marking 
system of roads, preventive maintenance approach, adequate laws and regulations and the 
appropriate organization of road administrations and financing.
In this paper, besides the description of the road network management in the Republic of 
Croatia, road network classification will be described, modes of management in different 
European countries (such as Germany, Poland, Slovenia, Hungary, Austria, Belgium, etc.) and 
comparison of experiences from given countries and Croatia will be shown.

Keywords:	road network, management, European countries, (road) users

1	 Road network in Croatia – The legal framework

Transport sector plays an important role in Croatian economic development, with a share of 
around 4.7% of GDP and employee 5.2% of the working population – 58.635 employees [1]. 
The importance of transport infrastructure development is considered essential for economic 
and social development and promotion of inter-regional exchange.
The road network in the Republic of Croatia includes public roads and unclassified roads. 
Croatia now has in total 26.963,90 kilometers of public (categorized) roads. Decree on the 
Public Road Classification [2] classifies public roads as: motorways (total length 1.413,10 km), 
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state roads (total length 6.867,70 km), county roads (9.703,40 km) and local roads (total len-
gth 8.979,70 km). All public roads are under the authority of the Minister of Maritime Affairs, 
Transport and Infrastructure. This method of roads classification in the state, county and local 
roads express the roads transport functions (clearly defined in the Decree on Standards of the 
Public Road Classification) [3] following the state constitution in a similar manner as in other 
European countries. Management, construction and maintenance of public roads in the Repu-
blic of Croatia are entrusted to several companies according to the Act on roads (Official Ga-
zette 84/11) and concession agreements. Croatian Motorways Ltd. is a company for operation, 
construction and maintenance of motorways. Croatian Roads Ltd. is a company for managing, 
constructing and maintaining of state roads. Rijeka-Zagreb Motorway Joint Stock Company is 
a company for managing, constructing and maintaining of motorway Rijeka-Zagreb (part of 
A1, A6 and A7). These companies are 100% owned by the Republic of Croatia. Zagreb-Macelj 
Motorway Ltd. is a company for financing, construction, operation and maintenance of the Za-
greb – Macelj motorway (A2) based on concession agreement from 2003. Bina-Istra Motorway 
Joint Stock Company is a company for construction, maintenance and operation of motorway 
Istrian Epsilon (A8 and A9) based on concession agreement since 1998.

Table 1 	  Key documents and planning period

Planning period Document Government body Planning period
long-term National Transport 

Development Strategy
Croatian Parliament adopted in 1999

middle-term Programme for construction 
and maintenance of 
state road network

Government of the Republic of Croatia 
on proposal by Ministry of Maritime 
affairs, Transport and Infrastructure

4 years

short-term Construction and 
maintenance plan

Croatian Motorways
Croatian Roads

1 year

County governments and an administrative body in the City of Zagreb are responsible for 
construction, operation, maintenance and protection of county and local roads. Strategy for 
the development of public roads, four-year programs related to construction and maintenance 
of roads and an annual implementation plans are key documents that define the access to 
road construction and maintenance (Table 1). Funds for the construction and maintenance 
of public roads are planned in the planning periods according to the Law on roads [4]. The 
basic regulation is complemented by other relevant matters – motorway designation, traffic 
safety, transportation in road traffic, transportation of hazardous cargo, tool tariff levels and 
toll collection system on motorways, calculationg the comnensation fees for the use of road 
land and provision of motorway services, exceptional transportation, extensive use of public 
roads.

2	 Sources of funding

Main sources of funding for construction and maintenance activities on public roads are de-
fined by the Law on roads [4]:
·· fee of fuel, tolls paid for the use of highways and other charges related to the use of highways;
·· toll to be paid for the use of highways under concession;
·· charges from fuel and other charges related to the use of state roads;
·· annual road charges to be paid upon registration of motor vehicles, and other fees related 
to the use of regional and local roads.
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Since the January 1st 2014 fee charged on fuel has been redistributed: amount of from HRK 
0.60 to HRK 0.20 in favor of Croatian Motorways and from HRK 0.60 to HRK 0.80 in favor of 
Croatian Roads expressing the investments policy in the next four-year period (Table 2).

Table 2 	  Plan and structure of investments according to Programs of constructing and maintaining the state 
road network for the period of 2009 to 2016 (in 000 HRK) [5, 6]

Description Motorways State roads County and Local roads
plan plan plan

2013-2016 construction 6.896.761 5.959.880 125.680
investment maintenance 790.125 3.194.877 1.435.299
regular maintenance 1.034.873 1.740.000 1.955.108

2009-2012 construction 9.271.141 4.589.570 769.985
investment maintenance 1.167.288 1.676.000 1.335.808
regular maintenance 1.276.102 1.200.000 1.937.350

3	 Road network management in the European countries

The density of the road network of high quality service in Croatia is several times higher com-
pared with other transition countries, while in comparison with the countries of the European 
Union is at about at the same level.

3.1	 Denmark

Denmark is a relatively small country of 42.916 km² including more than 400 islands. A well 
connected transport system in Denmark is therefore dependent on several types of infra-
structure solutions in order to achieve a high level of mobility that integrates all regions. 
Total Danish road network includes motorways, main or national roads, secondary or regional 
roads and all other roads in a country. According to data from the Ministry of Transport [7], 
the Danish road network is length 73.574 km, of which 1.143 km are motorways, 379 km dual 
carriageways and 72.065 km all other roads. Approximately 5% of all roads are state roads 
while the remaining 95% are owned primarily by local municipalities. The vast majority of 
Danish roads and bridges are free of charge for the individual user; however, there are a few 
exceptions: the Great Belt Bridge joining Zealand and Funen and the Øresund Bridge linking 
Copenhagen to Malomö in Sweden. Several bridges connect the various islands with the Da-
nish mainland. These bridges are essential to an integrated Danish transport system, as well 
as they link Scandinavia together with Continental Europe. Road Administration Structure in 
Denmark exists in three levels: State (1), Counties (16) and Municipalities (271). The Danish 
Road Directorate (Vejdirektoratet) [8] constructs, operates and maintains the state-owned 
road network, which comprises motorways, a number of main roads and many of the country’s 
bridges – approximately 4.000 km.

3.2	 Sweden

Sweden with area of 450.295 km² is divided into 21 counties. The length of the road network 
is 423.055 km and density decreases from the south to the north of Sweden [9]. Sweden has 
a fairly limited system of motorways. The motorways’ primary purpose is connecting major 
cities to their surrounding areas. There are also a number of semi-motorways – roads with 
only 2 or 3 lanes but to which the same conditions apply as to motorways (i.e. grade-sepa-
rated crossings, no slow traffic). The Swedish road numbering scheme does not distinguish 
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between motorways and other types of roads. Sweden like, Denmark, has integrated the 
E-road numbers into their networks, meaning that the roads usually have no other national 
number. Swedish road network consist from national roads and county roads. National roads 
are roads of high quality and sometimes pass through several counties. Roads with lower 
numbers are in southern Sweden, and roads with higher numbers are in northern Sweden. 
The network of national roads covers all of Sweden, and has a total length of 8.769 km (not 
including E-roads). The national roads are public roads owned by the Government of Sweden 
and administered by the Swedish Transport Administration. They get a high priority for snow 
plowing during the winter. As of February 2008, Sweden has 59 national roads. The county 
roads are divided into primary, secondary and tertiary roads, of which the primary roads have 
the most important transport function. The Swedish Transport Administration (Trafikverket) 
is the Government agency responsible for the long-term planning of the transport system for 
road traffic and responsible for construction, operation and maintenance of the state road 
network and national railway network. Since 1990 the National Road Administration has been 
responsible for road maintenance on trunk roads and some primary county roads, including 
those that pass through towns. Previously it was the municipalities that were responsible for 
these parts of road.

3.3	 Belgium

Since 1962, infrastructure construction in Belgium has been divided into three distinct zones: 
Flanders, Wallonia, and Brussels. Each region has different standards and construction met-
hods when constructing roads and bridges. The road network in Belgium is made of highways, 
national (or regional) roads (the secondary network) and communal roads (or streets).There 
are also a number of orbital roads in Belgium around major cities. According data from 2010, 
total road network in Belgium is 154.012 km, among which there are 1.747 km of highways 
(both Flanders and Wallonia have approximately 900 km of highway each), 13.892 km of 
national (regional) roads and rest of other roads. Belgium road network has A-roads, B-
roads, R-roads, N-roads, T-roads, and secondary N-roads or Provincial Routes. A-roads are 
motorways which connect major cities and international destinations. These are not always 
built as limited access facilities, and may include traffic lights and grade crossings. B-roads 
usually are expressway quality, and are short link routes between other points. R-roads are 
rings around major cities, the most famous of which being the R0 Brussels Ring. N-roads can 
have motorway characteristics and grade-separated interchanges but for the most part are 2 
lane roads connecting secondary cities and towns. Provincial Routes are very rarely signpo-
sted, and connect smaller towns and villages [10]. The road network in Belgium is managed 
by regional authorities, meaning that a road section in Flanders is managed by the Flemish 
Government, a road section in Brussels by the Brussels government and a road section in 
Wallonia by the Walloon Government. Communal roads are managed at the municipal level.

3.4	 France

Transportation in France relies on one of the densest networks in the world with 146 km of 
road and per 100 km2, there are 1,000.960 km of roads. The French highway network consists 
largely of toll roads, except around large cities and in parts of the north. It is a network totaling 
11.392 km of highways [11], operated by different private companies. French highway network 
is seventh largest highway network in the world, and, after Spain and Germany, third network 
in Europe. France currently counts 30.500 km of major trunk roads (routes nationales) and 
state-owned motorways. The county roads (routes départementales) cover a total distance of 
365.000 km. The main trunk road network reflects the centralizing tradition of France: the ma-
jority of them leave the gates of Paris; trunk roads begin on the parish of Notre-Dame of Paris at 
Kilometer Zero. To ensure an effective road network, new roads not serving Paris were created.
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3.5	 Slovenia

The Republic of Slovenia a total area of 20.273 km2, is located on the transport route linking 
Central Europe and the Adriatic Sea. It has a network of roads and railways that are recently 
renovated with the help of the European Union. The total length of the public road network of 
the Republic of Slovenia is more than 38.900 km. The entire road network of the Republic of 
Slovenia includes national roads that are owned by the Republic of Slovenia and local roads 
which are owned by the municipality. The total length of national roads is approximately 6.500 
km. State roads include motorways, expressways, main roads (first and second rows), and 
regional roads (I, II and III of the order). The categorization of public roads was based on the 
criteria for categorization of public roads [14]. Categorization of state roads is established 
by the Regulation on the classification of state roads. Management, maintenance and deve-
lopment of the national road network – regional and main roads authorized by the Board of 
the Republic of Slovenia for Roads. This body conducts vocational – technical, developmen-
tal, organizational and administrative tasks for the construction, maintenance and protection 
of main and regional roads. Management includes several sectors. Management Division has 
the establishment of regional offices in major cities, while the sector headquarters in Ljublja-
na. Management, maintenance and development of motorways and expressways are respon-
sible Motorway Company of the Republic of Slovenia, Inc. (DARS). DARS is a company whose 
founder and owner is the Republic of Slovenia. In 1995 Slovenia passed the first planning 
document – the National Programme of highway construction in the Republic of Slovenia, 
which determines the strategic, organizational and financial basis for the realization of the 
construction of a highway which is part of the European road network.

3.6	 Poland

The Republic of Poland as a Central European country with total area of 312.679 km2, has a 
well-developed network of roads, waterways, railways and air transport. As a country in the 
“crossroads” of Europe developing economies, Poland is becoming a modern network of 
transport infrastructure. Public transportation is available in most cities across the country. 
The national road network is adapted to the administrative division of the country, covering 
412.035 km of roads and is divided into the following categories: state road, a distance of 
19.182 km, the regional roads with a length of 28.423 km, the county road, a distance of 
125.779 km and local roads with a length of 238.651 km. Parts of the national road network 
are the highways and motorways. National roads are owned by the state, while the regional, 
county and local roads owned by regional, county and local governments. Directorate General 
of state roads and highways (GDDKiA – General Dyrekcja Drog Krajowych and Autostrade) is 
the central government body set up to manage the national roads in Poland. In addition to 
managing the state roads, GDDKiA collect data and information on the public road network, 
road works with other governments and international organizations, is working with local go-
vernments in developing and maintaining road infrastructure. GDDKiA consists of 16 regional 
subsidiaries that manage the roads in their area. Headquarters GDDKiA is in Warsaw.

3.7	 Germany

As a densely populated country Germany has a modern transport infrastructure. High-speed 
traffic has a long tradition in Germany. Germany has about 650.000 km of roads. Road network 
consists 12,800 km of motorways (Bundesautobahnen), 39.637 km of federal roads (Bunde-
sstraßen), 86.474 km of state roads (Landestraßen), 91.710 km of district roads (Kreisstraßen) 
and 458.000 km of municipal/local roads (Gemeindestraßen). Federal roads, like motorways, 
are maintained by the federal agency of the Transport Ministry. In the German highway system 
they are ranked below motorways, but above the Landesstraßen and Kreissstraßen maintained 
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by the federal states and the districts respectively. A Bundesstraße is often referred to as “B” 
followed by its number. More important routes have lower numbers. Odd numbers are usually 
applied to north-south oriented roads, and even numbers for east-west routes. The federal 
roads alone handle 30% of the total traffic load, although their share of the road network is only 
2%. State roads are roads that are the responsibility of the respective federal state. They cross 
the boundary of a rural or urban district (Landkreis or Kreisfreie Stradt). District roads or county 
roads (Kreisstraßen) carry traffic between the towns and villages within a district or between 
two neighboring districts. District roads are usually dual-lane roads but, in a few cases, can be 
built as limited-access dual carriageways in densely populated areas. County roads entrusted 
to the counties. Local roads are the responsibility of the municipality, parish or town. District 
roads are usually the responsibility of the respective rural district or urban district. Local roads 
are roads that are the responsibility of the municipality or of the town to build and/or maintain.

3.8	 Czech Republic

Road and rail infrastructure in the Czech Republic is well branched across the country, while the 
motorway network expands and develops. National road network of the Czech Republic under 
the road communications includes the following categories: highways, roads, local roads and 
special communications. Highways are marked with the letter “D”. In the Czech Republic there 
are six highways. The total length of highways is 738.40 km. The oldest and most important 
highway that connects is the D1 Brno and Prague. According to the purpose and importance 
of road transport in the Czech Republic is divided into: a) Class I roads – roads designed for 
long-distance and international transport and those involving the so-called fast road. Fast road 
used for quick interstate and international transport. Marked with the letter “R”, and the total 
length of them, is 439.10 km b) Class II roads – roads intended for transport between districts 
c) class III roads – roads that provide connections between individual towns or villages. Roads 
II and III grades are indicated by the letter “S”. Local roads are used for local transportation 
within the municipality. Highways and roads and grades (including highways) are state-owned, 
while the roads were second and third grade in the property of a particular region [14]. Local 
roads are owned by the municipality. Highways and roads and grades managed by the roads 
and highways of the Czech Republic (RSD). Roads and highways is an organization established 
by the Ministry of Transport and Communications. RSD is currently managed with 726.90 km of 
motorways and express roads 391.20 km. RSD operates highways and roads and grades, coope-
rating with state authorities, is responsible for the maintenance of roads under its jurisdiction 
including facilities, participates in the development of technical regulations and road maps.

4	 Conclusion

In most European countries different public organizations manage different road networks. 
State road authorities manage the state road network. State road network consists of corri-
dors that connect the national administrative, economic and cultural centers of the country. 
Usually the state roads run through several provinces. The county road authority manages 
the county road network. The roads of the county road network usually connect the admini-
strative, economic and cultural centers of the counties. It usually also connects and make 
use of some national roads. The local authorities are responsible for the local road network. 
This road network connects the administrative, economic and cultural centers in the county. 
Local roads usually run within the municipal borders. This method of roads classification in 
the state, county and local roads express the roads transport functions following the state 
constitution in European countries. Such strong vertical structuring is important in addressing 
the coordination of activities in the different layers and assures that all functions care of the 
widest interests of the population and the economy development.
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Long term performance of road markings on rural 
roads: guide–lines for maintenance management
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Abstract

A lot of data has been collected concerning road marking properties deterioration in order to 
develop performance prediction models for correct infrastructure management. In Italy, two 
types of road markings are mainly used, paint or thermoplastic, based on several components 
(thermoplastic binder systems, paint, epoxy, methyl-methacrylate, polyester, polyurea, wa-
terborne paint, modified urethane). Vehicle tyres are abrasive and remove paint and thermo-
plastic markings, but these have different service life, due to their different surface adhesion 
and skid resistance properties. In the last years, the budget for transport infrastructure has 
been heavily cut and this has led to a decrease in monitoring and maintenance activities. 
Thus, road markings have been left in place longer than scheduled. 
Monitoring of the long-term performance of horizontal markings began in 2008, on behalf of 
some Italian road authorities, with the aim of focusing on wearing course surface deteriorati-
on, carriageway perception and road marking visibility. The project initially included a limited 
number of sections but has been increased over time (there are now 36 sections). Collected 
data demonstrated that thermoplastic markings present some advantages in comparison with 
paint, although they are slightly more expensive. According to the results, guidelines were 
developed for maintenance management.

Keywords:	road markings, service life, maintenance, road management, retro-reflectivity

1	 Introduction

The study of the photometric characteristics of road markings is a delicate sector of road rese-
arch. This is because it involves the knowledge and expertise of different engineering sectors 
and produces results that often clash with economic and maintenance requirements. All the 
research developed so far, both in Italy and abroad, has recognized the importance of mar-
kings in lowering the accident rate and reducing fatalities [1][2]. An investment in the quality 
of road markings therefore produces economic benefits on safety and driving conditions both 
immediately and in the future [3]. 
On extraurban, non-motorway, roads a wide variety of applications and materials are used, 
with not always entirely satisfactory results. However, two predominate: liquid paints and 
thermoplastic materials, applied hot (180-200 °C). The paints, generally water-based, are 
low cost and have an average service life of between 6 and 18 months; thermoplastics have 
a higher overall cost (on average 3 or 4 times that of a paint) and a service life that, under 
the same stress conditions, varies between 2 and 4 years. The problem that has to be tackled 
is not that of just quality, which is now checked throughout the productive process, from 
production of the materials to the application on site, but rather that of performance. The 
visibility is a fundamental requirement on which savings cannot be made, because it must 
be constantly guaranteed over the entire route, 24 hours a day, every day of the year, and in 
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any environmental condition that does not preclude use of the road. If anything, the problem 
is how to translate the concept of visibility into measurable performances, whose values 
are linked both to the quality of the markings and quality of the result during the service 
life. A major step forward in this has been taken in recent years, since the transition began 
from prescriptive technical standards to performance technical standards. Today markings 
are defined by parameters, known as “performance characteristics”, specified in standard 
EN 1436 [4], to be measured directly on the applied markings with suitable instruments, at 
any time during the service life. These characteristics include: the Coefficient of Luminance in 
conditions of diffuse light, to represent daytime conditions; the Coefficient of Retro-reflected 
Luminance – for the nighttime; Skid Resistance – for the adhesion between tyre and road 
surface; the Luminance Factor of an emitting surface.
There are various studies in the literature that aim to determine the hierarchy of the factors 
that dominate the deterioration of the performances of road markings, with the objective of 
guiding the choices of inspection and maintenance times [5][6][7]. In general, they are limited 
by the simplification of the stresses due to traffic, climate or ageing of the materials. In these 
studies, simple models are extrapolated, in which no reference is made to the real effect on 
the performance of the transit of the individual tyre. Curves of deterioration of a general na-
ture are therefore constructed, which depend on variables of the type: aggregate, time since 
application, Annual Average Daily Traffic (AADT) [5]. Taking these considerations into account 
and the limitations due to the lack of transparency in the transmission of information by the 
road management authorities [8], the authors have developed a study that directs attention 
on the connection between the initial performances and those in proximity to the end of the 
declared service life. The main aim is to demonstrate that the most delicate moment in the 
failure of road markings on rural roads is not so much, or only, that linked to wear and tear, 
but rather that of the application and the first months of service [8]. 

2	 Methods

The performance measured in this study is the retro-reflection (RL). This is the light reflected 
by the markings in the direction of the driver, when they are illuminated by the vehicle he-
adlights. The study refers to dry markings; although the environmental characteristics at the 
time of measurement cannot be controlled, the moisture level of the air, by day and night, and 
the temperature could be monitored. The results obtained regard 36 sites, of varying lengths 
(for a total of 606,650 m). Each site is indicated by a geographical identifier, a work package 
number (W.P.), and a lot number (1-36, Fig. 1) to distinguish stretches of the same road with 
different markings.

Figure 1	 Work packages, speed (red) and measured markings distance (blue)
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The measurements were made directly on the road with a suitably equipped and calibrated 
vehicle, in the presence of constant traffic in both directions; the driving speed was constra-
ined by the conditions and therefore varied. It should be specified that most of the roads in 
this study are single carriageway with two lanes, one in each direction of travel (Fig. 2). The 
measurements of the retro-reflection of the central line were therefore interrupted when ve-
hicles travelling in the opposite direction to that of the test were met and crossed.

Figure 2	 Road layout example and survey system

The results refer to the lines along the edge of the carriageway. All measurements were made 
in twice: within the first 3 weeks after the application (T=0) and within the first 6 months 
(T=6). During the project it was possible to follow the evolution of the damage to the pave-
ment and markings for 3 consecutive years in 12 sites [8]. 
The retro-reflection characteristics were acquired with a widely-used portable instrument: the 
Zehntner TI® ZDR 6020 Dynamic Retro-reflectometer (ZDR, Fig. 2). The device is equipped with 
a rigid support for installation on a vehicle, on the right or left hand side; a measuring box, 
equipped with sensors for measuring the photometric characteristics; an odometer connec-
ted to a wheel, which calculates the driving speed and distance travelled; moisture and tem-
perature sensors [9]. The rotation of the odometer is continuously controlled while travelling, 
thus, if the vehicle is stationary or too slow, acquisition of the RL values is interrupted. The 
system measures the performances on 16 sensors; unsatisfactory values are indicated and 
eliminated: the points in which there is no marking and those where it is worn to the point 
that it offers values comparable to the road pavement. The surveyed points are spaced in 
order to take a value of the performance every 5 metres and an average value every 50 m, for 
which the GPS reference, air temperature and moisture content, average speed of the vehicle 
are known and a photo is taken from the vehicle dashboard.

3	 Materials

The choice of investigated sites was made taking into account the available finances and 
prompt notification of the application: all sites for which the application date is not known 
have been excluded. The lack of a control on the materials used should also be taken into 
account, because this is not included in the inspection procedures of the markings; the pa-
ints are distinguished from the thermoplastics on the basis of a simple check of the retro-
reflection values. From the results obtained and the direct surveys 14 sites can be identified 
where a thermoplastic product was used (5-9-12-15-19-20-21-22-23-25-26-29-34-36) and 22 
sites where paint was applied.
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4	 Results 

In agreement with previous studies [5, 10], it was decided to utilize an instrument mounted on 
a vehicle, because this allows measurements to be taken without the need to close the road 
to traffic [11, 12]. The data, both punctual and the averages extracted from the elaboration, are 
reported on diagrams of the performances, with the varying of the distance travelled indicated 
by the odometer (Fig. 3, No. 34). In these diagrams it is possible to note most of the problems 
linked to the survey and performance. In the example reported in Fig. 3, it can be observed 
that the performance measured a few days after the application (site 34) is extremely variable 
in both directions of travel and that it is possible to find even long stretches of unsatisfactory 
markings, as occurs on the right hand line between kilometres 7+450 and 9+300. This varia-
bility, which was found on the majority of investigated sites, justifies the decision to represent 
the performance with the statistics calculated on a 50 metres basis.

Figure 3	 Retro reflection values. Stored measurements and mobile average

Fig. 4 reports the results obtained from the tests conducted in the first weeks of opening to 
traffic (T=0), together with the limits proposed by the classification in the standard (EN 1436). 
The first significant result regards the existence of values below the acceptance limits for new 
applications (100 mcd m-2 lux-1). Although the average value of the performance is always 
above the limits (dashed line), the values are always above the minimum threshold on the 
entire lot only in 7 cases (nos: 1-2-4-11-12-27-28). Moreover, numerous points were observed 
with excellent values, above 300 mcd m-2 lux-1, in class R5. Of these, only one was applied with 
paint (no: 32) and seven with thermoplastic material (nos: 12-15-19-20-21-22-23).

Figure 4	 Retro reflection values. Statistics of all work packages (T=0)
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Another important result occurs in the other sites where thermoplastic was applied (nos. 
5-9-25-26-29-34-36): although there are stretches of excellent markings, in class R5, the ave-
rage of the values of the initial performance is intermediate between classes R2 and R4. In 
site no. 5, the thermoplastic guarantees performances slightly above the threshold limit for 
acceptance, in class R1-2, i.e. below most of the paints (Fig. 4). The distributions of the retro-
reflection values are not Gaussian and, for this reason, the indexes of dispersion, like the 
variance, lose statistical consistency. Despite this, if the intervals defined by the standard 
deviation around the average value are represented, it is possible to quantify the magnitude 
of the initial deficiency of the markings with greater detail. The sites with greatest problems 
have thermoplastic material applied (25-34 and 36): on average, more than 10% of the points 
surveyed are not acceptable.

Figure 5	 Retro reflection values. Statistics of performance failure (T=6) 

For the surveys conducted within the first 6 months a premise should be made: the scarcity 
of robust and homogeneous information on traffic volumes and environmental conditions 
does not allow any speculation on the models of deterioration identified in the literature. The 
results of the elaborations demonstrate a general reduction of the performances, especially 
of the maximum values. Contemporarily, the number of not acceptable sections has dimi-
nished (nos. 16-17-29-30). Figure 5, while it represents the summary values of the statistics 
calculated on the surveys, shows that it is not simple to make a prediction that fits all the 
situations. There are anomalous values, both positive and negative. The distributions of the 
values are not symmetrical, or Gaussian, and the best results are again those offered by the 
thermoplastic materials. It is worth highlighting that the worst sites do not, in general, suffer 
an appreciable deterioration and the values of retro-reflection appear to be stable, if not 
actually improved (no.5). This is not surprising as the presence of walls, ditches, intersections 
and private accesses greatly affects the markings and cleanliness of the road surface and 
markings. Where unacceptable points were found after the application (T=0) on not negli-
gible stretches, the situation has worsened (Fig. 4, points 13-14-15-19-20-21-24-25-26-31-33-
35-36). Intersecting the data of the two distributions (T=0 and T=6), it appears obvious that 
the comparison between the two sets of values can only be made in average terms (Fig. 6). 
In this context, the first clear result regards the average level of the performances, which is 
worse than expected. The majority of thermoplastic materials applied allow medium-high 
performances to be obtained, in class R4 and R5, while the worst sites are nos. 5-25-29-36. 
The sites with the most obvious deterioration are applied with thermoplastic material (9 and 
12). As regards the paints, the trend at 6 months after the application is not uniform: there 
are sites that improve (nos.1-3-7) and sites with deterioration of the performances (nos. 2-6-
11-13-18). Despite the fact that a paint was applied in site 32 an excellent result was observed, 
as the values of the performance remain in class R5.
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Figure 6	 Retro reflection average values. Photometric performance falloff

5	 Conclusions 

This paper presents a detailed analysis of the performances offered by road markings, applied 
on roads in a prevalently extraurban context. In particular the phenomenon of deterioration 
of the retro-reflection has been investigated, immediately after the application and within 6 
months. The sites have road markings applied with thermoplastic materials and liquid paints. 
The results obtained demonstrate that the modelling of deterioration curves based on the 
service life is not significant, because it does not take into account the numerous concomitant 
factors that are not considered at this level. Modelling with laws of the linear type does not 
allow the maintenance times adopted as standard practice to be confirmed: in the case of 
paints, a service life of 6-12 months is somewhat underestimated; while for the thermoplastic 
materials, a careful analysis is suggested at the inspection stage and the relationship does 
not adhere to a linear-type model. While highlighting localized anomalies, it appears clear 
that maintenance linked to performance characteristics should be tackled in terms of lot and 
with acceptance thresholds established on adequate distances. In this context it has been 
demonstrated that the material used, even if costly or of high quality, is not necessarily a 
sufficient condition to obtain high final performances and on the whole lot. While the paints 
offer discrete and stable performances, at least in the first months, the thermoplastic ma-
terials result as being rather delicate and variable. This suggests not only greater attention 
at the inspection stage but also more frequent checks, in particular where the results of the 
inspection fall short of the material used. 
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Abstract

The era of intensive construction of new roads is behind us, and now road agencies are 
focused on maintaining and preserving existing pavement surfaces. As they are faced with 
limited funds for maintenance, it is important to best utilize resources by selecting the best 
maintenance strategy. Selection of an appropriate maintenance strategy is a complex task 
which includes factors such as current condition of the pavement, road classification, traffic 
volume and type of pavement distress. These factors can be automated and implemented in 
pavement management systems to achieve a standardised approach to road pavement asse-
ssment and management. One of the key components of pavement management systems 
are pavement performance prediction models, which simulate the pavement deterioration 
process and forecast its condition over time. One such model is the artificial neural network.
This paper analyzes the possibility of using artificial neural networks in pavement manage-
ment systems to evaluate existing pavement condition, and its possible application for de-
fining the maintenance strategy of state roads. A backpropagation algorithm was applied on 
481.3 km of state roads in Osijek-Baranja County, which represents 7% of total length of the 
national road network in Croatia. The obtained results indicated that artificial neural networks 
can be used for optimization of maintenance or rehabilitation strategies, and for assessment 
of pavement condition at the project and network level. 

Keywords:	artificial neural network, pavement management system, backpropagation 
algorithm, pavement maintenance

1	 Introduction

Every pavement no matter how well designed and/or constructed will deteriorate over time 
[1]. Pavement deterioration is influenced by the traffic load, climate conditions, quality of con-
struction, layer thicknesses and quality of previous maintenance and rehabilitation activities. 
In general, it can be said that the rate of pavement degradation increases proportionately with 
the intensity of its use and age. Appropriate maintenance or rehabilitation activities, if applied 
in timely manner, can slow down or reset degradation processes. Over the past twenty years, it 
has been observed that the existing, classical experience in road maintenance is insufficient, 
and new methods of data collection and processing are being introduced in the pavement ma-
nagement system. Through accelerated development of information technology and artificial 
intelligence, unlimited opportunities are opening for their implementation in the pavement 
management system. A neural network is a form of artificial intelligence that is applied in pave-
ment management systems as pavement behaviour prediction and maintenance optimisation 
models. This paper analyses the possibilities of using artificial neural networks to evaluate 
existing pavement condition, and to define the optimal pavement maintenance strategy.

28–30 April 2014, Split, Croatia
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2	 Artificial neural network (ANN)

A neural network is an interconnected assembly of simple processing elements, units or 
nodes, whose functionality is based on neuron function in living creatures. The processing 
ability of the network is stored in the interunit connection strengths, or weights, obtained by 
a process of adaptation to, or learning from, a set of training patterns [2]. 

2.1	 Processing information in the neural network

Processing information in the neural network is carried out in units called neurons (Fig. 1). Arti-
ficial neurons have multiple entry points from which they receive information, input values, xi. 
Each input value is multiplied by the assigned weight, wi. The sum of all the weighted values, 
xi*wi represents the internal activation of the neuron, I. The transfer function f(I), applied to 
this sum, changes the sum of the inputs into the output value, y [3].

Figure 1	 An artificial neuron

Neurons are connected in the network in the way that the output of each neuron represents 
the input into one or more other neurons. In the artificial neural network, neurons are organi-
sed in groups or layers in which the information is processed.
One of the most commonly applied neural networks, which found its place in the framework 
of the pavement management system, is the ‘backpropagation’ network. The functioning of 
the neural network that uses the backpropagation algorithm is described below.

2.2	 Backpropagation neural network

The structure of the neural network consists of two external layers (input and output) and one 
or more hidden layers (Fig. 2). The network receives data by neurons in the input layer and 
the result of the network is given by neurons on an output layer. The hidden layers examine 
the interdependencies in the model and process the information of neurons, which are then 
forwarded to the neurons of the output layer.
The neural network is defined through two phases, the learning or training phase, and the 
testing phase. Prior to learning, it is necessary to define the input and output variables, and 
to collect data on which the backpropagation algorithm will be applied.
The backpropagation algorithm uses supervised learning, which means that we provide the 
algorithm with examples of the inputs and outputs we want the network to compute, and 
then the error (difference between actual and expected results) is calculated. The idea of the 
backpropagation algorithm is to reduce this error until the artificial neural network learns the 
training data. The training begins with random weights, and the goal is to adjust them so that 
the error will be minimal. In backpropagation, the scaling of local error and the increase or 
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decrease of weight is calculated backwards for each layer, beginning from the layer directly 
under the output layer, back to the first hidden layer, and the weights are then adjusted [3]. 
The described learning process is repeated in multiple iterations, and new weights and new 
errors are calculated in each iteration.

Figure 2	 Structure of the backpropagation network in the learning phase

In the testing phase, the weights are fixed to the values obtained as a result of the learning 
phase. The network represents new input data that have not participated in the learning 
process. The output from the network is compared with the desired output to calculate error. 
Depending on the size of calculated error an assessment is given regarding the possible 
application of the neural network.

3	 Application of ANN within PMS

As part of the pavement management system (PMS), the neural network is applicable for the 
purpose of assessing pavement condition, and selecting optimum pavement maintenance 
strategy. In this paper, pavement condition is determined with the application of the general 
performance indicator (GPI) as defined by the COST project 354 [4]. The maintenance strategy 
(MS) is defined depending on the type of required pavement rehabilitation in order to incre-
asing pavement bearing capacity as well as driving comfort and safety [5].
The neural network input database includes data on field measurements of various types of 
pavement distresses (longitudinal evenness, rut depth, texture depth, surface cracks and 
patches). Measurements were conducted on the network of state roads in Osijek-Baranja 
County, over a total length of 481.3 km [5]. 
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3.1	 Preparation of the database

The road database consists of three bases, whose mutual relations are shown in Figure 3. The 
initial calculation database (ICD) is intended to unite the input data on the current pavement 
condition. The collected data are divided into segments of 1 km length, forming a database 
with a total of 471 samples. In this base, the mean values of input parameters were calcula-
ted, and the procedure to calculate the general performance indicator was carried out. The 
strategy determination database (SDD) contains the implemented initial calculation databa-
se, in such a way that the decision on the selection of individual strategies is based on the 
assessment of the technical parameters on the basis of the adopted criteria.
The neural network input database (NNID) consists of sets of input data (data from the initial 
calculation database tied to the technical parameters that describe pavement condition) and 
the set of output data (general performance indicator from the initial calculation database 
and maintenance strategy from the strategy determination database).

Figure 3	 Schematic overview of databases 

3.2	 Learning and testing in the neural network

Neural network database is reduced by a random selection of 10% of samples that are used to 
evaluate the output results, i.e. a total of 421 samples were presented to the neural network. 
The data from the reduced neural network database were divided into two groups: a series of 
data in which the neural network conducts learning on 80% of the randomly selected data, 
while the remaining 20% form the control group on which network testing is performed. The 
configuration of the selected neural networks is shown in Figure 4. A neural network with 
backpropagation algorithm was applied in the software package NeuroShell2.0 [6]. 
The inputs and outputs of the neural network are connected by two hidden layers. The input 
layer (slab 1) contains five neurons, each of which represents one input parameter. In the first 
hidden layer, there are two elements (slab 2 and slab 3) with eight neurons each, while the 
second hidden layer contains slab 4, which also has eight neurons. The output layer (slab 
5) contains two neurons, which corresponds to the number of output data. Each of the input 
data are connected to each of the total 24 neurons in both hidden layers, and all neurons of 
the output layer are connected to the final output data of the neural network.
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Figure 4	 Schematic overview of the applied neural network 

The function that results in the transfer of processed data for slabs 2 and 4 is a Gauss func-
tion, for slab 3 this is the tangent-hyperbolic function, while for the output layer this is a 
logical function. For all input data, a weight of 0.3 was assigned. After the learning phase, 
the neural network was subjected to testing. The results of statistical analysis of output data 
are shown in Table 1.

Table 1 	  Results of statistical analysis

Statistical comparison criteria Pavement maintenance 
strategy (MS)

General Performance 
Indicator (GPI)

Coefficient of determination 0.9547 0.9678
Mean square of error 0.023 0.031
Mean absolute error 0.099 0.066
Lowest absolute error 0 0
Highest absolute error 0.900 1.759
Coefficient of correlation 0.9796 0.9851

On the basis of the obtained results, it is evident that there is a high coefficient of correlation 
between the results obtained in the calculation of the neural network and the known outputs.

3.3	 Assessment of output results

After learning and testing of the network, a new dataset was applied (the 47 remaining sam-
ples). Only the input data, i.e. the calculated values of the technical parameters (IRI, rutting, 
texture, cracks and patches) were presented to the neural network. On the basis of previous 
‘experience’, the network assessed the value of the general performance indicator and selec-
ted the management strategy. Figures 5 and 6 show the relationships between the assessed 
output results calculated by the neural network and the known output results.
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Figure 5	 Selected maintenance strategies

The comparison of the actual selected maintenance strategies and strategies proposed by 
the neural network showed that the neural network incorrectly assessed the type of strategy 
on two samples, i.e. that the percentage success rate of assessment by the neural network 
was 95%.

Figure 6	 Calculated general performance indicator

A comparison of the assessed value of the general performance indicator with the real values 
ascertained that the neural network did not determine an accurate value of the GPI on six 
samples, and that its accuracy rate was 87%.

4	 Conclusions

The primary tasks of the pavement management system are pavement distress data collecti-
on, assessment of pavement condition through an analysis of collected data, and selection 
of the most optimal maintenance strategy. This paper examines the possibilities of using 
artificial neural networks in determining the general performance indicator and selecting the 
appropriate pavement management strategy.
A neural network with backpropagation algorithm was selected as part of the software pac-
kage NeuroShell2.0. The neural network was applied to a group of data obtained in the mea-
surement of different pavement distresses in the state road network in Osijek-Baranja County. 
Statistical analysis of the output results confirmed a high coefficient of determination and 
correlation between the actual data and the data assessed by the neural network. In 95% of 
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cases, the neural network correctly determined the maintenance strategy, while the percen-
tage of forecasting accurate values of the general performance indicator was 87%. 
From the above analysis, it can be concluded that the considered neural network is appro-
priate for the classification of data on pavement condition for the purpose of determining 
the general performance indicator and optimal maintenance strategy. Its implementation in 
pavement management system provides a high quality tool that should facilitate decision-
making in selecting maintenance procedures and rehabilitation of pavement for individual 
sections, sub-segments or segments of the state road network in the Republic of Croatia.
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Abstract

Capacity of signalized intersections relies on two basic parameters; allocated green time 
and saturation flow rate. Green time proportion depends on traffic demand, lane and phase 
configurations. Saturation flow rate is directly related to the roadway’s environmental features 
and user’s behavioural characteristics which significantly differ between locations. Although 
Highway Capacity Manual provides general guide for the estimation of saturation flow rate, its 
recommendations regarding particular values of design parameters, such as base saturation 
flow and capacity adjustment factors may not be universally applicable. On the other hand, 
there are a large number of methodologies for the field measurement of saturation headways. 
It is very important to conclude if the results of these methods are significantly different com-
pared to the nature of the formatted queue. The present study was conducted to determine 
saturation flow rate for through traffic at a signalized junction in Thessaloniki. The analyses 
were based on two methodologies for the field measurements. Subsequently, the results of 
these methodologies compared to each other and to the estimated value of the saturation 
flow rate provided by the HCM with the use of suggested default values. The research’s out-
puts are very important to draw conclusions for the adequate field methodology, depending 
on traffic conditions. Furthermore, it will reveal the differences between measured values of 
saturation flow rate and estimated values though the HCM. The outputs can be used in order 
to formulate a guide for the use of typical saturation flow rate values and therefore, capacity 
typical values applied to Greek urban traffic.

Keywords:	saturation flow rate, capacity, signalized junctions, field measurements,  
Highway Capacity Manual

1	 Introduction

The design and the operation of signalized junctions are based on their capacity, which ma-
inly relies on the saturation flow rate in ideal conditions and a number of adjustment factors to 
describe prevailing geometric and traffic conditions [1]. The Highway Capacity Manual [2], Ca-
nadian Capacity Guide [3], and the Australian Road Research Board [4] provide guidelines for 
estimating the capacity of a signalized intersection. Although all the above manuals specify 
values for adjustment factors, researchers have observed significant fluctuations between 
these saturation flow rates and the values that derived from field measurements, because of 
the variations in driver’s behavioural and in the roadway characteristics [1], [5].
Therefore, field measurements are thought to be the most representative method for calcu-
lating saturation flow. A great number of methodologies have been developed to measure 
saturation flow [6], [7], [8], [9] with headways method being the most commonly used. Satu-
ration headways are typically estimated from the elapsed time between the 4th and the 10th 
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to 12th vehicles in a queue, under the assumptions (1) that there is not significant differences 
between short and long queues and (2) that the average headway from the first 4 to 12 ve-
hicles is representative for long queues [10].
This study is based on measurements at a through-movement lane in a main arterial street 
in Thessaloniki. For the field measurements of saturation headways two methods were used. 
The first method (M1) includes headways between the 4th and the 12th vehicle in the standing 
queue, while the second one (M2) entails measurements of all the vehicles in the standing 
queue. M2 is the method suggested by the HCM and gives a more extensive picture of the 
queue discharge process [2].
The results of the two methods are being analysed to conclude if the headways derived from 
them are significantly different and if there is a specific method that should be used depen-
ding on the size of the queue. Subsequently, the current research is directed to the estimation 
of the saturation flow rate through the use of HCM’s estimation method. This comparison 
leads to important outputs on whether the use of values suggested by HCM lead to realistic 
solutions when intersection operations are examined. 

2	 Literature review 

According to Greenshields and his partners [7] the average saturation headway of all the 
through-moving vehicles after the 5th in the queue is 2,1 sec. Later on, in 1956, Bartle and his 
partners [11], following a similar process applied in the whole access, found that the average 
headway varied between 0,93 sec and 1,63 sec, with significant differences between different 
accesses. In 1970, Assmus [12] determined the average headway as the time between the 3rd 
and the last vehicle in the queue and in 1971, Carstens [13], proved that the 1st vehicles enters 
the junction 2,6 sec after the green time starts, the 2nd, 3rd and 4th vehicles have an average 
headway of 2,5 sec, 2,5 sec and 2,3 sec and all the following vehicles 2,3 sec. In 1976, King and 
Wilkinson [14] proved a decrease in the headways as the vehicle’s place in queue increased 
and that the headway was stabilized from the 5th vehicle at 2,2 sec.
Later on, Branston and Van Zuylen [9] through linear regression resulted in the value of 
1.750 pc/h/ln. In 1978, Kunzman [15], using almost the same methodology with Carstens, 
found out that in short queues saturation flow rate was 1.494 pc/h/through lane and in taller 
ones 1.726 pc/h/through lane. According to HCM 2000 and 2010 [2], the starting point for esti-
mating saturation headway is the 5th vehicle in a standing queue. The headway is estimated 
by averaging the headways from the fifth to the last vehicle. Teply and Jones [16] indicated that 
the American, Canadian and Australian manuals have similar definition and measurement 
methods for saturation headway. 
This is the crucial point in time when research is directed to a different approach. Typically, the 
discharge headway is considered to be stabilized after the 4th vehicle in the queue. Consequ-
ently, all traditional models provide the average saturation headway and flow rate. However, 
the uncertainty that characterises driving behaviour, prompts researchers to search for more 
representative tools such as micro simulation models. Generally, recent studies emphasize 
on the stochastic nature of discharge headways. Therefore, many models have been propo-
sed, describing the distribution of the phenomenon. Niittymaki and Pursula [17] used both 
the HCM and simulation to update Finland’s basic saturation flow values. They resulted in 
a value of 1.940 pc/h/through-lane. Jin and his partners [18] proposed a model of normal-
logarithmic distribution, which depends on vehicles place in the queue. Queue length may 
affect saturation flow because the discharge headway may decrease in a long green phase. 
The fact implies that saturation headways of long queues may be lower of those estimated 
from the first 12 vehicles [10]. 
All past research proves that there is a wide range of deviation between measurements of 
saturation flow and suggested values of the HCM in different locations. Apart from these 
fluctuations, a number of studies prove that different measurement methods may lead to 
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different results of saturation headways. Therefore, the nature of queue and the stochastic 
nature of the discharge process should be deeply comprehensible in order to use the most 
adequate technique.

3	 Methodology

Figure 1	 Research methodology

The flow of tasks for the present research is represented in detail in Figure 1. Research inclu-
des 3 basic layers; data collection and processing, formulation of the most significant con-
cerns of the study and statistical analyses, tests and answers in the last phase of the work.

3.1	 Intersection description

Data was collected in the signalized junction of Karamanli Avenue with 25th of March, where 
the researchers measure headways on a through lane of the approach of Karamanli Av. It is a 
main arterial street, where the approach has lane width equal to 3,5 m, illegal parking, almost 
zero grade, a bus stop into the distance of 75 m from the signal and a left-turn lane.

3.2	 Data Collection and Survey Method

The data were collected with a hand held camera during morning and evening peak hours. 
The study was designed to be consistent with HCM data collection method. Every vehicle 
was considered discharged when its rear axle passed the stop line. The recording of the time 
points of the discharges attained through a software for processing videotapes with a chro-
nometer with precision of 1/100 second. All the data from the videotapes were collected from 
one researcher to minimize biases due to different perceptions. 
In every circle of the signal the measurement started when the first vehicle passed 
the stop line. Vehicle’s discharge time was split in every 4th vehicle of the queue (e.g. 
the elapsed time for the 4th, 8th, 12th etc.). In this way apart from being consistent with 
the HCM method, the research managed to reduce measurement errors. The measure-
ment stopped when the rear axle of the last vehicle in the queue passed the stop line. 

3.3	 Calculation of headways

Individual headways were calculated through the relationship below:

		  (1)H T Ti i i= − −4 4/
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where:

i	 queue position, i = 4, 8, 12…; 
Hi 	 average headway from (i-3) to (i) vehicles;
Ti	 time recorded when the rear axle of vehicle (i) passed the stopline.
 
The saturation headway (h) is then the average headway beyond the first four vehicles:

	  	 (2)

where:

N	 last vehicle in a queue, N = 8, 12...etc.

Saturation flow rate (s) is computed through the relationship:

	  	 (3)

4	 Saturation headways

In order to reach the objectives of the present study a number of statistical comparisons 
were made. Table 1 shows the number of observations for headways and the number of ob-
servations for queues length expressed with the number of vehicles in the queue for each 
measuring method.

Table 1 	  Number of observations for headways and type of queues

Headways M1 M2 Queue M1 M2

H4 132 132 Q≤12 132 10

H8 132 132 12<Q≤20 - 114

H12 132 132 Q>20 - 8

H16 - 122 - - -

H20 - 60 - - -

H24 - 8 - - -

Firstly, the average saturation headways (h) are computed for methods M1 and M2, regardless 
of the queue size. The value of M3 is estimated from HCM 2000. Subsequently, saturation 
flow rates (s) were derived through Equation 3. Two-way t-test between the h estimations for 
M1 and M2, regardless the type of queue, showed that they are not significantly different in 
a significance level of 95%. On the other hand, the estimated value of the method M3 differs 
significantly from field measurement methods (Table 2).

Table 2 	  Basic data analysis

Method h [s] Std. dev. [s] Observations S [pc/h/ln]

M1 2,0794 0,20676 132 1731

M2 2,0895 0,20588 132 1722

M3 2.3245 - - 1549

h T T NN= − −4 4/

s h=3600/
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The results of the application of methods M1 and M2, depending on queue’s size are pre-
sented in Table 3. In both methods long queues present significant differences in headways 
than short ones. Furthermore, the differences between M1 and M2 increase as the length 
of queue increases. Contrary to Bonneson [19] and Li & Prevedouros [10], study queue size 
appears to be a strong measure of pressure to the headways, a fact that is directly correlated 
to Greek driver’s behaviour.

Table 3 	  Basic data analysis

Queue M1’s h[s] M2’s [s]

short 2,095 2,095

medium 2,078 2,091

long 2,075 1,941

The means and standard deviations of headways in method M2 are displayed in Figure 2 
which shows that the minimum headway is reached between the 5th and the 8th vehicle, as 
the HCM implies. The difference from HCM is that from that point on headways don’t obtain 
a stable value. Figure 3 proves that, contrary to the HCM, after the 7th vehicle the fluctuations 
of headways are large and become larger after the 20th vehicle. Therefore, headways don’t 
reach a stable value and the diagram cannot be smoothed to fit in HCM. In long queues driv-
ing behaviour seems to be so unpredictable that headways cannot be simulated according 
HCM suggestions. The similarities in driving behaviour between Greek and American drivers 
are obvious.

 

Figure 2	 Means and std. dev. of headways in method M2

Figure 3	 Analytical diagram of the saturation headways

According to Figure 4, the saturation flow rate obtains a first peak between the 5th and the 12th 
vehicle in the queue. Afterwards, its value reduces progressively and obtains its minimum 
value between the 12th and 16th vehicle. After this point, it starts increasing once again.
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Figure 4	 Saturation flow rate in method M2 and M3 (HCM)

5	 Headway elongation/compression

The investigation of the potential elongation or compression derives through the examination 
of headways after the 12th vehicle. The results of t-tests show that the observed last headway 
is significantly different from the preceding average when the last headway refers to the 16th 
vehicle of the queue and also to the 24th one. In the first case the headway appears to be 
much higher than the average headway of the previous vehicles and in the second one the 
headway is smaller than that of the preceding vehicles. The traffic analysis of this approach 
is inconsistent with the HCM, in which it is essentially assumed that the saturation headway 
remains stable until the end of a standing queue. All these elements lead to the conclusions 
that when the standing vehicles are 13 to 16 drivers don’t feel so much pressure to pass thro-
ugh the junction resulting in elongated headways. On the other hand, the last four drivers of 
a long queue (>20 vehicles) compress their headways to take advantage of the expiring green.

6	 Conclusions

The results of the present study derived from a detailed analysis of headways on short, medi-
um and long queues with heavy random arrivals at a busy approach of one of Thessaloniki’s 
main central arterial roads and are outlined below. 
·· Saturation flow rate values deriving from HCM are significantly lower from the saturation 
flow rate calculated from field measurements, by methods M1 and M2 The differences in 
driving behaviour and in roadway’s environment between Greece and USA are undeniable.

··  Contrary to the HCM, even though saturation headway reaches its minimum value between 
the fifth and 12th vehicles, it does not obtain a stable value from that point on. 

·· In long queues both methods M1 and M2 provide smaller values of saturation headways 
than in short queues. Queue size appears to be a strong measure of pressure to the he-
adways, a fact that is directly correlated to Greek driver’s behaviour.

·· Long queues present significantly different results with the use of the two methods M1 and 
M2. Further research must be carried out to conclude which of these methods is the most 
appropriate.

·· In short queues drivers don’t feel so much pressure to pass through the junction resulting 
in elongated headways. On the other hand, in long queues drivers compress their headways 
to take advantage of the expiring green.

 
All these conclusions lead the present research to suggest field measurements for saturation 
headways in Greece and additionally, different treatment between short and long queues 
through different methodologies of measurements. Future endeavours on this subject include 
the enrichment of the databases with data both in measurements in the same junction and 
in other intersection approaches, which will reduce potential local effects from this single 
approach analysis.
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Comparative studies regarding traffic flow 
improvement scenarios using software 
modelling and real measured data
Nicolae Ciont, Mihai Iliescu, Rodica Dorina Cadar
Technical University of Cluj Napoca, Department of Infrastructure, Romania

Abstract

The purpose of this paper is to study and evaluate the effects of different road network chan-
ges on traffic conditions, based on measured stream characteristics and computer-based 
modelling. The studied perimeter is situated at the Western edge of the city of Cluj Napoca, 
Romania, on the borderline between urban and suburban areas. At the moment, the European 
E60 road is the only functional road link which connects the city to the Western suburb of 
Florești. Population increase and suburban expansion led to high traffic volumes, especially 
during the morning and afternoon commuting peak hours. As traffic is expected to further 
increase in the future, we conducted this comparative study to see which solution would have 
the best impact on traffic conditions in the studied area.
The traffic data we used was collected by a high-speed weigh-in-motion system, installed on 
the studied E60 road link. We used this real measured data to make a 15-years traffic forecast, 
based on Romanian regulations. After observing that road capacity has already started to be 
exceeded during peak hours, we studied two possible traffic flow improvement scenarios. In 
order to obtain a better look on the impact of the proposed measures, we studied a broader 
area, including parts of the adjacent neighbourhoods. The computer-based transport mo-
delling and traffic assignment was done using Citilabs’ Cube Voyager software. After setting 
up the road network and modelling the existing situation, we evaluated the impact of each 
scenario on the traffic volumes, route assignments and travel times. Results show the diffe-
rences between the existing traffic conditions and the proposed possible future scenarios, 
which could be adopted to improve the level of service of the streets in the studied area. In 
the end, we reached a conclusion regarding the recommended solution.

Keywords: peak hours, weigh-in-motion, transport modelling, volume, travel time

1	 Introduction

The development and evolution of human settlements have always been closely linked to the 
existence of a line of communication between them. As technology and transportation evolved, 
especially in the latest centuries, we have witnessed a rapidly changing and developing world 
[1]. Growth management and traffic congestion are relatively new, but difficult issues [2]. In the 
situation we approached, these are actually the main problems which this study aims to provide 
a solution for. The studied area is located in Romania, at the Western edge of the city of Cluj Na-
poca. The expansion and the rapidly increasing population of the Florești suburban area should 
have been backed up by sustainable urban development plans, traffic engineering measures 
and an efficient policy regarding public transportation [3]. The lack of these measures led to 
traffic congestion and increasing travel times. As traffic volume is expected to increase during 
the next years, we considered two possible solutions to improve traffic stream characteristics.



Road Traffic Planning and Modelling230
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

2	 Traffic data

2.1	 Location and traffic monitoring system

The studied perimeter, shown in Fig. 1, is situated at the Western edge of the city of Cluj 
Napoca, Romania. This city is a major cultural, industrial, academic and business centre in 
Romania. According to the 2011 population and housing census [4], around 325,000 people 
live in the city. The European E60 road (National road DN1) is the main road which connects 
it to the Hungarian border to the West, as well as to Central and Southern Romania. In the 
analysed section, the road has four lanes and an East-West layout.
 

Figure 1	 Study location

Approximately 4 km West of Cluj Napoca lies the suburban city of Florești. According to the 
2011 census [4] and to Toșa et al. [3], the population of this settlement has known an increase 
of about 260% since 2007, from 8,600 to almost 23,000 inhabitants. This spectacular evolu-
tion led to the constant increase of traffic volumes on the only functional road link between 
the two cities, especially during the weekdays morning and afternoon commuting peak hours.
Since April 2013, a high speed weigh-in-motion (WIM) system installed on the E60 road link 
(Fig. 1) has been functional. The system we installed has a piezo-loop-piezo configuration. Not 
only does it count and classify the passing vehicles, but it also uses piezo-electric sensors 
to weigh them [5].

2.2	 Traffic stream parameters

All collected data was classified according to the direction of travel: Eastbound and Westbo-
und. We extracted the traffic volumes from the WIM data and divided them into five vehicle 
categories, based on the Romanian standard for vehicles equivalation [6] and our knowledge 
of local traffic characteristics. We converted each of the five vehicle categories we considered 
into Passenger Car Equivalents (PCE), using the conversion factors provided by the Romanian 
standards for vehicles equivalation [6] (Table 1) and highway capacity evaluation [7]. As we 
also want to study traffic evolution over the next 15 years, we extracted the evolution coeffi-
cients provided by Romanian norms [8] (Table 1).
The current and estimated average weekday traffic [2] we obtained from the WIM data for the 
E60 link that we studied are shown in Fig. 2. We selected the 7.00–9.00 hrs and 17.00–19.00 
hrs as peak intervals for traffic heading East and West, respectively.
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Table 1 	  Vehicles data

# Vehicles PCE conversion factor Evolution coeff. (2014 – 2029)
1 motorcycles 0.50 0.64
2 automobiles 1.00 2.22
3 light commercial vehicles 1.20 2.10
4 other light vehicles 3.00 1.75
5 large goods vehicles (LGV), buses, coaches 3.50 1.95

Figure 2	 Average weekday traffic

3	 Traffic assignment

The modelling and analysis of the road transport system that we studied was done using 
Citilabs’ Cube Voyager software. The computer–based transportation forecasting we carried 
out was based on the following main steps:
·· setting up the existing road network;
·· establishing the position of the origin and destination zones and connecting them to the 
network;

·· building the trip matrices for the morning and afternoon peak hours;
·· building the traffic assignment models for the existing situation;
·· adjusting the model inputs so the results match the WIM measured average traffic volumes;
·· setting up network improvement scenarios and forecasting their impact on the traffic volu-
mes and route assignments.

3.1	 Network model, path building parameters and existing situation

The first step of the traffic assignment process was generating the Cube Voyager network 
file, shown in Fig. 3. We focused on building a traffic simulation model with macroscopic 
characteristics, modelling only the main road links and considering five origin–destination 
zones (1-4, 11) to the West and six (5-10) to the East. The main link between the two areas is 
represented by the E60 road, where the WIM system is installed. The road network model was 
also detailed with turn penalties and signalised intersections data, including traffic signals 
phases, cycle times and delays.
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Figure 3	 Model of the existing road network

We chose time as the cost of travelling on a certain path between two zones. We prepared 
the morning and afternoon trip matrices using data provided by traffic surveillance cameras, 
knowledge of local travel characteristics, data provided by Toșa et al. [3] and WIM data. One of 
the most popular optimisation algorithms to obtain network equilibrium and minimum–cost 
traffic paths, based on the Wardrop equilibrium principles [9], is the iterative Frank–Wolfe 
algorithm [10]. The general volume–delay function used to evaluate the travel time on a link 
is expressed by Eq. (1):

	  	 (1)

where:

t(V)	 average link travel time;
t0	 free–flow link travel time;
V	 traffic volume;
C	 link capacity;
α	 exponent.

Although the formula expressed by Eq. (1) is widely used, according to Spiess [11] it has a few 
disadvantages, especially in the case of roads with higher capacity, when α increases. The-
refore, we chose to use the conical function proposed by Spiess [11] and described by Eq. (2):

	  	 (2)

with the same symbols as in Eq. (1). We adopted α=8 for four-lane roads and α=4 for one 
and two-lane roads.

3.2	 Scenarios

After building the traffic assignment models and adjusting the model inputs so that the re-
sults match the WIM measured average traffic volumes, we obtained the current situation. 
Considering this situation and the evolution of traffic over the next 15 years, we carried out a 
traffic forecast using the Cube Voyager application, on two improvement scenarios. The first 
scenario we considered for the forecast, shown in Fig. 4, was the modernisation of an existing 
dirt road to the North of the E60 and the opening of a new road link, to the South. At the same 
time, we considered replacing a roundabout and a T intersection currently used in Florești 
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with two signalised intersections. The second improvement scenario, shown in Fig. 5, involves 
reversible lanes on the main East-West link, connecting zones #8 and #11, in addition to the 
changes considered in the first scenario. During the morning peak hours, we considered three 
lanes accommodating traffic heading East and one lane for the opposite direction, and vice 
versa for the afternoon peak hours. For the three-lane roads, we considered α=10 in Eq. (2).

Figure 4	 Scenario #1 

Figure 5	 Scenario #2

3.3	 Results

We carried out the route assignment on the existing road network and on the two scenarios 
described, using traffic data collected in 2013 and estimated for the year 2029. A synthesis 
of the results we obtained is shown in Table 2, Table 3, Fig. 6 and Fig. 7.

Table 2 	  Peak hours average traffic volumes on E60 main road link – 2014

traffic 
heading

2014
AM (morning) PM 

(afternoon)
existing scen.#1 scen.#2 existing scen.#1 scen.#2
vol.[PCE/h] change [%] vol.[PCE/h] change [%]

E 2658 -27.8 -24.5 2332 -36.7 -45.2
W 1441 -40.2 -48.9 2801 -29.5 -16.4
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Table 3 	   Peak hours average traffic volumes on E60 main road link – 2029

traffic 
heading

2029
AM (morning) PM 

(afternoon)
existing scen.#1 scen.#2 existing scen.#1 scen.#2
vol.[PCE/h] change [%] vol.[PCE/h] change [%]

E 5764 -18.8 -14.8 5038 -8.6 -10.8
W 3362 -28.3 -44.6 6480 -31.9 -23.9

Figure 6	 Average travel times – busy routes, 2014 traffic volumes

 

Figure 7	 Average travel times – busy routes, 2029 estimated traffic volumes

4	 Conclusions

As we can see, maintaining the E60 road as the only road link between the zones we studied 
will lead to forced traffic flow and traffic congestion. If the evolution of traffic follows the 
pattern we estimated, in 15 years’ time the travel times on the main routes we studied will be, 
on average, 6.6 times longer than now.
The two proposed scenarios would have a similar effect on the busy routes average travel 
times, reducing them with an average of 31.5% and 35.8%, respectively (Fig. 6). In the short 
term, we estimate that scenario #1 would have a better impact than scenario #2, reducing 
the traffic volume on the main link with approximately 30-40% (Table 2). However, in the long 
term, even though the peak hours average traffic volumes on the main link would be similarly 
reduced (Table 3), scenario #2 implies significantly shorter travel times. In 15 years’ time, we 
estimate that the current travel times between main zones of interest would be reduced with 
45.4% in scenario #1 and 67.6% in scenario #2 (Fig. 7). On the other hand, as shown in the 
last two clustered columns of Fig. 7, adopting reversible lanes has a negative impact on the 
travel times on some of the routes.
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In conclusion, we estimate that scenario #1 would have a positive impact on traffic flow in the 
studied area, especially in the short term. The two alternate routes and the revised traffic si-
gnalisation would considerably reduce traffic congestion and average travel times. Reversible 
lanes would be a suitable solution in the long term, but adopting them should be reconsi-
dered based on the traffic evolution up until that point. However, any route network impro-
vement scenario should be sustained by further measures such as introducing an efficient 
public transport system and implementing a sustainable urban mobility plan.
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Abstract 

National parks are protected areas which are real representative of natural sourses and eco 
systems, and require special care in part of transport demand modeling. In this paper the four 
steps model with features of region to get the modal values, traffic assignment and forcast for 
10 years, using the powerful software PTV Vision VISUM on particular case, for the National 
park Mavrovo will be shown.

Keywords:	National park Mavrovo, model, forecast

1	 Introduction 

Traffic planning, existence and conetivity of quality road network is main factor for deve-
lopment on each teritory. In this paper, calculation of the modal values and traffic assignment 
is made for national park Mavrovo. Specific for regional planning is that settlments are re-
presented as nodes.
Field data are colected for making the fourstep model in PTV VISUM software. To perceive the 
need of improvement and restoration of the traffic and touristic infrastructure in the park, it 
is made a forecast of the traffic demand for next 10 years in PTV VISUM software. At the end, 
it is made a comparison of the modal values for verification of the output results, and also to 
identify the difference between actual and forecasted condition.

2	 Data collection for traffic planning in National park Mavrovo

For creating a quality planning of traffic demand, collection of reliable data is needed to 
obtain correct and real output.

2.1	 Statistical method

For the necessities of the paper, it is made collection of data for number of citizens for each 
settlement, job places by activity (education, agriculture and ranching, administration, cate-
ring) and intensity of traveling to and from National Park Mavrovo. 

2.2	 Survey method

The survey was made of the whole region of National park Mavrovo on 06.04.2013, with 
purpose to collect data for job places and attendance of tourist objects. Processed data are 
used as input in the model.
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3	 Transport demand modeling

Modeling is made for actual traffic condition in National Park Mavrovo, with use of the four-
step model, traffic assignment and forecast in PTV Vision VISUM software. On Figure 1 with 
green color is shown the traffic network for researched territory. Each link has it's own capacity 
and speed which correspond with the actual situation.

Figure 1	 Graphic display of road network 

3.1	 Zoning

Urban zoning is a part of spatial and urban planning, and is a division of the territory covered 
by the plan coverage of different functional zones with different purposes. Zoning is the pro-
cess of selecting areas with specific purpose and labeling (settlements, recreational areas, 
education, administration, tourism and catering). Zones, according of the characteristic pur-
pose, are origin and destination of trips according the movement needs of the population. The 
territory of National park Mavrovo is divided on 12 traffic zones and 3 external zones, which 
are separated with roads, natural borders, pedestrian and bike paths. 

Figure 2	 Separation of the National Park Mavrovo by zones
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3.2	 Model choice for transport demand

Model choice depends from the input which is used. In this case, the fourstep model is se-
lected with characteristics of generation, distribution, allocation and trip assignment. For 
internal calculation in the PTV VISUM sotfware, this model uses the values of zone atributes 
(number of residents, job places in education, administration, tourism, catering, agriculture, 
and trips between and inside the zones). Figure 3 shows the selection of the fourstep model 
in the software.

Figure 3	 Selection of four step model

4	 Traffic demand for National park Mavrovo

Modal values represents trip assignment on certain streets, which actually is trip distributi-
on on transport network. For calculation of the modal values with the fourstep model, it is 
neccesary activation of all generations, distributions, and assignment, while the Skim matrix 
should be deactivated. Intensity of trips on roads is shown on Figure 4 with red color.

Figure 4	 Traffic demand of National Park Mavrovo

5	 Traffic demand forecast of NP Mavrovo

Traffic demand forecast actually is prediction of change on movement needs for certain time 
period. The process of forecast for next 10 years, is made with method of estimation of popu-
lation increase, which linearly increases the mobility. Modal values for transport demand in 
the next 10 years is shown on Figure 5.
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Figure 5	 Transport demand forecast

6	 Verification of output modal values

Verification is independent procedure which is used to confirm to what extent the model out-
puts match the results obtained from the field. To verify how modal values from PTV VISUM 
match with the real traffic flow on certain section, comparative analysis is made. According to 
Fund for regional and national roads, on the section Boshkov most – Debar, average by day 
are passing around 650 vehicles in both directions. Respectively, on this section, the software 
calculates that daily are passing 654 vehicles in both directions.

Figure 6	 Modal values on the section Boshkov most 

The dispersion between calculated and real value is less than 1 %, which is affirmation of the 
hypothesis that output results are valid.

7	 Comparison of current and forecasted modal values 

Comparative analysis of output results is especially important to see if the forecasted values 
are real and match the growing movement needs in the future. Comparison is made for the 
current and forecasted modal values for the next 10 years, calculated in the PTV Visum, on 
a section of the entrance to the National Park Mavrovo road in direction of cities Kicevo and 
Gostivar. On Figure 7 is presented the section with current transport demand, which is 945 
trips (827 for entry and 118 for exit). 
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Figure 7	 Current modal values

On Figure 8 is shown the forecasted transport demand for the next 10 years, and it's value is 
1170 trips (1025 – entry, 145 – exit). 

Figure 8	 Forecasted modal values

According to calculated values with the software, the forecasted values for transport demand 
are for 24 % greater than current. 

Conclusion

Unlike analytical approaches for calculating the transport demand and forecast , PTV Vision 
VISUM software provides fast and accurate calculation and offers a graphical representation 
of the output results. Verification of current and comparison of the forecasted modal values, 
are part confirming the high reliability of the outcomes of PTV Vision VISUM. Calculation of 
current and forecasted increase of future transport demand is crucial for understanding the 
mobilities in National Park Mavrovo, and is the basis for taking steps in the engineering ma-
intenance and improvement of transport infrastructure .
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Summary

Mostar municipality is an area of great significance for Bosnia and Herzegovina, both for the 
natural resources and cultural heritage as well as for the fact that it occupies the central part 
of the territory of Herzegovina and extends to the middle part of the Neretva River. Therefore, 
it has become an important traffic point over which cross the roads of European, national 
and regional importance. This paper presents the results of the research of traffic on the road 
network of the City of Mostar over the plan period. Within the framework of the research, the 
analyses were performed on the impact of the construction of planned roads in relation to the 
current traffic volume on the existing ones. Also, the impact of the construction of the planned 
residential and business area on the traffic volume was explored and estimated.

Keywords:	planning, traffic, road network, traffic volume

1	 Introduction

Mostar is situated on the Pan-European transport corridor in the north-south direction, known 
as the Corridor Vc. Favourable geotraffical position and traffic connection constitute factors 
that have significantly influenced the development of Mostar as municipal, regional and na-
tional centre. Figure 1 shows the location of Mostar in relation to the Pan-European transport 
corridors and transport infrastructure of Bosnia and Herzegovina. The City of Mostar is a traffic 
intersection of the railroad Sarajevo-Ploče, the main road M17 and future freeway Sarajevo-
Ploče. Two development directions are highlighted within the Mostar municipality area: the 
north-south (the valley of the Neretva River) and the east-west.

Figure 1	 Geotraffical position of Mostar
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Considering the central functions of the Municipality and region, it is necessary to ensure the 
development of transport and communications towards all parts of the Municipality and the 
region, as well as their integration into organized urban network. The Northern part of the 
urban area of Mostar is a part of the whole which gains ever growing importance and enables 
taking over of the very important spatial functions. Within the urban zone “Sjeverni logor” it is 
planned to build a residential and business complex with 3000 residential units [1], Figure 2.

Figure 2	 Regulatory plan “Sjeverni logor” Mostar[2]

The “Study of Transport and Communications for the area of the City of Mostar” [3] was drafted 
in 2010. However, the impact of construction of the residential and business complex within 
the area of “Sjeverni logor” to the traffic volume was not analysed or taken into account. 
That was the reason to perform research and analyse the traffic with an increased number of 
movements within this part of the city.

2	 Methodology of research

Since according to the Urban Plan of the City of Mostar it is planned to build a residential and 
business settlement of 3000 housing units within the area of “Sjeverni logor”, the calculation 
of production was performed using the following formula [4]:

	 P = 3 × V – 500	 (1)

where:

P	 production;
V	 number of vehicles.

The starting assumption was that each residential unit will own at least one vehicle. In that 
case, the number of vehicles would be 3000, and the production would be:

	 P = 3 × 3000 – 500 = 8500 (veh/day)	 (2)
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Through the mentioned settlement it is planned to construct a four-lane road which would be 
connected by a bridge over the Neretva River with west bank, i.e. Kralja Tomislava Street. On 
the east side, the complex is connected to Maršala Tita Street southern from the intersection 
“Mostar North”. Using the corrected O-D (original – destination) matrix, the traffic on the exi-
sting network and the network of planned roads was simulated. German software PTV Visum 
was used for simulation. The following scenarios were analyzed:
·· Scenario “0” – analyses the case of the existing road network of the City of Mostar without 
construction of the planned residential and business complex “Sjeverni logor”, Figure 3.

·· Scenario I – analyses the case of the construction of residential and business complex wit-
hin the area “Sjeverni logor” including planned roads. The complex would be connected by a 
bridge to Kralja Tomislava Street running through the western part of the city, and on the east 
side connected to Maršala Tita Street southern of the intersection “Mostar North”, Figure 4.

·· Scenario II – is the case of construction of additional four-lane road running along the right 
bank of the Neretva River, connected with an additional bridge to the northern part of the 
complex, and northern from the intersection “Mostar North” connects with main road M17, 
Figure 5.

·· Scenario III – it is assumed that highway on the Corridor Vc and the South Bypass of the City 
would be constructed in addition to mentioned roads, Figure 6.

It should be noted that, within the Spatial Plan, it is planned to construct the Northern Bypa-
ss of the City of Mostar, which was not considered in this paper. Since mentioned complex 
is located nearby the intersection at the northern entrance to the city (Mostar North), it is 
obvious that the construction of the complex will have the greatest impact to this intersection 
particularly. Traffic volume within the urban zone was observed simultaneously (screen lines 
G1 and G2). Traffic analysis has been performed for the time sections 2015, 2020, 2025 and 
2030 (years). This paper presents the results for the end of the planning period when it is 
realistic to expect to have all the planned roads constructed. Comparison of the results was 
presented on the screen lines G1 and G2 within the urban zone, and U3, U4 and U5 at the 
access roads to the intersection “Mostar North”. The results of these simulations are shown 
in the following figures.

Figure 3	 Traffic volume Scenario “0” – without planned residential area
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Figure 4	 Traffic volume Scenario I – with planned residential area and roads

Figure 5	 Traffic volume Scenario II – with new road on the right side of the river
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Figure 6	 Traffic volume Scenario III – with the Corridor Vc and the South Bypass

3	 Results of the research

The results of the research are presented in Table 1. They refer to the last year of the planning 
period (2030), per previously described scenarios and per examined screen lines on the road 
network of the City of Mostar.

Table 1 	  Traffic volume in 2030 on screen lines

Traffic volume in 2030 [veh/day]
City Intersection “Mostar North”

Code G1 G2 U3 U4 U5
Scenario “0” 65.561 30.706 36.442 30.474 11.915
Scenario I 68.385 15.796 40.474 41.075 16.269
Scenario II 62.218 11.318 16.812 21.346 18.614
Scenario III 55.231 9.328 14.640 22.522 15.266

Figure 7 presents a graph with percentage of increase or decrease of the traffic volume on the 
observed screen lines. On the screen line which goes through the centre of the city G1 it can 
be seen that in the case of Scenario I the traffic volume increases by 4.3%. In cases of Scena-
rio II and Scenario III the traffic volume is reduced by 15.8% compared to the initial Scenario 
“0”, Figure 7. At the G2 screen line the traffic volume is reduced in all three scenarios and 
even up to 69.6% in Scenario III. Regarding the screen line U3, the traffic volume in the case 
of Scenario I increases by 11.1%, while in Scenario II and Scenario III it decreases to 59.8%. 
The screen line U4, in the case of Scenario I, has increase of the traffic volume by significant 
34.8%, while in two other scenarios occurs traffic relieve. The greatest traffic relieve occurs in 
case of Scenario II (by 30.0% compared to the initial scenario). Finally, on the screen line U5 in 
all three scenarios the increase of traffic volume occurs and in that case the least favourable 
is Scenario II. From the results presented in Table 1, it can be concluded that the intersection 
“Mostar North” will be overloaded following the construction of the planned complex. The 
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reconstruction of this intersection into multilevel intersection would resolve traffic congestion 
at the intersection itself. However, without construction of the additional roads, the traffic 
volume on the access roads increases – Scenario I (Figure 7.). In the case of Scenario II, traffic 
volume relieve occurs on all screen lines observed except on the screen line U3. However, 
it can be stated that the congestion problem at the intersection of the “Mostar North” only 
moves to newly projected intersection located on the main road M17.

Figure 7	 Percentage of increase/decrease of the traffic volume compared to Scenario “0” 

Finally, the Scenario III offers traffic volume relieve on the main road M17 and its intersections, 
because by the construction of the Corridor Vc and the South Bypass the “road ring” around 
the City of Mostar would be closed while the transit traffic and the part of the original-desti-
nation traffic would be moved to these roads.

4	 Conclusion

Based on the presented results of the research, it can be concluded that the planned constructi-
on of the residential and business complex impacts the traffic volume which should not be igno-
red. This impact reflects mostly at the intersection “Mostar North”. The roads that are planned 
as part of the residential and business complex affect the redistribution of traffic at the northern 
entrance to the city. It can also be concluded that traffic congestion can be resolved with:
1	 The construction of bridges connecting the planned residential settlement with the right 

bank of the Neretva River;
2	 The construction of the road on the right bank of the Neretva River connecting urban zone 

with the northern part of the city;
3	 The construction of the Corridor Vc and the South Bypass of the city.
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Abstract

The article deals with the determination of the effect of intersection control modes on vehicle 
delay times, or with the differences arising from the use of different control modes of traffic 
lights at low traffic volumes. It describes the methods used in the Czech Republic, and makes 
a brief comparison with neighbouring countries.In the second part of the article, vehicle de-
lay times on traffic lights are determined using different methodologies and compared with 
reality. The HCM methodology (method of recording queue lengths in firmly fixed steps) was 
used and compared with the TP 235 Czech methodology for the calculation of delays and the 
method of direct measurement of each vehicle delay by a stopwatch. The results are in good 
agreement; considerable differences occur only in cases where more complex movements are 
involved (left turn in combination with giving priority to straight direction traffic). Furthermore, 
based on traffic surveys, vehicle delay times were determined and compared in the mode with 
traffic lights on (i.e. TL) and after switching over to different TL control modes at low traffic 
volumes. Different traffic movements at the intersection were monitored at multiple locations 
for verification and comparison purposes. Based on the results, it is evident that in terms of 
delay times, any active TL mode used at low traffic volumes is rather counterproductive. Also, 
environmental impacts (CO2 emissions, CO, NOX) tend to grow in the active TL mode. The ar-
ticle also presents the analysis of several model examples using micro analysis software and 
quantifies the above parameters. The last part brings the initial design of conditions under 
which TL switching off may be applied. Basic design and traffic engineering characteristics 
are identified and their effect on the TL control mode is described.

Keywords:	 traffic lights, HCM, intersection control mode, vehicle delay,  
environmental impacts

1	 Introduction

Delay times of vehicles at intersections represent one of the principal criteria manifesting the 
traffic quality level in the Czech Republic. Delays at intersections controlled by traffic lights 
(TL) naturally depend on the control mode (CM) used, and at low traffic volumes, they may 
cause indignation on the part of drivers who are waiting for the free signal at an “empty” in-
tersection, although they would pass across the intersection without a significant delay in the 
case of uncontrolled intersection operation. While in peak hours, TL at intersections should 
be preset to maximize their capacity, at low traffic volumes their setting should significantly 
differ, so that the cycle is not too long and vehicle delay times are minimized.
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1.1	 Intersection control modes used in the Czech Republic

There are numerous approaches to traffic control during low demand periods applied both in 
the Czech Republic and worldwide. They mostly involve uncontrolled traffic or different mo-
des of vehicle actuated signal control, where the traffic signal controller reacts to the arrival 
of vehicles from different directions assigning accordingly the green light signal. The issue 
of the operating times of TL has been a controversial topic discussed among traffic experts 
not only in the Czech Republic, but also abroad, for decades. There are basically two groups 
of opinions. One group is composed of the proponents of continuous TL operation without 
exceptions, who prioritize a greater clarity and safety of the TL controlled intersection. Their 
opponents, on the contrary, prefer differentiated operation of individual TL according to local 
traffic conditions as a better solution for many reasons. 
Different approaches to continuous traffic control using TL in the Czech Republic are evident 
from the following data coming from four largest cities in the country. (from 3% of continuou-
sly controlled intersections in Ostrava to 85% in Prague). Different approaches to the opera-
ting times of TL provide numerous opportunities for traffic surveys focusing on the comparison 
of delay times under different traffic conditions (traffic volumes, traffic control modes).

1.2	 Intersection control modes used abroad

The views on traffic control during low demand periods also differ in foreign countries depen-
ding on the locality. In Germany, similar diametrical differences among individual cities may 
be found as in the Czech Republic. Overall, we may summarize them saying that the control 
mode significantly depends on the age of the used technology. With abilities of modern TL 
technology the necessity of alternative TL modes tends to lessen.

2	 Traffic surveys

2.1	 Methods of vehicle delay determination

Three different methods were used to determine the delay times of vehicles at an intersection 
within the scope of TAČR – TA03030046 project. The HCM method is based on observing the 
length of vehicle queues at the approach to an intersection in time steps which subsequently 
serves for deriving the average delay of vehicles. The results are processed using simple re-
lationships that are not the subject of this article and can be found in HCM [2]. For accuraccy 
improvement 30 minutes interval was used as opposed to the recommendation mentioned 
in HCM (15 minutes). 
The second method is measuring the delay of each vehicle separately with a stopwatch which 
records the moment when a vehicle stops and the moment when it passes a stop line. This 
method is considered the most accurate of all. 
The third method is the calculation of the delay based on the Czech TP 235 methodology [3]. 
This methodology was compiled as the average of numerous measurements made at different 
intersections, mostly in situations approaching the capacity limits of entries to intersections.

2.2	 Comparison of methods for identifying vehicle delays

Several intersections situated in different cities (Prague, Brno, Ostrava and Olomouc) were 
selected for the assessment of the informative value of the results of delay times identified 
by a traffic survey based on the HCM methodology [2]. The results are compared in Table 1.
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Table 1 	  Delay values comparison

Location Delay tw [s/veh]
City Intersection Mv.* HCM Watch TP235
Praha Nárožní – Pod hranicí ^> 7.6 5.4 7.4
Praha Nárožní – Pod hranicí < 27.6 24.9 26.7
Praha Patočkova – Pod Královkou < 25.4 24.3 25.8
Praha Plzeňská – Jeremiášova < 27.0 23.3 9.0
Ostrava Novinářská – Hornopolní ^> 27.9 29.4 29.0
Ostrava Českobratrská – Sokolská < 47.6 50.9 38.0
Brno Osová – Jihlavská < 37.6 44.5 44.1
Olomouc Hodolanská – Tovární < 46.3 47.9 50.5
* Mv. – Intersection movement

The comparison of eight Czech intersections clearly shows that the HCM-based methodology 
very well corresponds to the actual delay of vehicles measured with a stopwatch. Comparing 
the delays calculated on the basis of the TP 235 methodology against the delays measured 
with a stopwatch, we may also conclude that the methodology is in fairly good correspon-
dence with reality (stopwatch). The exception is measurement No. 4 where the deviation is 
significant. This is caused by the fact that it is the only approach in the table with the left turn 
on a separate turn lane being also affected by the opposite direction (oncoming vehicles 
travel in the same phase). These issues were not elaborated in the Czech TP 235 methodology 
in an optimum way.

2.3	 Comparison of delays in different control modes 

Several measurements at intersections controlled by different modes in night hours than 
during the day was conducted. Due to the extensive amount of data thus obtained, only some 
selected measurements arre presented in this article.

2.3.1	 Fixed control mode vs. flashing yellow control mode
One main and one minor approach were monitored at an intersection in Kladno. Both 
approaches share a common transfer lane for all directions; the intersection is controlled by a 
fixed programme with a cycle length of 60 seconds in the daytime, and at 9 p.m. it is switched 
to the flashing yellow control mode. The delay was measured using the proven HCM-based 
method from 7:00 p.m. to 9:00 p.m. and with a stopwatch in the flashing yellow mode from 
9:00 p.m. to 10:00 p.m. (for the reason of lower traffic volumes). The column Iappr. expresses 
the vehicle volumes at the monitored approach, while the column Iinters. expresses the total 
vehicle volumes at all approaches to the intersection.
It is evident from Table 2 that switching this intersection to the flashing yellow control mode 
was suitably selected. Vehicle delays are smoothly reduced down to minimum values. 
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Table 2 	  Survey results – fixed CM vs. flashing yellow CM

City/Inters./Approach Delay tw 
[s/veh]

Iappr. 
[veh/h]

Iinters.
[veh/h]

Control mode

Kladno
Pražská-Unhošťská
main approach

9.6 354 1096 fixed
12.7 268 932
9.9 212 686
7.5 150 478
0.8 116 458 flashing yellow

Kladno
Pražská-Unhošťská
minor approach

21.9 248 1096 fixed
21.9 266 932
18.6 160 686
15.3 118 478
13.4 118 458
6.3 86 378 flashing yellow

2.3.2	Vehicle actuated control mode vs. flashing yellow control mode
This control procedure is applied at many intersections in the city of Plzeň and at some in-
tersections in Prague. The measurements were always performed 2 hours before switching 
modes and one hour after switching modes. The delay was measured using the proven HCM 
method in the actuated mode and with a stopwatch in the flashing yellow mode. It should be 
noted that the actuated control rates may have varied at the monitored intersections, and the 
control cycles were also different in length. 
It is evident from Table 3 that the vehicle actuated control is not able to provide a substantial 
reduction in vehicle delay times at low traffic volumes either. After switching to the flashing 
yellow mode, the delay of vehicles at the monitored approaches sharply decreases at all in-
tersections suggesting that the control had already been inefficient in terms of delays before 
the mode was switched over. 

Table 3 	  Survey results – actuated CM vs. flashing yellow CM

City/Intersection/Approach Delay tw
[s/veh]

Iappr.
[veh/h]

Iinters.
[veh/h]

Control mode

Plzeň 
Strnadova-Slovanská 
minor approach

26.9 108 1394 actuated
18.6 110 1198
23.6 64 1010
23.7 62 728
9.1 32 646 flashing yellow
3.8 26 420

Plzeň 
Koperníkova-Tylova 
minor approach

16.1 308 754 actuated
15.2 210 602
19.7 192 612
16.2 166 488
9.8 108 440 flashing yellow
8.7 118 358
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2.3.3	Vehicle actuated programme vs. all-red control mode
This control procedure is applied at numerous intersections in Prague and it was also moni-
tored at one intersection in České Budějovice. The measurements were always conducted in 
the same way as in the previous case. Table 4 clearly shows that if appropriately designed, the 
all-red control mode may reduce the delay times at an intersection compared to the vehicle 
actuated control mode. It was, however, identified at the monitored intersections that the 
majority of vehicles had to stop or at least brake before the intersection as detection devices 
were not adequately positioned. Although some experts point out the safety factor and the 
fact that this mode may reduce vehicle speeds in municipalities, it would be interesting to get 
some feedback from citizens living in the vicinity of such intersections related particularly to 
noise emisions due to decelerating and accelerating vehicles.

Table 4 	  Survey results – actuated CM vs. all-red CM

City/Intersection Delay tw
[s/veh]

Iappr.
[veh/h]

Iinters.
[veh/h]

Control mode

Praha Jeremiášova-
Radlická

10.7 90 576 actuated
14.9 70 416
10.0 74 350
11.5 52 310
6.7 62 278 all-red*
4.1 36 196

České Budějovice
Lidická-Mánesova

34.5 108 542 actuated
27.0 96 506
29.1 84 614
26.9 58 294
7.0 48 174 all-red*

* all red CM has at all signal groups the red sign in basic state. When a request 
from one direction comes, it can be changed into the respective phase.

3	 Results of traffic simulations 

In addition to the impacts on delay times, alternative TL modes at low traffic volumes also 
affect the majority of relevant traffic engineering characteristics. Environmental impacts of an 
intersection were compared for the purposes of this article, namely the volumes of vehicle 
emissions that would differ for different control modes. These emissions were quantified 
using the Sidra Intersection 6 software. The model configuration used was a symmetrical 
crossroad with a left turn lane onto the main road and a branch length of 200 m (Fig. 1). 

Figure 1	 Model design of the evaluated intersection
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Three basic control modes were evaluated, a fixed control model with a cycle time t=80 s, an 
actuated control mode and sign control (E-W major/N-S minor).
To see the effect of approach traffic volumes, two levels of approach traffic volumes were con-
sidered, 240 light vehicles+60 heavy vehicles and 600 light vehicles+120 heavy vehicles (for 
the whole intersection). The distribution into individual directions is uniform, i.e. the traffic 
loading scheme is also symmetrical for our purposes. The resulting values are presented in 
Table 5 and Table 6.

Table 5 	  Model results – 240 light veh/h+60 heavy veh/h

Control mode Volumes 
Iinters. [veh/h]

Ctrl. delay 
[s/veh]

Fuel [l/h] CO2 [kg/h] CO [kg/h] NOX [kg/h]

TL-fixed 240+60 27.7 10.6 25.4 0.1 0.101
TL-actuated 240+60 13.6 9.7 23.4 0.1 0.096
Stop (2-way) 240+60 10.5 9.1 22.0 0.1 0.091

Table 6 	  Model results – 600 light veh/h+120 heavy veh/h

Control mode Volumes 
Iinters. [veh/h]

Ctrl. delay 
[s/veh]

Fuel [l/h] CO2 [kg/h] CO [kg/h] NOX [kg/h]

TL-fixed 600+120 31.1 23.3 56.6 0.2 0.204
TL-actuated 600+120 14.5 21.4 51.3 0.1 0.193
Stop (2-way) 600+120 13.8 20.3 48.7 0.1 0.186

The results indicate the impact of the control mode used on both the expected delay times 
and the fuel consumption plus related modelled emissions. As it was assumed, this effect 
is the greatest for CO2 emissions, which directly rely on the consumption and related vehicle 
delay times at an intersection. The CO values, however, are practically negligible (in terms 
of the total volume and its impact), while the drop in NOx values is reduced by the fact that 
the volumes of NOx emissions are only significant at higher speeds, i.e. their volumes in the 
area of intersections are not so noticeable. In terms of emissions, the difference between 
the fixed control mode and the stop (2-way) control mode is particularly evident. Here, the 
drop for CO2 values is by up to 14%, while for NOX values the drop is by up to 10% (Table 5, 
Table 6). Nevertheless, the decrease in delay times in this case is by up to 62% at low traffic 
volumes. For reference purposes, a simulation for loading with 1200 light vehicles+120 heavy 
vehicles was also performed which clearly shows that alternative modes of traffic control at 
intersections lose their effect with increasing approach traffic volumes. 

4	 Conclusion

As the above results and experience from abroad imply, alternative CMs are only usable under 
specific conditions which must be unambiguously defined and quantified. These are in particular:
·· vehicle volumes and threshold values of switching to alternative CM modes;
·· traffic significance of a particular road;
·· width layout of individual branches;
·· operation of public transport, pedestrian flows and their compositions;
·· view parameters (vehicle/vehicle, vehicle/pedestrian);
·· coordination of traffic lights;
·· accident rates of a respective intersection;
·· existing control system (fixed/actuated);
·· used TL technology (classic light bulbs vs. LED technology);
·· other atypical reasons (traffic calming TL, modifications for the blind, etc.).
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The existing situation in the Czech Republic is rather chaotic. Due to the fact that there is 
no universal regulation specifying control modes, their application and impacts, different 
approaches are used in different towns. These procedures are frequently in contradiction 
with the basic traffic engineering knowledge being the cause of negative impacts in terms of 
both higher delay times and higher noise emissions and environmental burden. Therefore, a 
clear identification of the basic criteria, different control modes and their impacts on the road 
network is an indispensable fundamental priority for modern traffic engineering. 
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Abstract

Article describes the development of a strategic plan of sustainable mobility of the Munici-
pality Lopar on the Rab Island. In small tourist places number of tourists greatly exceeds the 
number of the local population during the tourist season. Via the integration, participation and 
evaluation principles existing plans are upgrading. Scenarios of transport system were deve-
loped by the analysis of the shortcomings and the introduction of the measures as a whole. 
Evaluation scenarios were based on ensure the accessibility offered by the transport system to 
all, improve safety and security, reduce air and nois pollution, greenhouse gas emission and 
energy consumption, improve the efficiency and cost-effectiveness of the transportation of 
person and goods, contribute to enhancing the attractiveness and quality of the municipality 
environment and design. Finally, the proposed measures are necessary, measures to improve, 
measures of scenarios for each of the reference year to which examines traffic.

Keywords: sustainable mobility, scenario, evaluation, measures

1	 Introduction

A new approach of planning mobility in areas, is directed to cleaner and more sustainable 
means of transport, in particular this applies to pedestrian, cycling and public traffic. This 
process is based on the existing practice of planning and takes into account the principles 
of balance, integration, participation and evaluation. In order to effectively apply the new 
approach and in a large extent, the concepts and tools developed at European level should 
be adapted to the circumstances of individual member states and then actively promote the 
national and regional levels [1]. A new approach to urban mobility planning show table 1. 
Through the planning sustainable mobility, it stimulates the development of urban transport 
systems to improve the accessibility of urban areas and to ensure the mobility and traffic of 
high quality to the village, out or inside village [3]. For the attainment of the objective it is 
necessary planning the urban transport system that tends towards:
·· sustainability with consider social, health and environmental component;
·· better use of existing urban areas and transport infrastructure;
·· improving the urban environment, quality of life and public health;
·· improving transport safety;
·· reducing air pollution and noise impacts;
·· balanced development and integration of different modes of transport.

The planning is encouraged balanced development of all types transport by encouraging 
towards more sustainable types [3]. The plan features an integrated set of technical, infra-
structural and policy measures to achieve these objectives. Integrated planning involves co-
operation, coordination and complementarity with local policies, strategies and measures 
in the field of traffic, spatial planning, land use, health, and social services. The principle of 
participation implies the involvement of local authorities, citizens, civil organizations and 
businesses to develop and implement plan to ensure the support and acceptance.
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Table 1 	  Differences between the planning process [1]

Traditional Transport Planning Sustainable Urban Mobility Planning
Focus on traffic Focus on people
Primary objectives: Traffic 
flow capacity and speed

Primary objectives: Accessibility and quality of life, 
as well as sustainability, economic viability, social 
equity, health and environmental quality

Modal-focussed Balanced development of all relevant transport modes and shift 
towards cleaner and more sustain-able transport modes

Infrastructure focus Integrated set of actions to achieve cost-effective solutions
Sectorial planning document Sectorial planning document that is consistent and complementary 

to related policy areas (such as land use and spatial planning; 
social services; health; enforcement and policing; etc.)

Short- and medium-
term delivery plan

Short- and medium-term delivery plan embedded 
in a long-term vision and strategy

Related to an administrative area Related to a functioning area based on travel-to- work patterns
Domain of traffic engineers Interdisciplinary planning teams
Planning by experts Planning with the involvement of stakeholders using 

a transparent and participatory approach
Limited impact assessment Regular monitoring and evaluation of impacts to inform 

a structured learning and improvement process

Monitoring and evaluation plan in achieving the defined objectives and the achieved results 
is implemented through defined indicators.
The basic steps to create a plan sustainable mobility (Figure 1) are presented through the pro-
ject to encourage sustainable mobility in coastal towns on the example of municipality Lopar. 
The specificity of coastal cities is seasonal variation in transport demand induced by tourism.

Figure 1	 Elements of sustainable mobility planning

Municipalities of Lopar is situated in the Kvarner coast in the northeastern part of the Rab 
Island, and under the administration of the municipality are the islands of Goli and St. Gr-
gur. Conducted census of people in 2011., in the municipality lives 1,263 inhabitants. In the 
summer guests visiting or staying in place exceeds 13,000.
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2	 The components of planning sustainable mobility

2.1	 Analysis of the situation

Needs to be analyzed existing transport system and all documentation relate to the transport 
system and sustainable mobility, [4].
Existing and planned state, county, local and unclassified networks of individual traffic must 
be detected and displayed in a GIS environment. It is necessary to collect data about transport 
loads, safety indicators, transport and technical characteristics.
Public bus transport should be described with the stations, routes, timetables, number of 
transported passengers. Also should analyze the characteristics of ferry and boat lines that 
connect the place with the mainland. Should be analyzed all ports of county and local signi-
ficance, offer and functioning of stationary traffic, the number of parking spaces, type and 
spatial distribution of which is shown in tables and graphs. Need to be determined the len-
gth of pedestrian and bicycle paths and their traffic-technical characteristics. In the current 
planning is implemented:
·· analysis of spatial planning documents (spatial plan of the county, spatial plan of the mu-
nicipality, urban development plan);

·· analysis of documentation traffic field (Decision on the regulation of traffic on the territory 
of municipality Lopar, Decision on conditions and mode of parking, etc.);

·· analysis of other documents (Action Plan for development tourism in the municipality Lopar, 
demographic data, etc.).

Data need be collected and analyzed for all participants in the traffic system. Participants 
are considered in all institutions, companies, firms and other legal and natural persons who 
have a particular role or significance in the functioning the transport system, as well as have 
or may have a role in planning or design transport system.

2.2	 Transport system model (TSM)

Transport system model show the current situation and enables the prediction of traffic de-
mand over a period of 15 and 25 years. The model using for detect shortcomings in the tran-
sport system, defining and testing scenarios, and as a basis for the development of local 
mobility plan, feasibility studies and strategic environmental assessment. Steps in the deve-
lopment of transport models:
·· collection and analysis the data of the network (table2), demand and calibration;
·· development of transport models

·· networks of individual and public transport;
·· zoning system;
·· demand model;
·· joining the traffic on the network.

Table 2 	  Attributes of network segments

Category Free flow speed Permitted direct Stops
Length Capacity Timetable

The research area is divided into zones. Zones are using for dividing places in less homoge-
neous surface, connection places with the surrounding area, defining prognostic model and 
displaying the origin-destination area (Parking locations are defined as separate zones). Table 
3 shows frequent zone attribute.
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Table 3 	  Attributes area

Population The number of parking
Accommodation capacity Area of attraction

Demand model must be developed on the basis of socio-economic data. Data came from 
the Central Bureau of Statistics, at Tourist Board the Municipality ofLopar, Spatial Plan and 
research in the field. After joining the traffic on the network, must be made calibration and 
validation of the model. The result of a transport model is traffic volume of the overall tran-
sport network (Figure 2).

Figure 2	 Traffic image of Lopar [4]

2.3	 Development of Sustainable transport scenarios (STS)

Problems in traffic and disadvantages in the area should be detected for all transport systems. 
It should be create scenarios of transport supply as well as the scenarios of traffic demand. 
Initial baseline scenario serves as a reference level, which is compared with the other scena-
rios, and allows calculate indicators for evaluating individual scenario.
Selection of the best scenario of the transport system is based on the analysis and evalua-
tion. The proposed scenario should allow for the development of all planned contents and 
encourage the development of sustainable transport. In the municipality Lopar it is proposed 
relocation of the access road out of the village and out of the main pedestrian and bicycle 
corridors. Such measures will improve the attractiveness of places and reduce the impact of 
noise and exhaust emissions. It is proposed the formation of bicycle and pedestrian network 
along road corridors but also as independents corridos. Creating listed infrastructure contri-
butes to the increase of number of users and increase safety.

Figure 3	 Scenario development of the 
municipality Lopar [4]

Figure 4	 Plan of the cycling network [4]
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2.4	 Local suistainable mobility plan (LSMP)

On the basis of previous activities and results need be made Local Suistainable Mobility Plan 
(LSMP). The plan defines strategic objectives, priorities, measures, common and the individual 
activities. The plan includes traffic problems, environmental problems and the impact of ac-
tivities on the environment, the ability of actors in the implementation of solutions, the legal 
framework for the implementation, cost solutions, tools for their implementation and the time-
frame of implementation. The municipality of Lopar LSMP contains a total of 60 actions that are 
associated with the priorities from P1 to P4. Overview LSMP per all mentioned entities and their 
attribution is given in table 4.

Table 4 	  LSMP overview [4]

2.5	 Feasibility study (FS)

For the chosen scenario of development transport system for which is made LSMP should 
be made feasibility study. The study includes a cost-benefit analysis for the entire LSMP for 
a defined period. The study approach to the feasibility from financial, socio-economic and 
organizational views. At implementation of the proposed measures is mainly case of the 
indirect effect unless the parking to be charged (direct financial effects). Increased financial 
effects are expected through:
·· increasing tourism capacity;
·· increasing parking spaces;
·· introduction of tourist bracelets;
·· extending the tourist season;
·· increasing tourist arrivals because of the attractiveness places.

2.6	 Strategic environmental assessments (SEA)

For the chosen transport system should be made strategic environmental assessments. Thro-
ugh strategic environmental assessment, evaluates the likely significant environmental im-
pacts that may arise from the implementation of the plan. The objective of the implementation 
process is to contribute to sustainable development, i.e. reducing adverse environmental 
impacts of development activities. The process includes analysis of the likely environmental 
impact of the development documents, their record in the report and public consultation. At 
formulating the final plan or program, and the decision on acceptance of the plan, need be 
participate comments and suggestions on the report.
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2.7	 Monitoring plan (MP)

For monitoring of implementation of LSMP in the time, organization and implementation of 
indicators, need to be make the monitoring plan. On the basis of monitoring plan the project 
manager creates a report, at specific time intervals, about of implementation plan for mobi-
lity. The report contains a comparison from planned and realized activities based on defined 
indicators, deviations in the financial plan, measures to mitigate the difference, suggestions 
for possible changes to the mobility plan and monitoring plan.
Difficulties in implementing the plan are recognized through monitoring and evaluation what 
enables timely and effective response. Defining the indicators (Table 5) and target values 
enables monitoring plan. Through the monitoring plan it is defined:
·· connection with the target value indicators;
·· data collection strategy;
·· monitoring and evaluation plan connected with time during the implementation plan of 
sustainable mobility;

·· responsibility of institutions for monitoring and evaluation;
·· minimal involvement of participants for monitoring and evaluation;
·· budgetary funds and activities (5% of the budget for the implementation of measures).

Table 5 	  Indicators

number of passengers on buses number of tourist arrivals occupancy of the parking

levels of noise pollution content of harmful gases number of accidents 
(minor, heavy)

length of the bicycle and 
pedestrian network

amount of traffic on the bicycle 
and pedestrian networks

number of passengers on a 
tourist train, tourist boat lines

modal split number of tourist facilities tourist bracelets use
yearly average stay of the tourist rental price

3	 Conclusion

Current practice in planning mobility is not sustainable. A new approach to mobility planning 
builds on elements which respect sustainable development. Plan for sustainable mobility is 
based on the principles of balance, integration, participation and evaluation. Through the 
plan of sustainable mobility it is ensured the need for mobility and development with respect 
to environmental conditions and future generations. In Croatia, as a young member of the EU, 
should be encouraged at national, regional and local level, making the sustainable mobility 
plans based on the framework and tools developed at European level with consideration of 
local specificity.

References
[1]	 Guidelines – Developing and Implementing a Sustainable Urban Mobility Plan, European Commission, 

2013

[2]	 Communication from the Commission: “Together towards competitive and resource-efficient urban 
mobility”, COM(2013) 913 final

[3]	 Communication from the Commission: “Together towards competitive and resource-efficient urban 
mobility”, Annex 1, “A CONCEPT FOR SUSTAINABLE URBAN MOBILITY PLANS, COM(2013) 913 final 

[4]	 Traffic study and sustainable mobility plan of the municipality of Lopar, APZ, 2014.



Road Traffic Planning and Modelling 263

28–30 April 2014, Split, Croatia
3rd International Conference on Road and Rail Infrastructure

Offtracking control requirements 
for quality roundabout design

Ivica Stančerić1, Tomislav Dobrica2, Saša Ahac1, Vesna Dragčević1, Danijel Tenžera2

1 University of Zagreb, Faculty of Civil Engineering, Croatia
2 Hrvatske ceste d.o.o., Zagreb, Croatia

Abstract

In the last 10 years in Croatia numerous roundabouts have been built in urban and interurban 
areas. As a rule, these roundabouts replaced the existing three-leg and four-leg intersection 
in order to increase intersection safety and capacity. Replacement of four and three-leg inter-
sections with roundabouts was often carried out without taking into account the ranking of 
intersecting roads and spatial requirements. Because of that the capacity and safety levels 
on these roundabouts were often lower than those on previous four or three-leg intersections. 
In some cases, poor roundabout design resulted in insufficient lane width on entrance and 
exit (offtracking control problem). These problems are particularly pronounced when the road 
axis do not intersect at right angle. Unfortunately, lessons learned from these bad examples 
weren’t adopted, and designers are continuing with poorly designed roundabouts. The main 
reason for this stems from the fact that there are no official guidelines or regulations for the ro-
undabout design in Croatia. Designers are trying to cope with this situation in different ways; 
often they are partially studying foreign guidelines and seeking for the solution that fits their 
problem. In this paper key elements for successful roundabout design will be shown, based 
on the example of recently constructed roundabout in Croatia, findings from other researchers 
and international guidelines. Proposed instructions could be used for the development of 
quality national guidelines for roundabout design. 

Keywords:	design, roundabout, guidelines, offtracking control, design vehicle

1	 Introduction

Professional rules dictate that the designers should take into account certain criteria when de-
signing roundabouts, which include: position in traffic network (urban, rural), spatial limits, 
traffic flow, intersection capacity and safety. Unfortunately, Croatian designers frequently 
disregard some of these criteria. It is mainly due to the inexistence of official Croatian guide-
lines for roundabout design. The other reason is that tenders are frequently won by designers 
lacking sufficient experience in roundabout design. This paper points to the most frequent 
mistakes in roundabout design on the example of a constructed intersection. 

2	 Roundabouts design – Croatian practice

Roundabout design in Croatia is, due to the lack of official guidelines, usually carried out 
according to the guidelines of the Institute of Transport and Communications [1], then accor-
ding to German guidelines [2], Austrian guidelines [3] and Swiss norms [4]. When analyzing 
the mentioned documents it can be concluded that they give similar approach in designing 
roundabouts which comes down to five steps:
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1	 designing the intersection elements (islands, lane curbs on entrance and exit, …) and 
assembling them into an intersection project;

2	 offtracking control of the designed intersection;
3	 correction of design elements (in case previously designed intersection does not meet 

offtracking control requirements);
4	 sight distance check;
5	 fastest path check.

This approach represents the biggest defect of the mentioned guidelines and norms becau-
se it is based on a highly iterative procedure which can significantly prolong the designing 
procedure. What worries is the fact that in the national designing practice intersection design 
is usually reduced to shaping individual elements. Offtracking control and the correction of 
design elements is frequently disregarded in spite of many software products on the market 
which [5, 6] allow very simple offtracking control.

2.1	 An example of a poorly designed roundabout

The previous chapter outlined the main reasons for inadequately designed roundabouts in 
Croatia. The roundabout in the town of Vrbovec constructed in 2013 is an example of this. The 
construction of this roundabout was an attempt to improve the channelization of traffic flows 
at the intersection of four streets (Zagrebačka (D41), Bjelovarska (D28), Križevačka (D41), M. 
Gupca Street) and the entrance to the petrol station (Figure 1). Because of five intersection legs 
and spatial restrictions the designers had an exceptionally demanding task in front of them. 
Axes of the existing roads were reconstructed to intersect in the middle of the elevated circular 
island with the 11.5 m radii. The reconstructed axes intersect at the angles from 37 to 150°. The 
roundabout has 1.0 m wide truck apron and the 5.5 m wide circular lane. Lane width at inter-
section legs ranges between 3.1 to 3.9 m, depending on the rank of the road: M. Gupca Street 
is in the category of street roads, while other streets are categorized as state roads (D28 and 
D41). Elevated dividing islands are 15.0 to 19.0 m long and were constructed on four legs. In 
the roundabout zone pedestrian and cyclist traffic is organized with level crossings on all legs.

Figure 1	 Plan of the roundabout in Vrbovec
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After the roundabout construction and its opening to traffic it was found that, when turning from 
Zagrebačka and Bjelovarska into Križevačka Street, trailers and semi-trailers of heavy trucks 
tread with their wheels on the elevated curbs. The basic reasons for that are the following:
·· exit lane width was insufficient because offtracking control with design vehicles was not 
taken into consideration;

·· the applied rounding radii of carriageway edges, recommended by design guidelines [1] are 
applicable at intersections with approach road intersection axes of 90°, but not in the case 
of the mentioned intersection;

·· recommendations of guidelines [8] and norms [3] which refer to the smallest lengths of the 
arc between the neighbouring legs axes were disregarded (Figure 2).

Figure 2	 Reconstruction of road axes [8] and the minimum length of the arc between neighbouring leg axes [3]

2.2	 Reconstruction solution

After offtracking control, by means of a specialized software [7] for the design vehicle 16.5 m 
long truck with semitrailer, it was found that the mentioned lane on Križevačka street should be 
widened by roughly 1.3 m (Figure 3). Although additional offtracking control showed that there 
is a need for widening the remaining lanes (for the value ranging between 0.1 to 0.5 m) only 
that critical lane was reconstructed (Figures 3, 4). Additional costs and the waste of time could 
have been avoided if offtracking control had been conducted already in the design phase.

Figure 3	 Offtracking control of the roundabout in Vrbovec



Road Traffic Planning and Modelling266
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

 

Figure 4	 Lane widening on Križevačka Street

3	 Proposal of offtracking control at roundabouts

At all intersections including roundabouts safe and unobstructed traffic flow should be secu-
red. That is the reason why in the designing phase it is essential to check the design vehicle’s 
possibility of passing through the roundabout. 

3.1	 Design vehicle selection

Just as in Croatia there are no official guidelines for roundabout design, there are, equally, no 
defined design vehicles for offtracking control at such intersections. The valid Croatian norm 
for the design and construction of intersections at grade (based on standard JUS U.C4.050 from 
1990) defines the following design vehicles for offtracking testing conditions: a truck and a truck 
with trailer [15]. The mentioned norm does not include the rules for designing roundabouts, 
and the features of design vehicles defined by the norm [15] have not been harmonized with 
the features of the vehicles defined in the existing legislation of the Republic of Croatia [14]. 
Namely, the dimensions of vehicles in road traffic in the Republic of Croatia, as well as in other 
EU member states, have been harmonized with the Council’s Directive 2002/7/EC (96/53/EC) 
[13] through the book of regulations [14] which prescribes the technical categories of vehicles, 
their dimensions and masses, axial load carrying capacity, devices and equipment that they 
must possess and the requirements that the devices and equipment of motor vehicles and 
trailers in road traffic must meet. With regard to the stated facts it can be concluded that in 
Croatia it is necessary to establish the range of vehicles for the selection of the design vehicle 
according to the position of the intersection in the road network. The range of vehicles can be 
established by means of three principles:
1	 by statistical data analysis on the presence of a certain group of vehicles (personal 

vehicles, freight vehicles, truck trailers, buses) and their dimensions on the roads in 
Croatia, in which the criterion for the design vehicle selection would be the frequency of 
appearance;

2	 by statistical data analysis on the presence of a certain group of vehicles (personal 
vehicles, freight vehicles, truck trailers, buses) and their dimensions on the roads 
in Croatia, in which the criterion for the design vehicle selection would be the vehicle 
dimensions (the selected design vehicle should have bigger dimensions and bigger 
smallest turning radius than the other vehicles from its group);

3	 by selecting a vehicle from the existing range of design vehicles of the discussed 
guidelines [9, 10, 11, 12] according to the criterion of the biggest width occupied by the 
vehicles in driving on curves. Here it should be mentioned that German [10] and Serbian 
[8] guidelines offer the widest range of vehicles and that, unlike other guidelines, take 
into account garbage trucks and public transport vehicles (articulated bus).
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3.2	 Offtracking control

Offtracking control should be checked at all intersection legs and for all three directions: 
straight, right and left (Figure 5). 

Figure 5	 Offtracking control at roundabouts [8]

In order to have a drivable roundabout according to [2, 3, 4, 8] offtracking control should meet 
the following requirements:
·· select a design vehicle which corresponds to the intersection position in the road network;
·· ensure the safety lateral width of at least 0.25 m along elevated curbs in the circular lane; 
·· ensure the safety lateral width of at least 0.25 m along elevated curbs at entrance and exit;
·· the design vehicle bus is not allowed to use the paved part of the circular pavement around 
the central island (truck apron);

·· offtracking control should be conducted by design vehicle’s templates or verified software.

4	 Conclusions

One of the main problems in designing roundabouts in Croatia is the lack of quality design 
guidelines and frequent dereliction of important design steps such as offtracking control, 
which cause significant mistakes leading to unnecessary reconstruction expenses as well 
as the reduced traffic flow safety at intersections. Special attention should be dedicated to 
offtracking control during the reconstruction of the existing intersections, where larger depar-
tures of intersection angles from the right angle lead to additional designing problems. Due 
to this it is important to clearly establish minimum allowable intersection angles for which 
the diversion of the approach road axis is not necessary. Since the selection of the design 
vehicle plays the most important role in appropriate roundabout design, it is indispensable 
to define the range of the design vehicles and harmonize their characteristics with those of 
vehicles defined in the existing legislature of the Republic of Croatia.
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Abstract

For the analysis of the existing and planned segments of the traffic system, a traffic mo-
delling is used, and the choice of models depends on temporal and spatial limits of a model 
and the context of application of modelling results. Functioning of a traffic system is under 
the influence of variable human behaviour. Researches show that the behaviour of a driver 
is, among other things, territorially and culturally conditioned. Accordingly, there is no uni-
versally applicable model, so the adjustment of modelling to local characteristics of traffic 
system and its users is a necessary prerequisite for the use of any traffic model. The success 
of modelling of urban traffic networks and its segments is interrelated with successful mo-
delling of critical network segments. According to a number of criteria, the most critical point 
of every traffic system is the intersection. The simulation models are very useful tool for the 
analysis of existing critical network segments and prediction of traffic conditions on existing 
and planned intersections. However, it is questionable whether they can be expected to give 
realistic modelling results that can be applied in the methodology, analysis and design of 
intersections in local conditions. Within this paper, a special attention has been paid to the 
microsimulation modelling of urban roundabouts. Accuracy of modelling results has been 
established by the comparison of travelling times between measuring points gathered in ca-
librated and uncalibrated VISSIM microsimulation models and the ones gathered in the field.

Keywords:	 travel time, microsimulations, vissim, roundabouts

1	 Introduction

Development of mathematical, mathematical-empirical and simulation models of the traffic 
system was generated by the need to analyse the impact of the planned facilities and me-
asures, as realistically as possible. Modelling as an analytical tool started to evolve in the 
forties of the last century. A great acceleration of development of mathematical modelling 
came about the same time as the rapid computerization and possibilities of solving great 
systems of equations in real time.
The application of various simulation models needs to be considered within the temporal and 
spatial scope. Specific simulation models are developed for certain types of traffic analysis 
and are intended for decision makings which differ in temporal and spatial coordinates. Ma-
croscopic traffic models treat traffic flow as a kind of flow which behaves in accordance with 
continuum properties. Mesoscopic models incorporate the modelling of individual vehicles 
movements, where the operating characteristic, such as delays, is modelled in accordance 
with macroscopic modelling principles through the relationship between speed and density 
of traffic flow.
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A closed driver-vehicle-environment cybernetic system, based on the feed-back relationship 
in reality, is the most similar with simulation models at the microsimulation level. Today’s 
microsimulation models are able to model the stochastic nature of traffic flow at the mul-
ti-modal level: car – truck – bus/tram – cyclist- pedestrian, through a detailed movement 
modelling of each entity. 
Modelling of roundabouts by simulation tool has its own specificities that can lead to signi-
ficant discrepancies between modelled and measured data [1]. The microsimulation models 
are unquestionably a very useful tool for the analysis of existing critical network segments 
and prediction of traffic conditions on existing and planned intersections. However, it is que-
stionable whether they can be expected to give realistic modelling results that can be applied 
in the methodology, analysis and design of roundabouts in local conditions. The best insight 
into the reality of the modelling results is provided by a comparison of modelled and mea-
sured traffic indicators. 

2	 VISSIM

VISSIM is a stochastic, discrete, micro-simulated model designed for traffic analyses. It star-
ted to develop in Germany at the University of Karlsruhe in the early ‘70s of the last century. 
VISSIM traffic model, which enables a detailed analysis and a large number of iterations in 
real time, is based on testing of various traffic scenarios. It includes empirical and measured 
data of each examined component of a modelled system and their interactions. Modelling 
results of each scenario are comparable. They focus on the analysis of alternative solutions, 
short-term traffic planning or optimization of particular elements of objects and/or evaluation 
of specific traffic regulation.
The simulation system of the VISSIM model contains two major program components. The first 
is the model of traffic distribution, and the other is the model of traffic signalization. Every 
second the main program detects the phase of traffic light signals and based on this data 
updates a traffic image (second by second, vehicle by vehicle). The stochastic nature of the 
model lies in the dynamic behaviour of system entities, it is in the function of gathering data 
from the environment and it is not fully determined by the earlier phase of the simulation. 
The difference between VISSIM and other microsimulation models lies in the structure of the 
network model. Most microsimulation models are based on the node-connector structure, 
and VISSIM network model is structured on the basis of connectors and links. According to 
the logic of this kind of a structure, a vehicle that has come to the end of a connector changes 
the lane (link) and chooses the one that will take it to the desired destination as quickly as 
possible. The innovative structure allows modelling of complex intersections which reflect a 
realistic traffic situation. For the longitudinal vehicle movement the model implements the 
sub-model of psycho-physical modelling of car-following behaviour, and for lateral movement 
there is the sub-model based on the defined rules of acceptable time gap for changing lanes 
in vehicle moving [2].
Dynamic elements include the following information: size and structure of traffic flow, loca-
tion of decision on the route choice, traffic volume distribution, traffic regulation, priority 
rule, etc. Dynamic elements of the network can be partially adopted from other programs in 
the form of an OD matrix, data on traffic regulation, main and secondary traffic flows, which 
shortens the time of framing the network model. Vehicles in the network are defined by the 
parameters of maximum and desired acceleration and deceleration, speed and desired speed 
distribution.
The development of computer graphics tools has opened up great opportunities for creating 
a high-quality three-dimensional presentation of the modelled part of the network or facility. 
Graphic animation has the ability to change views and perspectives [3]. Graphic presentation 
and animation are very important tools that help decision makers and wider public visualize 
and understand specific transport solutions. 
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3	 Measured and modelled travelling time 

To check the applicability of the microsimulation tool on roundabouts in local conditions, the 
two Osijek’s single-lane roundabouts were chosen. The first selected roundabout was Vinko-
vačka–Drinska roundabout, the four-approach intersection of the primary urban network and 
the second location was a four-approach Kirova-Opatijska roundabout (Figure 1).

 

Figure 1	 Two single-lane roundabouts in Osijek

VISSIM has developed, and it is continuously developing, a significant number of traffic pa-
rameters that can be analysed in traffic modelling, from operational features and economic 
indicators to environmental impact parameters (noise and air pollution). Measurability in the 
field was the main criterion for the selection of travelling time as indicator of operational cha-
racteristics that will be used as output simulation value of the observed intersection model.
Model calibration is the adaptation of a model to local specificities. According to the Highway 
Capacity Manual, calibration is the process of comparing model parameters with actual data 
obtained by counting and measuring at a local network [4]. The aim is to reduce the discre-
pancy between output results of a simulation model and data obtained by measurements 
and observations in the field. Model validation is evaluation of calibration model efficiency 
by comparing modelled and measured traffic parameters. VISSIM microsimulation model 
calibration in local conditions is done by application of neural networks [5]. Identification 
of influential parameters, the range of their values and optimization of the influencing pa-
rameters and their values by some of optimization tools are an integral part of calibration 
process [6,7,8].
Review of results of counting traffic in the field and the procedure for creating a layout for 
microsimulation modelling is available in the references [9]. 
Travelling time for the measured sections for both intersections are measured and compared 
to the modelled travelling time for the same stream with calibrated and non-calibrated (defa-
ult) values of model input parameters. The measured values of the observed traffic indicator 
– mean value of measured travelling time between measurement points are shown in Table 
1. Comparison between average value of measured and modelled travelling time is shown in 
the Table 1.

Table 1 	  Measured and modelled mean value of travelling time (s)

Rounadbout 1 Rounadbout 2
1st measurement 2nd measurement 3rd measurement 4th measurement

Measured value 21,8 19,9 18,1 13,3
Default model 20,3 20,3 17,6 13,1
Calibrated model 21,4 19,8 17,6 13,1

For the analysis of travelling time, measuring points were selected in a way that they include 
one left-turn traffic stream for both observed intersections. VISSIM has the ability to analyse 
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the travelling time of each vehicle in the examined traffic stream between measuring points. 
At the same time the number of vehicles generated by the model is not necessarily equal to 
the number of vehicles counted, because the model strictly holds the default traffic distributi-
on and not the traffic load entered into the model. Comparison of each specific measured and 
modelled travelling time for every vehicle that passed between measuring points for the first 
measurement (roundabout 1) is shown in Figure 2. In Figure 2 it can be seen that calibrated 
model provides better matching with measured individual travelling time of observed traffic 
stream for first intersection.

Figure 2	 Comparison of modeled and measured traveling time for each vehicle of observed traffic stream 
(roundabout 1)

Figure 3	 Comparison of modeled and measured traveling time for each vehicle of observed traffic stream 
(roundabout 2)
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In conditions of low traffic load both calibrated and default model provide the same mean 
travelling time, and even analysis of travelling time of each individual vehicle in traffic stream 
does not show significant differences, as shown in figure 3.

4	 Discussion

A basic insight into the reality of modelling results is obtained by comparison of mean values 
of traffic indicators acquired from modelling and measuring in the field. For a certain type of 
traffic analysis, such as selection of type of intersection in early stages of designing, compari-
son of alternative solutions for an intersection, optimization of intersection shaping elements 
and analysis of different traffic scenarios, that sort of modelling results is applicable.
Comparison of the mean travelling time obtained from calibrated and uncalibrated models 
with results obtained from the measuring in the field, clearly shows, as expected, that the 
calibrated model provides more realistic results, although the differences are not significant. 
In the first set of measured data, the difference between the travelling time and the modelling 
results of the calibrated model is 1.8%, and the uncalibrated model has given 6.9% shorter 
travelling time. In the second set of measured data, the difference between the measured 
travelling time and the one obtained from the calibrated model is 0.5%, and the uncalibrated 
model has provided 2% longer travelling time. In case of a low traffic load, both calibrated 
and uncalibrated model give the same travelling time. In the third set of measured data, the 
difference between the measured and the modelled travel time is 2.8%, and in the fourth it is 
1.5%. In all of the examined cases, calibrated model reaches results which differ from the me-
asured ones by less than 5%, and those are considered to be realistic modelling results [2,6].
Most of the model input parameters, chosen for optimization in the process of calibration 
[5,8] belong to the set of parameters that reflect behaviour of a driver in local conditions. The 
fourth set of measured data is made at the other urban roundabout with the idea to check if 
the calibrated model is applicable only to the roundabout at which the calibration is done or 
it can be applied to all one lane roundabouts in the examined traffic network. Unfortunately, 
both models – calibrated and uncalibrated – gave the same results of modelling of travelling 
time, so the initial hypothesis must be checked by analysing a new set of measured data and 
additional traffic indicators that are measurable in real traffic conditions, as well as the car-
following parameters (mean and maximum length at the entrance to the intersection and the 
number of vehicles stopping at the examined entrance), delays, etc.
For more detailed and more sensitive analysis, such as traffic safety modelling on the micro-
simulation level, identification of potential critical points according to traffic safety criteria, 
modelling of noise and air pollution, fuel consumption, etc. the mean values of traffic indica-
tors are too rough and are usually not applicable. The advantage of microsimulation models 
is the fact that they model the movement of each entity separately and that they model the 
interactions of those entities through defined rules of priority and modelled response time 
which is variable. For such analysis, not only spatial, but also temporal distribution of traffic 
is important, so the additional calibration should be done by changing the value of a random 
number generator (input model parameter – random seed). Thus, the modelled temporal 
traffic distribution is approaching the real temporal traffic distribution, which has an additio-
nal impact on the reality of modelling results.
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5	 Conclusion

To make a certain traffic model applicable in analysis of a particular traffic network and its 
users, it needs to undergo calibration and verification processes so that it can model the 
actual traffic system with sufficient reliability. After the required reality of simulation models 
of the actual traffic system is achieved, they can be used for simulation of expected traffic 
growth, economic analysis and some other modelling parameters of the future traffic system 
and infrastructure. 
Accuracy of modelling results is established by the comparison of values of traffic indicators 
gathered from modelling and the ones gathered in the field. Comparison of travelling times 
between measuring points in selected urban roundabouts shows that the calibrated model 
gives results that differ from the measured values ​​of the travelling time by less than 5%, and 
such modelling results are considered to be realistic.
In order to check the applicability of the calibrated VISSIM microsimulation model to some 
other one lane roundabout in the examined urban traffic network, it is necessary to introduce 
additional parameters in the traffic analysis, such as the parameters of car-following, delays, 
etc. At the other examined roundabout, both models (calibrated and uncalibrated) gave the 
same modelled travel time between measuring points, which differs from the measured one 
for only 1.5%.
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Abstract

The article deals with the determination of basic traffic engineering and measurable urban 
planning criteria needed for a complex assessment of intersections. The current assessment 
method of intersections in accordance with applicable regulations is virtually bound on su-
itable capacities but each intersection may also be described by means of a set of clearly 
expressed values; based on these values, its suitability for given conditions and thus also 
the utility value of a proposed design solution may be determined by means of the Multi-
Criteria Assessment (MCA) application. The basic criteria defining each at-grade intersection 
were the mean delay time, the safety index, environmental impacts (particularly CO2, NOX and 
PM), noise impacts on the surroundings, construction and operating costs. In this context, it 
is obvious that it is also necessary to define the input parameters of a respective intersection 
on the basis of which the above values of the criteria will be defined. The article primarily 
describes the dependences between the above criteria and input traffic volumes for basic 
shapes of intersections. In the first phase, basic layout types of intersections were modelled 
in the form of a set of basic shapes of intersections – in the future, we plan to extend this 
set by multi-lane intersections and intersections with separate turn lanes. The distribution 
of traffic volumes into individual branches was carried out for several basic combinations. 
The dependences are elaborated in a clear graphical and tabular form allowing the designer 
or investor to make a preliminary assessment of different design options of an intersection, 
particularly in the initial phases of design. It is also possible to use the dependences as an 
alternative to computerised assessment in accordance with applicable regulations.

Keywords:	multi-criteria assessment, intersection, intersection capacity,  
environmental impacts, noise impacts

1	 Introduction

The performance and quality of the road network is primarily affected by its design elements. In 
urban areas the apparently critical limiting element are intersections. In this context, an adequate 
design of intersections determines all traffic engineering characteristics of the network. The de-
sign of intersections is obviously regulated by a set of technical criteria that must be observed in 
the design. At the same time, virtually each developed country has its own applicable set of tech-
nical and legislative regulations that describe and, to some extent, limit the design process. The 
article describes the method of obtaining rough input data for all relevant characteristics affecting 
the design of an intersection. The final values ​may subsequently serve as the basic input for the 
multi-criteria analysis of the respective design solution or for the recalculation and subsequent 
operational and economic assessment according to a relevant methodology in force (HDM-4).
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2	 Methodology of defining inputs for MCA

2.1	 Existing assessment procedures of intersections

Comparing the design and assessment methods used e.g. in Europe, it comes out at a closer 
look that while the technical and design parameters of projects differ only marginally, the 
assessment of traffic engineering data is performed using a relatively large scale of methods 
that are not always ideal. The majority of such assessments do not take into account running 
costs, or potential environmental and noise emissions which, however, have a relatively large 
impact on the surroundings, especially in high-density developments. The current design 
practice is such that an intersection is evaluated in traffic engineering terms by its capacity 
(LOS), while the priority in terms of investment are construction costs.
The assessment in terms of capacity based on applicable regulations is relatively simple. A 
major problem, however, is that according to conducted surveys the results reached during 
this assessment quite often differ from reality. Moreover, different methodologies which do 
not provide comparable results when compared against each other frequently apply in diffe-
rent European countries. Therefore, due to very similar drivers’ behaviour across Europe, it is 
clear that the applied methodologies often work under ideal conditions that, however, rarely 
occur in practice.
Safety of intersections is also practically not assessed numerically or analytically based on 
predictive models. The absolute majority of safety audits and assessments are related to 
the existing situation, i.e. the moment when the respective intersection has already been 
assessed. In conjunction with the fact that for a valid safety assessment, the respective in-
tersection must be in operation for min. 10 years (some sources even say 20-25 years), it is 
clear that the current situation is not ideal.
Construction costs are of interest particularly to the investor. In terms of the operational and 
economic assessment, however, it is evident that construction costs account for only a rela-
tively small proportion of the total funds spent on the intersection. Thus, neglecting running 
costs of a designed solution is a fatal mistake in the long-term perspective.

2.2	 Traffic engineering and economic criteria

In the context of traffic engineering criteria, it must be emphasised that these criteria lend 
themselves to unambiguous quantification and comparison. Also, there are numerous other 
factors playing some role in the design that may affect the result, such as the existing configu-
ration, coordination with other intersections, etc. The following basic criteria were identified: 
·· intersection capacity (mean delay time);
·· intersection safety (safety index);
·· vehicle emissions (emissions of CO2, NOx, PM);
·· noise emissions (average equivalent noise level Ldvn);
·· construction costs (€);
·· running costs (€/hour).

The Aimsun micro simulation software was used to identify the traffic engineering characte-
ristics and emissions for individual types of intersections. An integral part of the project was 
also the software calibration to the conditions valid in the Czech Republic and the subsequ-
ent verification of the calibration. The safety of an intersection was identified on the basis 
of exact research conducted in the conditions of the Czech Republic, while construction and 
running costs were identified using applicable methodologies in force in the Czech Republic 
(URS data base, HDM-4).
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2.3	 Assessed shapes of intersections and distribution of traffic volumes

The basic types of intersections were identified in accordance with the Czech norms, which 
define the following shapes to be potentially used for newly built and reconstructed inter-
sections (Fig. 1):
·· crossroad (4-leg intersection) with/without TL;
·· T – intersection (3-leg intersection) with/without TL;
·· single – lane roundabout;
·· multi – lane roundabout (different types of turbo – roundabout).

Only basic types of intersections were modelled in the first step. The set of intersections 
will be further extended and the most frequent configurations situated in the road network 
will be modelled. The next step was the determination of approach traffic volumes and their 
distribution. It is, however, impossible to consider any arbitrary approach traffic volumes in 
individual branches as the number of permutations would be too high. For this reason, basic 
configurations of the traffic volume distribution into intersection branches were selected (Fig. 
2) plus two basic compositions of traffic volumes according to the numbers of heavy vehicles 
in the main-minor road distribution (4%-4% / 15%-8%). The basic types of distribution are: 
·· 1:1:1:1 (intersection movements in the ratio 1:2:1);
·· 1:2:1:2 (intersection movements in the ratio 1:2:1);
·· 1:3:1:3 (intersection movements in the ratio 1:2:1);
·· 2:3:1:4 (intersection movements in the ratio 2:3:1);
·· 1:2:2:1 (intersection movements see Fig. 2).

Figure 1	 Basic set of intersection types

Traffic volumes will be defined by both the total traffic volume that an intersection should tran-
sfer in peak hour and by the traffic volume distribution. The range of traffic volumes selected 
was 1000 – 3200 veh/h in steps of 200 veh/h.
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Figure 2	 Traffic volume distribution

3	 Identification of input data for MCA in practice 

3.1	 Identification of traffic engineering data by means of micro simulations

All traffic engineering values for the above shapes of intersections and expected distributions 
of traffic volumes were identified by means of micro simulations. For the purposes of this 
article, a model output for a single-lane roundabout with a diameter of 40 meters related 
to total traffic volumes will be presented. The estimated configuration of the traffic volume 
distribution into intersection branches is in the ratio 1:3:1:3 (intersection movements in the 
ratio 1:2:1) with 15%/8% of heavy vehicles. The values ​​obtained from the micro simulation 
model are displayed in Table 1.

Table 1 	  Micro simulation results for a single-lane roundabout

Volumes [veh/h] Avg. delay [sec] CO2 [kg] NOX [kg] PM10 [kg] PM2,5 [kg] Ldvn [dB]
1000 16.4 199.9 0.76 0.049 0.030 61.39
1200 19.1 239.0 0.90 0.059 0.035 62.06
1400 22.2 277.8 1.04 0.068 0.041 62.69
1600 26.7 318.5 1.20 0.078 0.047 63.28
1800 35.0 359.1 1.34 0.088 0.053 63.79
2000 45.9 399.7 1.50 0.098 0.059 64.33
2200 69.5 441.9 1.65 0.108 0.065 64.86
2400 447.0 508.5 1.92 0.123 0.074 65.65

It is evident from the results that the relevant interval of the solution is in the range of 1000 
– 2200 veh/h. Values ​​below 1000 veh/h need not be addressed in practice as the growth in 
delay times at uncontrolled intersections at such low traffic volumes is linear, while at higher 
traffic volumes (2400 veh/h and above) the busiest approaches already get congested, which 
leads to an unacceptable rise in average delay times. For better clarity, the growth in the given 
parameters may also be displayed visually by graphs in Fig. 3 and Fig. 4. 
The above table and enclosed graphs clearly show the growth pattern of individual criteria 
with respect to input traffic volumes. In the case of average delay, the growth in the delay time 
for traffic volumes between 200-1600 veh/h is practically linear, while from ca 1600 veh/h the 
growth in average delay starts to be more rapid. 
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Figure 3	 Graphs of average delay (and CO2 emissions) related to volumes

 

Figure 4	 Graphs of PM (and noise emissions) related to volumes

The growth of emissions of individual exhaust gases and noise emissions is linear, as expec-
ted, but once the limit capacity of an intersection is exceeded, there is also a steeper rise of 
individual criteria. In fact, however, this is a limit case as the intersection should be designed 
so that a similar situation does not occur there.

3.2	 Safety index identification

The safety of individual design solutions cannot be practically identified using micro simu-
lation models. Although there are procedures based on traffic models and taking over data 
from them (e.g. SSAM), these are predictive models that have not been realistically verified 
in practice and their results are, therefore, not applicable in European conditions. Safety was 
identified on the basis of exact research conducted in the Czech Republic defining the safety 
of an intersection by means of a so-called safety index (IS). The safety index is based on two 
principal parameters that must be expressed mathematically: 
·· accident index (IA) – based on accident statistics from individual already constructed inter-
sections;

·· design safety index (IC) – this index is based on basic design and traffic engineering prin-
ciples. Each intersection has a certain type of collision points and collision flows where 
collision movements occur – if the risk rates of such movements may be identified and 
the relationship between the number of collision points and actual accidents derived, the 
respective safety index may subsequently be determined. 
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The considered ratio of both partial indices is 65:35 (1).

	 	 (1)

The results for individual types of intersections are displayed in Table 2. We must, however, 
emphasise that these are initially determined indices, and both the range of their values and 
the values themselves will be further modified as research continues.

Table 2 	  Safety index based on at-grade intersection type

Intersection type Statistics [RN] IA [pts] Conflict points IC [pts] IS [pts]
T-intersection 0.8 7.5 8 8.0 7.7
Crossroad 1.2 1.0 24 1.0 1.0
T-intersection+TL 0.7 10.0 3 10.0 10.0
Crossroad+TL 1.2 8.0 8 3.4 6.4
RA – 1/1 0.7 10.0 4 9.8 9.9
RA – 2/2 1.2 3.0 16 2.0 2.7
TRA – turbo/egg 1.0 5.0 12 5.4 5.1

3.3	 Construction and running costs

Construction costs were determined based on the applicable budget methodology using the 
URS price system. The final price for the intersection without adjacent sidewalks, considered 
as newly built, is € 207,895. The price includes only construction works, excluding the costs 
of traffic engineering measures, relocations of existing networks, etc. Running costs were 
determined following practical instructions for the assessment of the cost-effectiveness of 
projects (Czech Road and Motorway Directorate). Running costs and their growth are evident 
from Fig. 5. Once the intersection capacity is exceeded, there is a noticeable increase in delay 
times and thus a steep rise in running costs.

 

Figure 5	 Running costs and their growth

IS A CI I= ∗ + ∗0 65 0 35. .
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4	 Future applications of results 

All the above outputs offer relatively interesting application possibilities. Intersections are 
described using a complex set of data taking into account and quantifying the properties of 
an intersection in order to assess the designed or existing solution. The basic application 
domain, therefore, is the application of the results in the subsequent MCA-based assessment 
of intersections with clearly declared weights of individual criteria. Another option is a purely 
economic comparison – practically all the above criteria may be expressed in financial terms. 
Last but not least, the results may be used in design and traffic engineering practice for the 
purpose of rough estimates of the characteristics and impacts of a proposed solution. Thus, 
the data offer a relatively wide scope of applications, although with respect to input data, 
their indicative nature must be taken into account. The identified values will never replace a 
complex micro simulation model, which, however, is only used in the subsequent phases of 
project documentation.
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Abstract

This paper presents the development and implementation of a Multi-Objective Decision-
Aid Tool (MODAT) tested with data from the Estradas de Portugal’s Pavement Management 
System. The MODAT uses a multi-objective deterministic section-linked optimisation model 
with three different possible objectives: minimisation of agency costs; minimisation of user 
costs; and maximisation of the residual value of pavements. The MODAT also uses the deter-
ministic pavement performance model used in the AASHTO flexible pavement design method 
that allows the gap between project and network management to be closed. The application 
of the new Decision-Aid Tool is illustrated with a case study involving part of the main road 
network of Portugal. The “Knee point”, which represents the most interesting solution of 
the Pareto frontier, corresponds to an agency costs weight value of 4%, a user costs weight 
value of 95% and a weight value of 1% for the residual value of pavements, demonstrating 
that user costs, which are generally much greater than agency costs and the residual value of 
pavements, dominate the decision-making process. 

Keywords:	multiple objective analysis, optimisation models, decision support systems, 
highway maintenance, pavement management

1	 Introduction

In the literature related to pavement maintenance management, only few applications have 
made use of multi-objective optimisation techniques [1-3]. None of these multi-objective op-
timisation models considers the minimisation of user costs and a pavement performance mo-
del also used for pavement design which allows closing the gap between project and network 
management. In addition, none of these multi-objective optimisation models considers the 
maximisation of the residual value of pavements at the end of the planning period which is 
very important for highway agencies. Greater residual value of pavements is directly related 
to a greater residual life of pavements which means lower maintenance and rehabilitations 
costs in the next planning period. This paper presents the development and implementation 
of a Multi-objective Decision-Aid Tool (MODAT) which considers three different objectives, 
the minimisation of maintenance and rehabilitation costs, the minimisation of user costs, 
and the maximisation of the residual value of pavements at the end of the planning period. 
The MODAT is tested with data from the PMS used by the main Portuguese concessionaire 
(Estradas de Portugal, S.A.), the institution that acted until 2007 as the Portuguese Road 
Administration [4, 5]. 
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2	 Multi-Objective Decision-Aid Tool

The Multi-Objective Decision-Aid Tool (MODAT) consists of the components shown in Figure 
1: the objectives of the analysis; the data and the models about the road pavements; the 
constraints that the system must guarantee; and the results. 

Figure 1	 MODAT components.

Several objectives can be considered in the analysis, including the minimisation of main-
tenance and rehabilitation costs, the minimisation of user costs, the maximisation of the 
residual value of pavements at the end of the planning time-span, etc. The results of the 
application of the MODAT to a road network consist of the M&R plan, the costs report, and the 
structural and functional quality report. Details about the data, the models, and the constra-
ints that the system must guarantee are described in recent published papers in international 
journals [6, 7].

3	 Case study

The MODAT was tested with data from the Estradas de Portugal’s Pavement Management 
System to plan the maintenance and rehabilitation of the road network considering three 
objectives. The MODAT was applied to the road network of the district of Castelo Branco, one 
of the 18 districts of Portugal. This road network has a total length of 589.9 km and the corres-
ponding network model has 32 road sections. The discount rate considered in this study was 
2.5%. The solutions of the optimisation problem were shown in a 3D representation using MA-
TLAB. Figure 2 presents the three-dimensional (3D) Pareto optimal set of normalised solutions 
in the objective space by varying the weight values. The “Knee point” was obtained conside-
ring the following weight values: (wAC, wUC, wRV) = (0.04, 0.95, 0.01); and it corresponds to the 
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following objective values (AC, UC, RV) = (€69228291.7, €1497083878.6, €37118050.1). The 
range of values for the three objective functions is (ACmin, ACmax) = (€44.2x106, €206.0x106), 
(UCmin, UCmax) = (€1424.2x106, €2529.3x106) and (RVmin, RVmax) = (€10.9x106, €39.2x106). Here, 
wAC, wUC, and wRV are the weight values for each objective function; AC, UC, and RV are the in-
dividual objective function values that depend on the decision variables values; ACmin, UCmin, 
and RVmin are the minimum values obtained for each objective; ACmax, UCmax, and RVmax are the 
maximum values obtained for each objective.

Figure 2	 3D Pareto optimal set of normalised solutions.

The final best-compromise solution from the Pareto optimal set of solutions in multi-objective 
problems is always up to the decision maker. For that purpose, five different M&R solutions 
of the Pareto frontier were considered for comparison:
a	 Solution I: Multi-objective optimisation approach (corrective-preventive) considering 

the “Knee point” (wAC = 0.04, wUC = 0.95, wRV = 0.01);
b	 Solution II: Multi-objective optimisation approach (corrective-preventive) considering 

the following weights (wAC = 1.00, wUC = 0.00, wRV = 0.00);
c	 Solution III: Multi-objective optimisation approach (corrective-preventive) considering 

the following weights (wAC = 0.00, wUC = 1.00, wRV = 0.00);
d	 Solution IV: Multi-objective optimisation approach (corrective-preventive) considering 

the following weights (wAC = 0.00, wUC = 0.00, wRV = 1.00);
e	 Solution V: Multi-objective optimisation approach (corrective-preventive) considering 

the following weights (wAC = 1/3, wUC = 1/3, wRV = 1/3).

The costs and normalised costs during the entire planning time-span for these five Pareto 
optimal solutions are summarised in Figures 3 and 4, respectively. Figure 3 shows that, as 
expected, solution I (“Knee point”) is the Pareto optimal solution with the lowest total costs 
(M&R costs, plus user costs, minus residual value of pavements), which was the objective 
considered in the multi-objective optimisation model. Solution III, considering the weights 
(wAC = 0.00, wUC = 1.00, wRV = 0.00), is the second best solution, which corresponds to the 
minimisation of user costs. It is interesting that solution II, which corresponds to the minimi-
sation of agency costs, is the worst solution in terms of total costs. Solution V, considering 
equal weights for the three objectives, is an interesting solution for the road administration 
because it has the lowest value of M&R costs minus residual value of pavements.
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Figure 3	 Costs throughout the planning time-span of 20 years.

Figure 4	 Normalised costs throughout the planning time-span of 20 years.

Figure 5 presents the predicted PSI average value over the years of the planning time-span 
for all the road network pavements and for each solution. One can conclude that solution III, 
i.e. the solution of the multi-objective optimisation approach considering the weights (wAC 
= 0.00, wUC = 1.00, wRV = 0.00), corresponds to the highest average PSI values, as expected, 
because this solution corresponds to the minimisation of the user costs. Solution I (“Knee 
point”) is the second best solution in terms of average PSI values, also as expected, because 
this solution corresponds to a high weight value for user costs and small weight values for 
the other two objectives (wAC = 0.04, wUC = 0.95, wRV = 0.01). As expected, solution II, which 
corresponds to the minimisation of agency costs, is the worst solution in terms of average 
PSI values.
The results presented above were defined at network-level. At project-level, the MODAT provi-
des extensive information about the M&R strategy to be implemented for each road section. 
To analyse these road section-linked results, four road sections were chosen with different 
attributes in the present year. Table 1 shows the attributes of these four road sections inclu-
ding their present PSI value. Table 2 presents the M&R operations to be applied in the four 
road sections, considering the five M&R solutions of the Pareto frontier. 
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Figure 5	 PSI average value for all the road network pavements.

Figure 6	 Evolution of PSI for pavement 05001 of a national road.

Figure 6 shows the predicted evolution of the PSI value over the years for pavement section 
05001 of a national road as a consequence of the execution of the M&R plan. For this pave-
ment section, which is in good condition (PSI value of 3.81), if solution I (“Knee Point”) of 
MODAT is adopted, only two M&R operations 2 (non-structural maintenance) will be applied 
to the pavement section, one in year 2018 and another in year 2028. If solution II of MODAT 
is adopted, no M&R operation will be needed during all the planning time-span. If solution 
III of MODAT is adopted the recommended M&R operations are very different. The MODAT 
recommends the application of M&R operation 5 (major rehabilitation) in years 2018, 2022, 
2026 and 2030. For solution IV, the MODAT recommends one M&R operation 4 (Medium re-
habilitation) in year 2020 and the application of two M&R operation 3 (minor rehabilitation) 
in years 2024 and 2033. If solution V of MODAT is adopted only one M&R operation will be 
needed during all the planning time-span, i.e. M&R operation 2 in year 2033. An identical 
analysis could be made for any other pavement section.
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Table 1 	  Attributes of road sections.

Attributes Road sections
Section_ID 05012 05004 05001 05003
Road_class EN IC IP IC
Pavement_type Flexible Flexible Flexible Flexible
District Castelo Branco Castelo Branco Castelo Branco Castelo Branco
Length (m) 21,455 19,439 1931 14,635
Width (m) 5.9 8.8 9.4 8.6
Sub-grade_CBR (%) 5 10 6 4
Structural_number 2.47 3.51 5.20 4.80
Age_of_pavements (years) 16 14 8 3
Annual_average_daily_traffic 744 6,212 4316 5,828
Annual_average_daily_heavy_traffic 100 1000 300 1000
Annual_growth_average_tax 3.0 4.0 3.0 4.0
Truck_factor 2.0 4.0 3.0 4.0
PSI0 1.79 2.75 3.81 3.90

Table 2 	  M&R operations to be applied in road sections.

KEY (M&R operations):
1 – Do nothing; 2 – Non-structural maintenance; 3 – Minors rehabilitation; 4 – Medium rehabilitation; 5 – Major rehabilitation.
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4	 Conclusions

The Multi-objective Decision-Aid Tool (MODAT) is a useful new tool to help the road engineers 
in their task of maintenance and rehabilitation of pavements. In this MODAT application, the 
Knee point, which represents the most interesting solution of the Pareto frontier, corresponds 
to an agency costs weight value of 4%, a user costs weight value of 95% and a weight value 
of 1% for the residual value of pavements, demonstrating that user costs, which are generally 
much greater than agency costs and the residual value of pavements, dominate the decision-
making process. While the case study of this paper focuses on a national road network, the 
approach proposed is applicable to any transportation infrastructure network, e.g., municipal 
road network, bridge network, where the decision-making process often involves multiple 
objective considerations. 
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Abstract

The main objective of this research study is to present the results of the influence of tire 
pressure, from a truck front suspension, on the vertical dynamic load applied on the pave-
ment. For the measurements, it has been used a durability test track located in Brazil. The 
tire pressure was increased by 10 psi from 90 to 130 psi with a constant load of 6 tons on 
the front suspension, the maximum allowed load for front axle, according to Brazilian legi-
slation. By applying relative damage concept, it is possible to conclude that the variation on 
the tire pressure will not affect significantly the load applied on the pavement. Although, it 
is recommended to repeat the same methodology, in order to analyse the influence on the 
variation of the other quarter car model variants.

Keywords:	damage, vertical dynamic load, tire

1	 Introduction

1.1	 Background

Vertical dynamic load is directly related to the deterioration of the pavement [1]. Therefore, 
this relation can also be extended for the vehicles variants, especially for the commercial 
vehicles – trucks and buses. By analysing the quarter car model (Figure 1) it was expected 
that the tire spring rate could influence it by changing the tire pressure. 

M1	 sprung mass;
k1	 primary suspension spring rate;
c1	 shock absorber damping force;
m1	 unsprung mass;
k1’	 tire spring stiffness.

Figure 1	 Quarter car model [2]

1.2	 Scope

The main objective of this research study is to analyse the influence of the tire pressure on 
the vertical dynamic load applied on the pavement.
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1.3	 Boundaries and assumptions

In order to analyse the influence of the tire pressure, it was necessary to keep constant the 
other variants of the quarter car model (Figure 1):
·· sprung mass and unsprung mass: set as 6 tons, the maximum allowed weight on the front 
axle according to the Brazilian legislation;

·· primary suspension spring rate and shock absorber damping forces: set according to the 
manufacture specification – new components;

·· pavement longitudinal profile: the tests have been performed on a proving ground located 
in Brazil, in order to keep the same track in all measurements;

·· it has been chosen an 8x2 rigid truck (Figure 2) and all measurements reflect the loads of 
both front steering axles.

Figure 2	 Tested truck

2	 Methodology 

2.1	 Instrumentation and calibration

Uniaxial strain gauges were placed on the main leave spring of the 1st and 2nd steering axle 
(Figure 3) on the left hand side (LHS) and right hand side (RHS) of the vehicle. The recorded 
values given by the mentioned instrumentation were in µe (micro-strain). Therefore, it was 
necessary to calibrate the system in order to estimate the force applied on the pavement. It 
has been used a weighting scale and applied different loads on the vehicle body with the 
objective of having the calibration curves between µe and the load applied on the ground in 
tons (Figure 4). Due to the fact that all tested springs have the same spring rate, all calibration 
curves have similar characteristics.

Figure 3	 Primary suspension spring leaf instrumentation
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Figure 4	 Weighting scale used for the calibration and example of the spring calibration

2.2	 Test procedure 

It has been used a pothole track in the proving ground for the measurements, with the 
following constant conditions: vehicle weight (6 tons per front axle), vehicle speed (40 km/h), 
original shock absorber setting and original primary suspension spring rate setting. The only 
variant was the tire pressure: 90 psi; 100 psi; 110 psi (recommended pressure for the applied 
vehicle weight [3]); 120 psi; and 130 psi – respectively: 621 kPa, 690 kPa, 758 kPa, 827 kPa 
and 896 kPa. Tire size: 295/80 R22.5.

Figure 5	 Detail of the pothole track

3	 Results Analysis

3.1	 Overview

Figure 6 presents an example of the time signal of each front spring for a tire pressure of 110 
psi. The mentioned figure refers to the load applied to the pavement on each front axles tires, 
in tons. By analysing the time signal data, it is not possible to find a conclusion. Therefore, it 
was necessary to use others statistical analysis.
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Figure 6	 Time signal – load applied on the pavement – 110 psi

3.2	 Histograms

Figures 7 to 10 present the histograms for the tested tire pressures. It is possible to visualize 
on these Figures that the counting cycles close to the static load (3 tons) are the mandatory 
values. Nevertheless, with this statistical tool, it is not possible to analyse the behaviour of 
the other loads to the pavement.

Figure 7	 Histogram of the load applied on the pavement – 1st axle LHS
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Figure 8	 Histogram of the load applied on the pavement – 1st axle RHS

Figure 9	 Histogram of the load applied on the pavement – 2nd axle LHS

Figure 10	 Histogram of the load applied on the pavement – 2nd axle RHS
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3.3	 Relative damage calculation

Equivalent constant amplitude stress level is calculated for making life estimates for variable 
amplitude loading, by using rainflow cycle counting (eqns 1 to 3), which is recommended for 
highly irregular variation of load with time [4].

	 	 (1)

where:

σa	 average of each rainflow cycle (σmax, σmin);
σmax	 max stress for each rainflow cycle counting;
σmin	 min stress for each rainflow cycle counting;

 
	 	 (2)

where:

Nfj	 absolute damage of each rainflow cycle counting;
σ’f	 theoretical stress that indicates failure with zero cycles (material property);
b	 slope of the Stress-Life curve (material property).

	 	 (3)

where:

Nj	 quantity of rainflow cycle counting for each range;

Relative damage will be the ratio between a given tire pressure damage with the baseline 
(110 psi), Figure 11.

Figure 11	 Relative damage among tire pressures, considering k=5

By analysing Figure 11, it is possible to observe that the relative damage, regarding tire pre-
ssure, has no significant relation with the vertical load applied on the pavement. 
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4	 Conclusion and recommendations

By applying relative damage concept, it is possible to conclude that the variation on the 
tire pressure will not affect significantly the load applied on the pavement. Although, t is 
recommended to repeat the same methodology, in order to analyse the influence on the 
variation of the other quarter car model variants.
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Abstract

Pavements of aerodromes, container terminals, logistic terminals, areas of storage, parking 
lots, areas of waste utilization and etc. are affected by static and impact loads. These loads 
strongly influence pavement performance by causing permanent deformations and distresses 
in the surface and even sometimes pavement failure in the beginning of pavement exploi-
tation. The types of structure, materials and layers thickness are the main factors relative to 
pavement performance. This paper aims to create a design model for static and impact load 
affected pavements.

Keywords:	 static loading, impact loading, pavement distress, pavement structure, design model.

1	 Introduction

There are many methods, procedures and guides for pavement structure design for roads or 
streets where usually is considered a moving heavy vehicle traffic load. There is an attitude 
that designed pavement is one in which there is no structural deterioration of the pavement 
either over time of design [1–3]. Mostly pavements are designed for 20 years according to 
equivalent single axle load which is accepted as 8 t, 10 t, 11.5 t or other depending on domi-
nated traffic loads. However, pavement design procedures up for roads cannot be applied 
for others special objects such as parking aprons of aircraft, ports and containers terminals, 
logistics terminals, industrial areas, parking lots, waste recycling areas and etc., where diffe-
rent types of loading – static and impact loads – affect pavements.
Researchers describe wheel load as static, quasi-static or dynamic. A static load represents 
a constant load, which is defined by geometry of contact and mass of the load. A quasi-static 
load – a moving constant load, which is defined by stiffness and mass of the load without 
damping force in the equation of equilibrium. And a dynamic load – a changeable moving 
load, which involves inertia, damping, stiffness and mass terms in the equation of motion 
[4, 5]. From experience observed that falling object or special machineries induce impact 
loads. Impact load represents a force of potential energy, which is defined by multiplying 
object weight, drop height and acceleration of gravity. These kinds of loading produce many 
distresses in pavements of special objects.
Consequently, it is very important to design a stable pavement, i.e. pavement structure re-
sistant to static and impact load. In other countries this kind of pavements are designed by 
using special design charts, guides, manuals and computer programs. However, in Lithuania 
is neither solution for design such pavements (there is regulated only design for roads (streets) 
pavements). Contribution to this is a lack of information about influence of different loading 
type to pavement structure and its performance. The aim of this article is to study types of pave-
ment distresses, to analyze load specification and influence of climatic conditions to pavement 
performance and to suggest a design model for pavements affected by static and impact load.
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2	 Distresses of pavement structures affected by static and impact load

In general, pavement degradation is a function of pavement roughness, which is a sum of all 
types of distresses and increases with pavement age [6–8]. The type of pavement distress 
depends on the pavement structure and materials properties.
Due to easy construction and rehabilitation flexible pavements are the most common type of 
pavement structure using in Lithuania and in other countries. However, flexible pavement de-
sign life is shorter than rigid pavements and usually after 20 year of exploitation need full re-
habilitation. Pavement distresses are classified in to: surface defects (raveling, bleeding and 
polishing), surface deformations (rutting, shoving, corrugation, bumps, heaves, settlements 
and blow ups (curling)), cracks (fatigue, thermal, longitudinal and slippage) and potholes. 
Though, in the asphalt pavements the most common distresses are fatigue cracking, rutting 
(permanent deformations) and thermal cracking, meanwhile in pavements affected by static 
and impact load – permanent deformations and thermal cracking.
Thermal cracking is primarily associated with cold temperatures (below 10 °C) at the surface 
of asphalt layer. Due to low temperature the binder film to get thinner around aggregates. 
When the temperature drops below the point where asphalt binder becomes brittle, thermal 
cracking is initiated in the surface of asphalt pavement and immediately grows down [9], [10].
Permanent deformations are associated with viscous-elastic-plastic properties of asphalt and 
variance of ambient temperature [3, 11, 12]. Four types of permanent deformation may occur in 
asphalt pavement [13, 14]: surface wear rutting, initial densification, structural deformations 
and plastic (flow) deformations (rutting). Bitumen binder properties decreases at high tempe-
ratures (to +60°C and more) influencing relaxation of asphalt mixture strength [15]. Examples 
of permanent deformation observe in pavements of special objects are shown in Figure 1. In 
most cases this kind of deformation develops in surface (wearing) layer of asphalt pavement.

a) b) c)

d) e) f)

Figure 1	 Examples of permanent deformation observe in pavements of special objects: a) port; b) parking lot; 
c) parking apron of aircraft; d) e) f) industrial area
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3	 Load specification and climatic conditions

The static and impact load usually delivers from aircrafts, containers, handling equipment 
(rubber tire gantry cranes (RTGs), straddle carriers, reach stackers, front lift trucks, side loader 
lift trucks and etc.), storage goods, trucks, cars and/or falling stuff. In areas where is conside-
rable expectation of this kind of loading, the magnitude of loads and loading time is higher 
comparing with traffic loads. Moreover, loads are concentrated and affect pavement within 
small contact area. Consequently, it leads high pressure into pavement. Contact pressure 
strongly depends on contact area load, which is influenced by high of stacking (if source of 
load is stackable). Into Table 1 is taken contact pressure considering to characteristics of the 
load source. It is emphasized that contact pressure to pavements affected by static and im-
pact load is significantly higher comparing with contact pressure applied in roads pavements. 
On purpose to simplify calculations a tire-pavement contact area is assumed as a circle area 
equals to ellipse’s (rectangle) area. This contact area changes by increasing/decreasing ma-
gnitude of load and/or by changing inflation pressure [16]. However, common the tire-pave-
ment contact pressure is assumed equal to inflation pressure. Impact load is characterized 
by drop height and/or weight of falling object. As these characteristics increase, the negative 
effect of this kind of load to pavement performance increases, too.

Table 1 	  Contact pressure considering to characteristics of load sourcea)

Object (load source) Contact area 
[mm2]

Maximum high 
of stacking

Contact pressure 
[MPa]

Aircraft b) – 0.3-1.7c)

Handling equipment of ports b) – 0.7-1.7
Container 26250 6-8 (12)d) 2.59-12.5e)

Heavy vehicle b) – 0.6-1.0
Trailer dolly (wheel) 8800 – 35-40
Trailer pivot plate 33750 – 2.0
Handling equipment of industrial areas b) – 0.5-1.0
EuroPallet 116000 2-4f) 0.03-0.44g)

Car b) – 0.20-0.25
a)	 Sources of impact load are not included in to table due to their large variety.
b)	 The leg of load source is wheel. Contact area of tire-pavement depends on characteristics of tyre.
c)	 Contact pressure depends on type of aircraft.
d)	 Fully loaded containers are usually stacked up to 6 high and empty containers – 8 high. 
	 In some cases containers can be stacked up to 12 high.
e)	 When only 1 container is on the pavement the contact pressure is 2.59 MPa,  
	 when conteiners are stacked up to 8 high – 12.5 MPa.
f)	 EuroPallets are usally stacked up to 2 high for transportation and up to 4 high for storage.
g)	 When only 1 EuroPallet with goods is on the pavement the contact pressure is from 0.03 MPa  
	 depending on the weight of goods, when EuroPallets with goods are stacked up to 4 high – by 0.44 MPa 
	 depending on the weight of goods.

In design process of special objects should be paid attention to different loading, i.e. static 
(containers, standing equipment, storage goods and etc.) and slow dynamic loading (han-
dling equipment’s movements, cornering, accelerating and braking). Mostly, slow dynamic 
loading is assessed by applying a load multiplication factor.
Climatic conditions such as temperature, moisture, frost and number of freeze-thaw cycles 
strongly influence pavement performance and exploitation. Climatic conditions in Lithuania 
are similar to other cold regions countries. There temperature of asphalt pavement surface 
varieties from -22°C to +53°C [17]. Moreover, number of freezing/thawing cycles of pavement 
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surface exceeds 80 times and more in year [18]. Consequently, pavement structure is desi-
gned evaluating resistance to frost heave.
It is well known, that moisture influences the behavior of unbound layers, while tempera-
ture – the stiffness (elastic modulus) of bituminous layers and thermal stresses in cement 
layers. Pavement failures (distresses) related with high moisture content in unbound layers is 
common phenomenon in cold region pavements [19-21]. Increasing water content leads more 
permanent deformations in unbound layers [20]. Moisture content and pavement stiffness 
depends on season, because pore water crystallizes into ice lenses during cold season con-
ditioning increase of stiffness of unbound layers [20, 21]. The negative influence of moisture 
and frost to pavement structure performance is solved by ensuring sufficient drainage and 
thickness of whole pavement structure, respectively.
Variations of temperature affect the viscous-elastic-plastic properties of asphalt pavement. 
The elastic modulus decreases as the temperature increases and increases as the tempe-
rature decreases [21]. In design process, it is assessed by including the non-linear asphalt 
behavior.
In the rigid pavements, daily temperature variations lead curling of the slab: the slab blows 
up (expansion of the pavement surface) when the top of the slab is warmer than the bottom 
of the slab (daytime) and the slab blows down (contraction of the pavement surface) when 
the top of the slab is cooler than the bottom of the slab (nighttime). Furthermore, the tem-
perature variations give thermal stresses in the slab, which must be estimated in process of 
pavement design [22].

4	 Pavement structure design model

All types of pavement structure are used for areas affected by static and impact load. Accor-
ding to pavement structure layers and materials mechanical performance pavement structu-
res are:
·· Flexible – asphalt layer(-s) or stone/concrete blocks on unbound granular base or asphalt 
base layer. 

·· Rigid – concrete layer(-s) or stone/concrete blocks on bound granular base or asphalt base 
layer or concrete layer. 

·· Composite – semi-rigid/semi-flexible – ultra-thin concrete layer or concrete paving flags 
on flexible pavement structure, asphalt layer(-s) on concrete pavement, pours asphalt with 
cement grout on flexible pavement structure.

Foreign countries practice has shown that traditionally pavements of special objects have 
been design using design charts. According to them the whole thickness of pavement structu-
re and/or each thickness of pavement layer are selected. However, this design method has 
low accuracy. Consequently, other design model should be applied instead of design charts. 
In our opinion design charts could be used only for selection of whole thickness of pavement 
structure and the upper part of the pavement (generally wearing layer) should be analyzed 
separately according to development of permanent deformations and thermal cracks.
Considering to foreign countries practice and normative requirements or guides of pavement 
design for special objects, there is suggested a design model for pavements affected by static 
and impact load (Fig. 2). A design model consists of three main parts: field of application, in-
put data and analysis procedure. Following design process step-by-step, the designer selects 
the best solution for new or rehabilitated pavement structure depending on environmental/
climate conditions, structural conditions, design materials and loading conditions.
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Figure 2	 Flow chart of pavement structure design model



Road Pavements306
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

5	 Conclusions

In Lithuania pavement structures for special purposes are designed according to experience 
and standardized pavement structure catalogue for roads. There is lack of procedures, requ-
irements, guides and/or manuals for it.
For special purposes pavement structures long-term static or short-term impact loading are 
assumed as most common negative factor for pavement distress. Moreover due to brittle of 
bitumen at low temperature thermal cracking is assumed as very significant distress, too. 
Considering to specification of static and impact loading, especially to wide range of contact 
pressure (from 0.03 MPa up to 40 MPa), design procedures for pavement structure of roads 
and streets cannot be applied for pavements of special objects – terminals, aprons, parking 
and storage lots.
The negative influence of moisture and frost to pavement structure performance is solved by 
insuring sufficient drainage and thickness of whole pavement structure, respectively. While 
influence of temperature is assessed by different stiffness (elastic) modulus of bituminous 
layers and thermal stresses in cement layers.
Research represents pavement structure design model with three main objectives: field of 
application, input data (environmental/climate conditions, structural conditions, design 
materials and loading conditions) and analysis procedure (pavement response to load, pa-
vement response to frost heave and performance (design) criteria).
The established model will be extended after pavement structure materials experimental 
research results analysis.
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Abstract

This paper aims to illustrate the behaviour of two technologies – soft asphalt pavement and 
Otta seal in Lithuania. Measurements of roughness and condition of soft asphalt pavement 
and Otta seal were carried out in spring after the first winter and after one year of exploitation. 
Based on the results of this research the conclusions and recommendations were made for 
further soft asphalt and Otta seal application in Lithuania.

Keywords:	 low-volume roads, gravel pavement, soft asphalt, soft bitumen, Otta seal, visual 
assessment

1	 Introduction

In Lithuania more than third (34.2 %) of the state roads are gravel roads [1]. Average annual 
daily traffic (AADT) varies from 40 vehicles per day (vpd) to 1000 vpd on these roads, so often 
they are called low-volume roads [2]. The main function of low-volume roads is to ensure 
access to objects i.e., join small towns, farmsteads and other objects with higher-significance 
roads. Though, the maintenance of these roads needs large budget and operation of them 
awake social discomfort.
The main problem of maintenance of roads with gravel pavement is dustiness. Dust generati-
on from gravel roads decrease visibility, which leads to reduction of traffic safety and speed. 
Thus, maintenance costs of vehicles, medical costs of accident victims and costs deaths 
increases [3].
Chemical dust suppressants are used to prevent the loss of fines, e.g. calcium or magnesium 
chloride, calcium lignosulphonate and etc. The dustiness can be reduced up to 80 % using 
these suppressants [4]. However, the efficiency of dust suppressants depends on climatic 
conditions and rainy days [5]. The use of such dust suppressants is not enough efficient due 
to wet and rainy climate in Lithuania, i.e., the costs for reduction of dustiness are inadequate 
for desired performance [6].
In Lithuania it has always been an issue in finding durable and economical solutions for pa-
ving low-volume roads, which AADT is up to 500 vpd. Recent 20 years conventional asphalt 
concrete pavement structures were constructed using paving grade bitumen with a penetra-
tion 70/100 or 100/150. The performance of these pavements was satisfactory. After recent 
winters in Lithuania, when the total freezing index (FI) was high, it was observed that in spring 
on the low-volume roads with asphalt pavement the extent of frost heaves has increased and 
more pavement defects have occurred. In order to avoid frost heaves a special attention sho-
uld be paid to the 30 cm thick upper subgrade which should be laid from less frost-sensitive 
soils or it is necessary to carry out the soil improvement or strengthening. Those additional 
works would significantly increase road construction costs (up to 25 %). Over the last decade 
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on the low-volume roads of Nordic countries the soft asphalt has been used which is less 
sensitive to frost heaves and fatigue, more flexible and has the ability of self-healing.
As for all roads, the pavement strength must be adequate to carry the anticipated traffic load. 
One type of surfacing that can provide an economic and practical alternative to traditional 
surfacing is the Otta seal [7]. The Otta seal design solution does not add strength to the exi-
sting gravel surface, but this type of the surface dressing improves the gravel road operational 
characteristics.

2	 Experience of the use of soft asphalt and Otta seal

The largest experience of using soft asphalt has been represented by Finland, Sweden and 
Germany. Soft asphalt is commonly made of mineral material mixture, filler aggregate and bin-
der – soft bitumen. The soft asphalt mixture uses bitumen of high penetration from 250/330 
to 650/900 or soft bitumen from V1500 to V12000. The Swedish General Technical Construc-
tion Specification for Roads Road 94 indicates that on roads with AADT ≤ 500 vpd the wearing 
course can be laid on gravel pavement. However, this type of pavement structure shall meet 
the requirements to layer thicknesses.
Safwat determined that after 7 years of road service life the extent of pavement distresses 
was inconsiderable and cold-mix asphalt (mix of 83 % of used asphalt granules, 14 % of new 
mineral materials and 3 % of new bitumen emulsion produced on a basis of soft bitumen) 
mixtures can be an alternative to hot-mix asphalt mixtures [8]. Jacobson with the co-authors 
determined that mechanical properties of soft asphalt may vary depending on its service 
life, composition and production process [9]. Viscosity of the regenerated bitumen binder 
may vary from 12000 mm2/s (just after laying asphalt mixture) to 33000 mm2/s (after three 
service years). Jacobson with the co-authors states that when defining mechanical properties 
of soft asphalt it is very important to select properly the testing temperatures depending on 
a climatic zone where the test soft asphalt mixture is laid [10].
Having studied the technical documents of various European countries the following advanta-
ges of soft asphalt are distinguished: elastic, durable, self-healing, low temperature mixing, 
well workable, and recyclable [11–13]. Also, soft asphalt has some disadvantages: not stable 
enough, it could form water film on new constructed asphalt pavement, low light reflection, 
flux used for binder is environmentally unfriendly, limited resistance to abrasion. 
The European standard EN 13108-3 specifies requirements for soft asphalt used on the roads 
and other trafficked areas. According to the standard EN 13108-3 there are several types of soft 
asphalt (type A; type B; type C; type S). As the aim of further research was to use as softer and 
reasonable bitumen as possible, it was selected soft asphalt of the types C and S.
The Otta seal is a particular type of bituminous surface treatment which was originally develo-
ped by the Norwegian Road Research Laboratory (NRRL) in the early 1960s. The design of the 
Otta seal is relatively simple. It relies on an empirical approach that is based on experience in 
the selection of both an appropriate type of binder and an aggregate application rate [7, 14].
According Overby and Pinard the choice of a particular type of Otta seal in relation to traffic 
level is broadly [7, 14]. It is recommended to use the single Otta seal with sand cover seal 
when the AADT < 500 vpd and the double Otta seal when the AADT > 500 vpd.
One of the main advantages of an Otta seal is the flexibility it offers in terms of the variety 
of materials that can be used for producing the graded aggregate [15]. Both crushed or uncr-
ushed material and a mixture of both can be used for producing graded aggregate for Otta 
seals [7, 16].
The type of binder used in an Otta seal significantly affects its constructability, durability and 
ultimate performance. It is therefore critically important that a correct choice of binder is made 
to ensure that the critical function of a complete coating of the mineral aggregate particles, 
even the fines, is achieved during construction [14].
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3	 Experimental research of behaviour of soft asphalt and Otta seal  
in Lithuania

In 2012 the trial sections were built to clarify the effectiveness and functionality of soft asphalt 
and Otta seal technologies under current traffic and climate conditions. 26 trial sections with 
double Otta seal and 5 with soft asphalt were built in 5 regions of Lithuania (Table 1). The trial 
road sections were selected taking into account according to different influencing factors: 
estimated design load, AADT (Average Annual Daily Traffic), climatic conditions (freezing in-
dex, frost depth), raw materials and contractors.

Table 1 	  List of trial road sections

Region Road No. Road section 
milestones [km]

AADT [v/d] AADT (Heavy 
vehicles) [%]

Trial road section with double otta seal
Klaipėda-Tauragė 1708 9.70–10.35 76 13.16

1717 9.19–9.30 231 9.09
3702 8.92–9.40 76 6.58
4215 6.40–7.20 157 10.83
4516 (1) 9.95−10.90 120 8.33
4516 (2) 10.90−11.53 54 7.41

Šiauliai-Telšiai 1018 5.30–5.83 105 0.95
2707 0.00–0.60 148 3.38
2735 2.00–2.62 137 9.49
3208 17.75–19.48 453 44.15
4118 9.30–10.00 183 4.92

Panevėžys-Utena 1235 0.80–2.12 138 10.87
1401 25.40–26.15 134 10.45
2427 1.70–3.10 100 10.00
2816 (1) 0.00–0.40 173 2.89
2816 (2) 2.20–4.24 173 2.89
3610 2.97–3.63 133 9.02

Vilnius-Alytus 3918 3.43–4.03 190 6.84
4404 15.64–16.17 231 2.60
4726 0.00−1.05 278 9.71
5017 7.52–8.38 205 20.49

Kaunas-Marijampolė 2623 2.60–3.58 114 21.05
2635 2.20–3.40 194 5.15
2642 0.00–0.95 95 5.26
3539 0.00–1.40 137 8.96
5123 2.50–3.50 85 14.12

Trial road section with soft asphalt pavement
Kaunas-Marijampolė 1716 3.80–5.20 67 10.45
Panevėžys-Utena 2430 0.65–1.75 179 4.47
Šiauliai-Telšiai 4028 1.11–2.12 652 10.12
Vilnius-Alytus 2518 0.75–3.30 153 3.27

5235 4.23–5.56 133 11.28

When designing soft asphalt pavement structure, the reference was made to “the General 
Technical Specifications for Roads – Chapter 3 – Pavement Design”, issued by the Swedish 
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National Road Administration. The pavement structure was adapted to the regional climatic 
conditions, frost index, soil type and traffic loads. Finally, in a combination with Lithuanian 
“Technical Specifications for the Standardized Road Pavement Structures”, the soft asphalt 
pavement structure, given in Fig. 1, was derived.
The contractors were free to select soft asphalt mix type and to perform type testing. All con-
tractors selected soft asphalt SA 16-d-V6000 Type C. The mechanical and physical properties 
of soft asphalt SA 16-d-V6000 Type C laid on trial sections are presented in the Table 2.
The double Otta seal was applied on the new 7–10 cm base course from crushed rock. The 
existing gravel pavement (≥ 30 cm) was matched up to the frost blanket course if an existing 
material of gravel pavement met the requirements of frost blanket course (Fig. 1).
Bitumen emulsion used for double Otta seal was produced from the soft bitumen V3000 or 
V6000 and was applied 60 % of the nominal content of binder. The amount of the spread 
binder was 1.8 kg/m2 using soft bitumen V3000 and 2.0 kg/m2 – V6000, respectively.

Figure 1	 The structure of double Otta seal (on the left) and soft asphalt pavement (on the right)

For double Otta seal 0/16 fraction aggregate was used, which grain size distribution is shown 
in Fig. 2. The amount (14 l/m2) of the spread aggregate could be adjusted according to the 
spread test results. Adhesive additives were not used.

Table 2 	  The mechanical and physical properties of soft asphalt SA 16-d-V6000 Type C

Requirements Road trial section
Road No. 
1716

Road No. 
2430

Road No. 
2518

Road No. 
4028

Road No. 
5235

Bitumen content [%] Bmin 4.5 4.7 5.0 4.7 4.8 4.6
Air voids content V [%] Vmin 4.0 Vmax 9.0 5.5 6.5 5.5 6.9 6.3
Indirect tensile strength ratio [%] ITSR60 60.0 99.8 66.0 68.0 71.0

Research of functionality of trial sections included evaluation of performance characteristics 
during different seasons. Performance characteristics were evaluated measuring roughness 
(International Roughness Index (IRI)) and doing the visual assessment of defects. The mea-
surements of roughness of trial sections with double Otta seal and soft asphalt were made at 
the beginning of service of trial sections and after 1 year. The visual assessment of defects of 
trial sections with double Otta seal were performed in autumn, in spring and in autumn (after 
1 year), and on the sections with soft asphalt – in spring and in summer.
During spring thaw and summer, after the first winter of the service of trial sections with soft 
asphalt, a visual assessment of their condition was carried out. The following defects were 
assessed: longitudinal cracking, potholes, ravelling, seals and bleeding.
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Figure 2	 Gradation curves for the double Otta seal aggregate

All defects of trial sections with double Otta seal were grouped into: P1 – fatting up, bleeding 
and tracking, %; P2 – scabbing, tearing and longitudinal joint crack, %; P3 – corrugation and 
blister, %; P4 – streaking, m.

4	 Results of experimental research and their analysis

The results of roughness of soft asphalt pavement at the beginning (in November of 2012) 
of service of trial sections varied from 1.28 m/km to 1.64 m/km and after 1 year (in August 
of 2013) – from 1.33 m/km to 2.10 m/km (Fig. 3), i.e., roughness increased in average 3 %. 
The requirement to the IRI of low-volume roads is 3.5 m/km. Also, the results show, that the 
roughness of pavement is close to the requirements applied to the main heavy duty roads, 
which is 1.5 m/km.

Figure 3	 Roughness of trial sections with double Otta seal

The roughness of trial sections with double Otta seal was measured twice as with soft asphalt 
pavement. The results of roughness are presented in Fig. 3. The roughness increased on most 
test road sections compering measurements made in November 2012 and in August of 2013. 
Except several test road sections where the roughness decreased, i.e., IRI decreased from 2.41 
m/km to 2.28 m/km on the road Nr. 4516(1) and from 2.45 m/km to 2.31 m/km on the road Nr. 
4516(2) in Klaipėda–Tauragė region, and from 2.53 m/km to 2.43 m/km on the road Nr. 4118 
in Šiauliai–Telšiai region (Fig. 3).
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It was also determined that IRI met the requirement (IRI < 3.5 m/km) on almost all the test 
sections except road Nr. 2816(1) where measurements were made in August of 2013 and road 
Nr. 2816(2), where measurements were made in November of 2012 and in August of 2013, 
i.e., IRI > 3.5 m/km (did not meet the requirement). These two test road sections are in the 
Panevėžys–Utena region.
The results of visual assessment of trial sections with soft asphalt made in summer shows 
that longitudinal cracks has decreased due to self-healing ability under high asphalt pave-
ment temperature (Fig. 4). Longitudinal cracks decreased by 62.98 % in road No. 2430, and in 
road No. 1716 – healed. These results confirm the advantage of soft asphalt, but longitudinal 
cracks not always heal completely.

Figure 4	 Results of the visual assessment of the trial sections with soft asphalt

During the visual assessment in summer the bleeding of soft asphalt pavement was observed, 
but the amount of it was small. It doesn’t have impact to maintenance of pavement. But, the 
bled bitumen sticks to tyres of vehicles, and this process could increase ravellings. In roads 
No. 1716 and No. 2518 the decrease of ravellings was observed, i.e., respectively by 21.18 % 
and 34.00 %, which could form due to bleeding of bitumen. Though, in roads No. 2430 and 
No. 5235 it was observed significant increase of ravellings, i.e., respectively by 112.50 % and 
400.00 %.
The amount of seals increased 2500 % or 25 times in road No. 2518. The analysis of results 
showed that main reason is an inadequate composition of soft asphalt mix and/or physic 
and mechanical properties.
The visual assessment of trial sections with double Otta seal was made in autumn of 2012 (at 
the beginning of service of trial sections), in spring and in autumn of 2013 according to quali-
tative visual assessment methodology prepared by authors. Results of the visual assessment 
of trial sections with double Otta seal are shown in Fig. 5 and Fig. 6.
During the visual assessments it was found that the most significant defects were of P1 group 
(fatting up, bleeding and tracking). Defects of group P2 (scabbing, tearing and longitudinal 
joint crack) were found less in autumn of 2013 comparing with results found in spring of 2013 
and in autumn of 2012. Defects of group P3 (corrugation and blister) were found less than 
other groups (P1, P2 and P4). The streaking (defect of group P4) was found in 4 of the 26 road 
sections, i.e., 145.00 m – in road No. 4726 and 20.00 m – in road No. 4404 in Vilnius–Alytus 
region, 5.00 m – in road No. 3208 and 156.00 m − in road No. 2735 in Šiauliai–Telšiai region.
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Figure 5	 Results of the visual assessment of the trial sections with double Otta seal
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Figure 6	 Results of the visual assessment of the trial sections with double Otta seal

5	 Conclusions

Based on the experience of foreign countries and short term researches made in Lithuania it 
was proved that double Otta seal and soft asphalt technologies applied on gravel roads with 
AADT less than 500 vpd are applicable.
The average roughness of all the trial sections with soft asphalt pavement (from 1.33 m/km 
to 2.10 m/km) or most of the trial sections with double Otta seal (from 1.84 m/km to 3.76 m/
km) complies with the requirements (≤ 3.5 m/km) to the roads of regional significance, and 
roughness is similar to that of the sections with asphalt base course-pavement.
Trial road sections with soft asphalt pavement are in good condition after 10–12 months of 
operation (including period of winter and summer). The main defect as longitudinal cracks 
were observed only in 3 trial sections of 5, and in one of them they healed. Longitudinal cracks 
decreased by 36 % compering to maximum length of them. Average length of longitudinal 
cracks varied from 0.7 m to 180 m per 1 kilometre in winter and varied from 0 m to 69 m per 
kilometre after summer.
Most significant defects (fatting up, bleeding and tracking) were found in the test road secti-
ons after one year of operation. The causes were inappropriate aggregate of the double Otta 
seal and too high binder content and too soft (low viscosity) binder, as well as improperly 
carried out maintenance of the test road sections in summer. The causes of scabbing, tearing, 
and longitudinal joint crack, corrugation and blister were unqualified procedure of applying 
the double Otta seal. The cause of streaking was not enough binder and an uneven binder 
distribution within the nozzle beam.
The analysis of results showed that there is no correlation between amount of defects and 
AADT and traffic of heavy vehicle in it.
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Abstract

Asphalt mixtures for airport present certain features comparatively to those for highways, 
main roads or streets of different technical categories, from composition point of view. Also, 
laboratory studies include additional specific tests according to European norms in the case 
of asphalt mixtures for airport. Beside this, the design of an airport pavement is different from 
those of a road pavement. This paper aims to draw up comparison between the requirements 
of airport asphalt mixture and road asphalt mixture from laboratory point of view and airport 
pavement and road pavement from design point of view. It presents laboratory studies and 
comparative case study.

Keywords:	airport, road, design, asphalt concrete

1	 Introduction

The airport pavement and road pavement belong to the same structural family. Both are requi-
red to build a platform to resist to a given level of traffic and traffic must be done in a safe and 
comfortable conditions. Due to the specific of airport surfaces, traffic loads are varied, [1-3].
Essential characteristics that differ between road surfaces and airport surfaces are due to 
applied loads. In the roads case, applied loads shows a slight lateral dispersion (if lane is less 
than 3.5 m, in alignment) which generate the rutting phenomenon; for airports, the traffic is 
dispersed (especially on runway) because of diversity of landing train configurations, [2, 3].
Frequency loads is different in case of airport surfaces comparing to road surfaces: thousan-
ds (tens of thousands)/day for high-traffic roads and only a few hundred/day for high-traffic 
airports. Aircraft traffic is significantly different of the road traffic. In the road field, axle load 
varies from country to country, is around 100 kN, with the pneumatic pressure around 0.8 
MPa. In aeronautics, an airplane can transmit more than 900 kN, with a standard air pressure 
of 1.25 MPa, which can reach to 1.5 – 1.7 MPa.
On the roads, speed is variable depending on the technical class of the road (less than 100 
km/h), but on airport surfaces speed is independent of airport/country (continuously variable 
for runway: more than 300 km/h and constant for taxiways). Peculiarities of those two types 
of surfaces are given by uniformity (flatness), roughness (adhesion), environmental conditi-
ons and deviation, interruption of traffic. In the road field, uniformity (flatness) represents 
the comfort and safety of passengers, while in aeronautical field the uniformity (flatness) has 
influence on render safety and the landing – takeoff maneuvers. Flatness has a great influence 
to the aircrafts damage. Roughness is important both for roads, where the polisaj phenomenon 
may occur, and for airport runways where tire wear is high and rubber deposits are important. 
Deviation or interruption of the traffic in case of road interventions is not a huge problem, due 
to the bypasses, while in the case of airport surfaces is an important issue, [2, 3].
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2	 Objectives

The objectives of this research are to present similarities and differences between a flexible 
road pavement and an airport asphalt mixtures, from the recipe, testing laboratory and pa-
vement design point of view. Laboratory studies were done in the Roads Laboratory of the 
Research Center “Roads and Airports” from Faculty of Railways, Roads and Bridges, Technical 
University of Civil Engineering Bucharest.

3	 Laboratory studies 

3.1	 Asphalt mixtures recipe

Among the materials component of a flexible pavement the asphalt mixture is considered to 
be the most important material to be characterized accurately. As is well known asphalt mixtu-
re should be as flexible at low temperatures to prevent cracking, and rigid enough at high 
temperatures to prevent rutting. A good behavior of asphalt mixture in exploitation requires 
a well designed asphalt mixture recipe and a proper compaction in situ.
Normative in force in our country regarding grading curve for asphalt mixtures for roads is AND 
605/2013, [4]. Since Romanian rules do not provide requirements for the design of airport 
asphalt mixture recipe, to establish aggregate mixture has proposed a grading curve that 
followed French Design Manual LCPC 2007, [5]. We considered the comparison of two types 
of asphalt mixtures: BA 16 (asphalt concrete used in wearing course of an road pavement, 
with 16 mm nominal maximum size) and BBA 16 (asphalt concrete used in wearing course of 
an airport pavement, with 16 mm nominal maximum size), for highlight the characteristics of 
the two types of asphalt mixtures (Fig.1) in accordance to EN 13108-1 norm as asphalt concrete 
used in wearing course, [6].
Restrictions imposed by French Design Manuel LCPC regarding the grading curve are [5]: ag-
gregates below 16 mm size should be set between 90 and 100%; aggregates below 6.3 mm 
size must be between 65 and 80%; grading curve can be both continuous and discontinuous; 
less than 2 mm aggregate size should be between 35 and 45%; 

Figure 1	 Comparison grading curves

Percent of bitumen was determined based of the method proposed by Duriez (1950):

	 	 (1)TL K= ⋅ ⋅α Σ5
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where:

K	 richness modulus (3.75 – 4 for road and 4 – 4.25 for airport);
α	 correction coefficient relative to the density of aggregates;
Σ	 specific surface area, expressed in square meters per kilogram, [5].

Restrictions imposed by French Design Manuel LCPC for BBA16 are: the used bitumen can be 
unmodified or modified; the percentage of bitumen must be above 5.2% (TLmin5.2 – according 
to SR EN 13108-1) and restrictions imposed by Normative 605/2013, for BA 16 are: the used 
bitumen can be unmodified or modified; the percentage of bitumen must be between 5.7 % 
– 6.5 % (TLmin5.6 – TLmin6.4 – according to SR EN 13108-1), [4, 5, 6].
The recipe is designed for an asphalt mixture used in wearing course of an airport pavement; 
the mixture has 16 mm nominal maximum size. 
Knowing this, we further proposed to use two asphalt mixture recipes, one for road, BA 16 
(designed according to Romanian standards) and one for airport, BBA 16 (designed according 
to French Design Manuel), in order to compare their performances taking into account general 
and fundamental characteristics.
The used materials and recipe of asphalt mixture BBA16 are: aggregates 29% sort 8/16, 23% 
sort 4/8, 37% sort 0/4; limestone filer 11%; bitumen 5.3% type 45/80 Fr.
The used materials and recipe of asphalt mixture BA16 are: aggregates 25% sort 8/16, 22% 
sort 4/8, 45% sort 0/4; limestone filer 8%; bitumen 6.1% type 50/70.

3.2	 Type of tests

The type testing procedure applied on roads and airports is defined by standards; it has been 
characterized by an approach based to the greatest extent possible on asphalt mix perfor-
mance. For structural type materials, it may be classified within the “fundamental” approach. 
For other material types, the approach is qualified as empirical, as intended in the European 
standardization, even though it involves “performance related” testing, [3, 5, 6]. 
Type testing imposes specifications on the components, and especially on the aggregates. 
It relies upon tests on the gyratory shear press, water resistance, rutting resistance, stiffness 
modulus and fatigue resistance.
The specific tests have been chosen depending on the type testing level (from 1 to 4, the level 
0 doesn’t include tests). This type testing level typically depends upon: the type of mixture, 
the position of the bituminous mixture layer in the pavement, its thickness, projected traffic 
levels, any special loadings, [5].

Figure 2	 The general, empirical and fundamental approach for asphalt mixtures 

According the definitions of EN 13108-1, level 0, level 1 and level 2 are relevant of the general 
+ empirical approach and level 3 and level 4 of the general + fundamental one (Fig.2), [5, 6].
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The asphalt mixtures used in the airport area, especially the area of taxiway and the apron 
must satisfy besides usually requirements for roads, some requirements related to resistance 
to fuel and de-icing agents according to European norms.
Determination of the water resistance sensitivity according to method A involves dividing a 
set of cylindrical specimen in two equivalent lots. Determination of the ratio betwen indirect 
tensile strength for the conditioned lot in water and for the dry lot, expressed as a percentage.
The wheel tracking test involves determining susceptibility of asphalt mixtures subject to 
deformations, susceptibility evaluated by measuring the rut depth formed by repeated passes 
of a loaded wheel at a fixed temperature.
Asphalt mixture stiffness is determined by either a complex modulus test (sinusoidal loa-
ding on a trapezoidal or parallelepiped specimen) or uniaxial tensile test (on a cylindrical or 
parallelepiped specimen). The load is applied over a domain of small deformations, through 
controlling time or frequency, temperature, and the loading law, [5].
Fatigue testing involves determining fatigue life of asphalt mixtures by alternative tests and 
includes bending tests and direct and indirect tensile tests, under a sinusoidal load or other 
loads controlled, by using different types of samples and support.
Further are presented the limitations of two types of asphalt mixture considering the pre-
sented above tests according to Design Manuel LCPC and AND 605/2013 Norm (Table 1). Test 
conditions are according to SR EN 13108-20 and the categories of values are according to EN 
13108-1, [4-7].

Table 1 	  Type testing and test conditions for asphalt mixtures BBA 16 and BA 16 

Mixture Type testing and test conditions according to SR EN 13108-20
BBA16 Void content,  

80 girations
Laboratory results Values 5.05

SR EN 13108-1 Vmin5

French Design Manuel LCPC, limits Vmin3, Vmax7

BA16 Laboratory results Values 3.7
SR EN 13108-1 Vmin3.5

Normative 605/2013, limits, max. Vmax5

BBA16 Wheel tracking 
60°C, small size 
device procedure B, 
conditioning in air

Laboratory results Values 4.88
SR EN 13108-1 PRDAIR5

French Design Manuel LCPC, large size device, limits P7.5

BA16 Laboratory results Values 17.68
SR EN 13108-1 PRDAIR NR

605/2013 Norm, limits, max.% PRDAIR5

BBA16 Stiffness, 2PB-
TR, 15°C, 10Hz

Laboratory results Values 9054
SR EN 13108-1 Smin9000

French Design Manuel LCPC, limits Smin7000

BA16 Stiffness, IT-CY, 
20°C, 124μs

Laboratory results Values 10243
SR EN 13108-1 Smin9000

Normative 605/2013, limits, min. 4600
BBA16 Resistance to fatigue, 

2PB-TR, 10°C, 25Hz
Laboratory results Values ε6 = 230

SR EN 13108-1 ε6-220 
French Design Manuel LCPC, limits ε6 = 130
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4	 Design flexible structure

4.1	 Road 

Flexible pavement design for roads is carried out in our country according to PD 177 Norm and 
assume following steps, [8]:
·· establishing the traffic corresponding to a perspective period, expressed in 115KN standard 
axles, equivalent to vehicles which will travel on the road;

·· establishing the bearing capacity at the formation level, depending on the type of soil, the 
climatic type of the area in which the road is located and hydrological regime of pavement;

·· choosing the layers for pavement, consideration the materials prevalent in the region, mi-
nimum thickness constructive, maximum thickness, etc.;

·· the pavement analysis to the standard axle load, considering the thickness of each layer 
and deformation characteristics of materials and the foundation soil;

·· establishing the pavement behavior under traffic involves comparing the calculated specific 
strain values with the admissible values. This means compliance with the criterion of speci-
fic tensile straine on the based of asphalt layers (εr), which involves determining the rate of 
degradation to fatigue (RDO) as the ratio between calculated traffic (Nc) and the admissible 
traffic (Nadm) and the criterion of specific admissible vertical straine at formation level (εz);

To illustrate which is presented above, we considered a road pavement by following: 4 cm 
asphalt concrete BA 16 used in the wearing course (dynamic modulus = 3600 MPa, Poisson 
coefficient = 0.35), 6 cm asphalt concrete AB 16 used in the base course (dynamic modulus = 
5000 MPa, Poisson coefficient = 0.35), 15 cm crushed stone (a dynamic modulus = 400 MPa, 
Poisson ratio = 0.27), 15 cm ballast (dynamic modulus = 172 MPa, Poisson coefficient = 0.27) 
and a type of soil P2 (sand and gravel, a dynamic modulus = 90 MPa, Poisson coefficient = 
0.30). The traffic volume to which is loaded the road pavement is Nc = 0.95 m.o.s. (heavy 
traffic). With ALIZE program (elastic multi-layers) it was determined the specific straine values 
which we have compared with the admissible values according with Table 2.

Table 2 	  Verification of the flexible structure for roads

εr, microdef εz, microdef RDO εz, admisibil, microdef RDO admisibil Nc (m.o.s)
214.5 708.4 0.70 608.7 0.90 0.95

4.2	 Airport

In our country there are no norms for design flexible pavement for airports, but one of the met-
hods which take into account is the French method, which involves the following steps, [2, 9]: 
·· traffic forecasting during exploitation;
·· determination the characteristics of the foundation soil, characterized by CBR (Californian 
Bearing Ratio);

·· reviewing climatic factors;
·· calculation of equivalent thickness of road pavement depending on the CBR value of the 
earth foundation and the adopted calculation load.

Actual thickness of the road pavement is obtained taking into account the constructive 
thickness and the equivalence coefficients that for treated materials with binders are consi-
dering the influence of temperature. The minimum equivalent thicknesses of the binder boun-
ded layers is determined depending on the equivalent thickness of road structures and CBR.
In order to compare the method of design for an airport pavement to the method of road pa-
vement design we considered that knowed the load which acts to runways, P’’ = 73.2 t, type 
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of aircraft (B747-200), type of landing gear (bogie), foundation soil characterized by CBR = 10 
(soil type P2) and the traffic corresponds to a period of exploitation of 10 years, by a factor of 
1/3.65 and 10 overlapping movements / day.
With abacus corresponding for airplane type and CBR’s were determined equivalent thickness 
of the road structure He = 57.25 cm. Considering the relation for the equivalent thickness 
calculation:

	 	 (2)

and equivalence coefficients resulted the following airport pavement: 6 cm asphalt concrete 
BBA 16 used in the wearing course (ci = 2), 10 cm asphalt concrete EME used in the base 
course (ci = 1.9), 15 cm crushed stone (ci = 1), 15 cm ballast (ci = 0.75).

5	 Conclusions

There are no complete similarity between pavement for roads and pavement for airports. 
Unification of international technical standards for roads is recommended, and in the case 
of airport surfaces is obligatory (done by norms / recommendations ICAO). Grading curve 
of asphalt mix designed by French Design Manuel LCPC fall within the limits of grading for 
asphalt concrete AC 16 and for asphalt concrete BA 16. Characteristics of the designed asphalt 
mixtures is falling in the limits of EN 13108-1. Limits of values for voids volume to 80 gyrations, 
wheel tracking and stiffness modulus are near, but the airport asphalt mixture, according with 
French Design Manuel LCPC must satisfy the conditions of sensitivity to water and fatigue 
conditions which the Romanian norm does not provide for road asphalt mixture.
It should be noted that both pavements for roads and for airports have the same advanced 
technique, contrary for the each specifications. It is the natural evolution of design methods, 
of the materials and methods of construction.
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Abstract

This paper presents the most widespread materials and technological solutions of pavement 
systems on bridge decks used in countries of central Europe, including Poland, with particular 
emphasis on the impact of high process temperatures on bridge surfacing systems durability. 
In Europe, the dominant system solutions on bridges is to lay on the steel or concrete deck 
bridge waterproofing layer (insulation) and then asphalt layers, consisting of waterproofing 
protective course and a wearing course. For the bridge pavements several kinds of asphalt 
mixtures containing polymer modified bitumen can be used. In recent years, the protective 
and wearing courses are mostly built from mastic asphalt. In the research was proved that the 
impact of high process temperatures (above 250°C) was particularly destructive for commonly 
used polymer modified bitumen in bridge pavements and waterproofing layers.

Keywords:	bitumen, polymer, waterproofing, bridge pavement

1	 Introduction

Properly designed and constructed pavement on a bridge deck should meet the following 
requirements [1], [2]:
·· sealed, resistant to water and de-icing measures;
·· stable, resistant to deformation bridge deck;
·· durable in diversified operating temperatures to ensure a long service life;
·· resistant to thermal cracking and fatigue at low and medium operating temperatures and 
resistant to rutting at high operating temperatures;

·· resistant to shear stress;
·· rough, ensuring comfort and traffic safety;
·· well bonded with waterproofing and bridge deck;
·· lightweight, while maintaining sufficient thickness to provide protection of the bridge deck.

On the bridge decks it is possible to construct pavements in both cement concrete and 
asphalt technologies. In Poland (and in Europe) asphalt pavements are commonly applied. 
Bridge concrete pavements are commonly used material and technological solution in the 
United States but asphalt pavements are rarely used. As one of the reasons for avoiding 
bridge asphalt pavements in the United States is possibility of water penetration through the 
conventional asphalt layers that cannot be compacted by vibration on bridge structures [3].
In Europe and in Poland it is common to lay on a previously primed surface the waterproo-
fing layer and afterwards the asphalt pavement courses (Figure 1). Pavement together with 
waterproofing compose a pavement system. This system is the most common used techno-
logical solution on steel and concrete bridges. Current usage of polymer modified bitumen 
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in pavement systems (waterproofing + pavement) enforces sharp technical requirements not 
exceeding the temperature limits of technological process, which according to the polymers 
manufacturers instructions should be in the range of about 200°C. It is permitted to raise the 
temperature to 220°C temporarily, up to two hours. Numerous failures of asphalt pavement 
systems containing polymer modified bitumen were caused by non-compliance with the tem-
perature requirements. The layout of asphalt pavements on a bridge deck is shown in Figure 1.

Figure 1	 Diagram of the pavement system on a bridge deck [4].

The asphalt pavement laid on a waterproofing layer consists of a protective and wearing 
course. The protective course protects the waterproofing from damage during constructing 
of pavement upper layers and during operation time. Wearing course provides pavement 
sealing and its surface should ensure safe traffic conditions. There are different technologies 
for constructing waterproofing layers and the most frequently used include [5]:
·· asphalt based waterproofing:

·· torch-on membranes;
·· self-adhesive membranes;
·· asphalt mixtures;
·· conventional mastic waterproofing (grain size <4 mm);

·· synthetic waterproofing:
·· polyurethane spray waterproofing;
·· methacrylate-methyl waterproofing;
·· polymer cement mortar waterproofing;
·· softened epoxy resin waterproofing.

In Poland the technical requirements for asphalt mixtures and the conditions of their pro-
duction have been developed by the General Directorate for National Roads and Motorways 
(GDDKiA) in the form of Technical Requirements (WT-2). These requirements are often verified 
in recent years and the most recent draft version of the 2013 [6] does not recommend the use 
of polymer modified bitumen in mastic asphalt (MA), that requires high production tempe-
ratures. Polymer modified bitumen is replaced by multigrade binder 35/50. The following 
materials are used to construct bridge wearing courses [6]:
·· mastic asphalt MA 8 and 11 (with binder 35/50 or multigrade binder 35/50);
·· stone mastic asphalt SMA 5, 8 and 11;
·· asphalt concrete for very thin layers BBTM 8 and 11;
·· asphalt concrete AC 16S.

In stone mastic asphalt (SMA), asphalt concrete for very thin layers (BBTM) and asphalt 
concrete (AC) mixtures it is required to use the following polymer modified bitumens: PmB 
45/80-55, PmB 45/80-65, PmB 65/105-60. The natural asphalt additive “Trinidad” in an amo-
unt of 1.5 to 2.0% by weight of the bitumen is recommended to use for the wearing course, 
which improves resistance to permanent deformation, limits aging processes, increases re-
sistance to fatigue and low temperature and increases roughness [4].
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2	 Material and technological solutions of bridge waterproofing 
and pavements

Warsaw University of Technology in the years 2011-2013 conducted research project “Material 
and technological solutions of bridge waterproofing and pavements”. The aim of the project 
was the analysis of technical solutions of waterproofing and pavements on bridge concrete 
and steel decks, with particular emphasis on the impact of high technological temperatures 
on the durability of the materials used for constructing waterproofing and pavement layers.
Asphalt binders used for pavement and waterproofing should have such properties that 
they do not crack at low temperatures in winter and do not go to the plastic state during the 
summer. Viscoelastic properties of asphalt binders in a wide temperature range can be achie-
ved by modifying the bitumen with polymers. The most commonly used type of elastomeric 
polymers are in the form of a styrene-butadiene-styrene SBS copolymers.

2.1	 The impact of high temperature on the bridge waterproofing destruction

In Poland, in recent years, polymer-modified materials are used for waterproofing of bridge 
decks.

2.1.1	 Torch-on membranes
Waterproofing made of torch-on membrane can be easily damaged during installation by co-
ating mass overheating with the burner flame. It should be noted that the temperature at the 
outlet of the burner flame reaches approximately 1000°C, and the process requires heating 
in a suitable distance. Overheating of the coating mass breaks the polymer bonds, which 
existence guarantees the good properties of polymer modified bitumen [7].
Research conducted at Warsaw University of Technology on the destructive impacts of high 
temperatures on materials containing polymer modified bitumen led to the formulation of 
interesting statements about the behaviour of torch-on membranes at high temperatures. 
Thermal annealing at temperatures of 200, 250 and 300°C of torch-on membranes containing 
polymers in its composition showed partial or complete degradation of the coating mass and 
reinforcement. Figure 3 shows the view of membrane annealed at 300°C.

Figure 2	 Bridge torch-on membrane annealed for 1 hour at 300°C

Membranes manufacturers quote the minimum temperature for SBS modified torch-on mem-
branes of 100°C, at which no damage to the membrane should appear. In case of torch-
on membranes containing polymer modified bitumen it should be noted that the maximum 
allowable temperature at which they can be used with no physical deterioration has not yet 
been determined. It is desirable that all SBS polymer modified torch-on membrane manu-
facturers defined for their products the maximum thermal resistance limits.
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The results of torch-on membrane flexibility research conducted according to PN-EN 1109 at 
a temperature of -30°C showed that the membrane after annealing at 200°C has been dama-
ged. The membrane upper surface showed cracks of the top layer of the coating mass up to the 
surface of the reinforcement. Higher temperatures (of 250 and 300°C), resulted in membrane 
cracks through the thickness of the coating weight and the reinforcement.

2.1.2	 Mastic waterproofing
Asphalt mixtures for the bridge waterproofing during the production, transport and paving 
may be exposed to high temperatures that excess the temperatures required for technological 
processes. Moreover, the mastic waterproofing is again heated up when mastic protective 
course, produced at 200-240°C, is placed. The impact of high temperatures above 200°C can 
result in changes in the properties of binders and thus changes the viscoelastic properties 
of asphalt mixtures.
In order to determine the impact of high temperature on the functional properties of mastic 
bridge waterproofing, the tests of the traditional mastic of grain size up to 2 mm were carried 
out. Mastic tolerance to high temperatures during manufacturing, transport and paving was 
determined while warming at 200, 250 and 300°C. Thermal annealing time was 1 hour. For 
comparative purposes of the tested mastic samples the binder 35/50 and polymer modified 
bitumen PmB 45/80-55 were used.
In order to assess the consistency changes of asphalt mixtures (traditional mastic, mastic 
asphalt) under high temperature of 200, 250 and 300°C, penetration tests were carried out 
with indentation penetrometer in accordance with EN 12697-20.This test determines the 
depth of penetration in the traditional mastic or in mastic asphalt, under the force of 525 N, 
transmitted through a cylindrical indentor pin with a circular flat ended base of 500 mm2. 
Load time is up to 60 minutes. Penetration (hardness) test results of mastic waterproofing as 
a function of temperature is shown in Figure 3 and 4.

Figure 3	 The impact of high temperatures 
on the changes of the penetration 
(hardness) of the mastic water-
proofing with bitumen 35/50

Figure 4	 The impact of high temperatures on the 
changes of penetration (hardness) of the mastic 
waterproofing with polymer modified bitumen 
PmB 45/80-55

The results of the penetration of the annealed at high temperatures mastic asphalt with bin-
der 35/50 (Figure 3) lead to the conclusion that both annealed at 200°C and not annealed 
mastic shows similar hardening rate. At temperatures of 250 and 300°C a large scale harde-
ning can be observed, most likely due to changes in the bitumen group constitution (resins, 
oils, and asphaltenes). Penetration test results of mastic with polymer modified bitumen PmB 
45/80-55 (Fig. 4) shown that mastic containing not annealed binder has initially low penetra-
tion of about 5 mm. Mastic with polymer modified bitumen annealed at 200, 250 and 300°C 
shows a significant increase in penetration due to a loss of elastic properties caused to loss 
of polymer bonds network, which was destroyed by high temperatures.
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2.2	 The impact of high temperature on the protective layer destruction

The high temperature of mastic asphalt (MA) used as a protective layer of the waterproofing 
membrane, causes dissolution of binder located in the waterproofing and penetration of this 
binder into the mastic asphalt and thus, a reduction in the thickness of the waterproofing 
layer. The impact of high temperature during laying the protective layer of mastic asphalt on 
the waterproofing membrane also causes melting of the polymer contained in the waterpro-
ofing, which penetrates into the mastic asphalt layer [7].
In order to determine the impact of a high temperature of 200, 250 and 300°C on the functio-
nal properties of the 8 mm grain size mastic asphalt protective course, penetration tests were 
carried out in accordance with EN 12697-20. Binder 20/30 or polymer modified bitumen PmB 
25/55-60 were used in mastic asphalt. Annealing time of the mastic asphalt was one hour. 
Penetration (hardness) test results of the mastic asphalt MA8 containing mentioned binders 
are shown in Figures 5 and 6.

Figure 5	 The impact of high temperatures 
on the changes of the penetration 
(hardness) of the mastic asphalt 
MA8 with bitumen 20/30

Figure 6	 The impact of high temperatures on the changes 
of the penetration (hardness) of the mastic 
asphalt MA8 with polymer modified bitumen 
PmB 25/55-60

The penetration test results of mastic asphalt with bitumen 20/30 shown in Figure 5 indicate 
that the mastic asphalt (MA) is hardened slightly by changes in the bitumen group constitu-
tion and a partial transition of asphaltenes into resins. Hardening of the mastic asphalt both 
annealed at 200°C and not annealed is similar. Larger rate of hardening of mastic asphalt with 
binder 20/30 is observed after annealing at 250 and 300 °C.
The impact of high temperature on hardness change of mastic asphalt with polymer modified 
bitumen PmB 25/55-60 shown in Figure 6. Hardness test results show little variation of pe-
netration, which means that the impact of high temperatures affects the hardness of mastic 
asphalt than traditional mastic to a lesser extent. Mastic asphalt contains less binder and 
more grits than the traditional mastic, so the effect of the deterioration of the elastic proper-
ties of polymer modified bitumen is not apparent.
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3	 Conclusions

The widespread use of asphalt pavement and waterproofing materials containing polymers 
creates the danger of damage to bridge pavements due to the impact of high technologi-
cal temperatures. High temperatures above 200°C result in the destruction of polymer bond 
network in materials containing polymers, which is the cause for the loss of the durability 
of waterproofing or the pavement. As the right direction of the works over the quality of pa-
vement systems a review of requirements concerning the bridge pavements should be con-
sidered to eliminate the use of polymer modified bitumen. Eliminating the use of polymer 
modified bitumen in mastic asphalt for protective course and the recommended use of bi-
tumen 35/50 and multigrade binder 35/50, allows using high-temperature annealing up to 
240°C. Such mastic asphalts used for protective layers will be highly durable and have good 
technical properties.
Even the use of the highest quality materials, with poor workmanship does not guarantee 
durability of the waterproofing systems. This statement can be supported by the opinion 
quoted below [8]: “Bridges built in Denmark are characterized by their pavement durability. 
One reason for this is to comply with stringent technical requirements, extensive control of 
materials as well as thorough supervision of the works.”
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Abstract

Although the pavement structures can be characterized by several condition parameters and 
thus qualified, some kind of load-bearing capacity parameter is one of the most important fe-
atures. Nowadays there are many theoretical approaches and practical methods to define but 
the detection of the deflection of the structure caused by vertical load is still the most widely 
used. Presently the dynamic falling weight equipment is not only becoming more common 
but it is accepted in addition to the previous and widely recognized, so-called Benkelman 
beam method. This type of equipment called FWD is available in Hungary since the 90’s. It is 
well known that this device can record not only the deflection under load, but the deflections 
also at arbitrary distance from load axle. So the new overlay design method that is currently 
under development by Hungarian Road Administration has been established based on this 
tool and, contrary to the previously used on, it experienced, requires the recording of the 
deflection bowl. 
However, the deflection bowl and the shape factors describing it depend not only on the 
load-bearing capacity of the pavement structure and the magnitude of load force, but also 
the measurement conditions also, especially the climatic conditions during the measure-
ment (e.g. temperature, precipitation conditions) have significant impacts on it. Because of 
these effects are quite environment specific, it is advisable to study their impacts through 
a more thorough examination of trial section so the distorting effect of these factors can 
be eliminated. In this paper, evaluations of four-year of meteorological data and deflection 
measurement series on a Hungarian road section were carried out to examine the change of 
the deflection bowl’s parameters at different time points during the tests. In particular, the 
study focuses on the development of a correction factor that would be made based on the 
evaluation of the measuring results.

Keywords:	 pavement deflection, subgrade modulus, temperature, precipitation, seasonal effect

1	 Introduction

The application of seasonal coefficient during the evaluation of deflection data is very impor-
tant. The bearing capacity is one of the most important condition parameters of the pavement 
structures. This definition refers to a theoretical limit, showing the unsuitable condition for its 
intended use. It follows that this value cannot be measured directly in practice. Although today 
several measurement methods are available to make conclusions on the actual load-bearing 
capacity of the pavement structure, the deflection measurement is the most common method. 
The pavement condition can be characterized just limitedly by a single deflection value it, 
may even be misleading, so it would be more appropriate to record the whole deflection bowl. 
This problem has been overcome by the development of measurement method and appea-
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rance of falling weight deflectometer and that is widespread in the recording of the deflection 
curve. Two external factors complicate largely the study of the relationship between the de-
flection bowl and the load-bearing capacity of pavement.
One of the parameters is the strong temperature dependence of pavement layer. The instanta-
neous temperature of asphalt layers affects significantly the shape of deflection bowl. Several 
methods are available to overcome this effect, but the complexity of the problem does not 
allow the creation of a universal formula. The other important effect is the condition of the 
subgrade. The deflection measurement examines the integrated condition of pavement and 
subgrade, thus the condition change of subgrade influences the measured deflection data. 
Fig. 1 illustrates the influence of these two dominant effects on the deflection bowl.

Figure 1	 Deflection bowls of different pavement structure types [1]

Although this effect depends on the geographical location, but the period, when the highest 
deflection values can be measured because of the weak bearing capacity of subgrade after 
the wetting, occurs at the late winter snowmelt and the spring rains in the typically European 
climatic condition. This period is considered critical in terms of the remaining service life of 
pavement and these deflection values are considered as characteristic for the performance of 
structure. This critical period is also called as “spring deflection” in the literature. The deflecti-
on measurements are concentrated in this period in 60’s and 70’s, but later this measurement 
period extended to the summer and autumn months. As a result, the use of seasonal has 
seemed to be necessary. 
According to the current Hungarian Standard [2], the deflection measurements must be done 
in the most unfavourable spring period March to May by reason of wetting before the year 
of overlaying. The results measured other periods must be converted for the most adverse 
period. The determination of correction factor is recorded in a Hungarian Standard [3]. It can 
be calculated using monthly measured deflection values at least for a year on a similar pave-
ment structure, and comparable soil and hydrological condition, between 1 March and 15 June 
measured values divided by the values recorded at the time of measurement.
If it is not possible, correction factor’s approximate values can be taken of Table 1.The sea-
sonal factors can be obtained depending on the type of soil and the date of measurement. 
The value of seasonal multiplier equals to 1.0 in the characteristic period. The coefficients 
are good for the case of dry and wet region and hot mix asphalt layers above 100 mm total 
thickness, in other cases the values in brackets on Table 1 can be used.
However, the observed changes of climatic condition in the past decade have raised the need to 
update this element of Hungarian Regulation. Accordingly, the standards draft under development 
has a new approach. The correction of the standard subgrade condition is recommended to per-
form on the basis of the precipitation before measurement with the correction values indicated 
on Table 2. It means that the deflection values should be increased with the values on Table 2 that 
depend on the precipitation amount of previous two months (60 days) and the soil type.
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Table 1 	  The seasonal correction factors [2]

Soil classification The month of deflection measurement
April May June, July August, September October, November

I-II. 1.0 1.0 1.0 1.0 1.0
III. 1.1 1.1 1.2
IV-V. 1.1 1.3 (1.4) 1.5 (1.6) 1.5 (1.6)
VI-IX. 1.1 1.0 1.1 (1.2) 1.2 (1.4) 1.3 (1.5)

Table 2 	  Proposed correction values of the critic subgrade condition [4]

Soil 
class.

Negative difference of 60-day precipitation balance before deflection measurement multi-year average
No or positive difference Below 10% Below 20% Below 30% More than 30%

I-II. 1.0 1.0 1.0 1.0 1.1
III. 1.0 1.0 1.1 1.1 1.2
IV-V. 1.0 1.2 1.4 1.5 1.6
VI-IX. 1.0 1.1 1.3 1.4 1.5

This paper examines how close relationship can be observed between the precipitation con-
ditions before measurement and the subgrade modulus estimated from FWD results. First, the 
deflection measurement results carried out every hour at the same cross-section in spring and 
summer reviewed, in order to estimate the effect of daily temperature fluctuation on subgrade 
modulus. Then it will be examined which relationship can be found between the measured 
data and the meteorological conditions of the period before measurement by using deflection 
series measured on Hungarian motorway traffic lanes.

2	 The relationship between the temperature and the shape 
of deflection bowl

It is known that the temperature affects pavement layers moduli, thus also its load-bearing 
capacity and deflection. Earlier the relationship between the air and pavement temperature 
and deflection was investigated. The measurement was carried out by FWD device, therefore, 
it could be analysed the relationship between the temperature and not only the central de-
flection, but the whole deflection bowl. The measurements were carried out between 6 a.m. 
and 7 p.m. in April and August.
Fig. 2 shows the hourly deflection results. It can be seen that the deflection measured at any 
distance from load axle continuously progressively increased as temperature rise during the 
day, and then slowly reduce. The rate and extent of increasing and decreasing are not the 
same, because the changes of air and pavement temperature are at the same either. Diffe-
rence of approximately 40% between the maximum and the minimum value of the central 
deflection has been experienced on the test days. The difference between the maximum and 
minimum values decreases gradually moving away from load centre. This difference can be 
even 15-18 % at the distance of 600 mm, while the fluctuation within a day is less than 10% 
at 900 mm and greater distance.
Temperature correction is generally used just for the deflection of first 4-5 sensors. Jansen 
developed correction formula for the deflection in 0, 200, 300, 450, 600 mm from load centre 
[5]. If the deflections (Fig. 2) under back sensors measured in April and August are compared, 
it can be seen that there is no relevant difference between the values, which is confirmed, 
that the temperature correction is not necessary for the deflection above 900 mm distance.
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Figure 2	 Hourly measured deflections

If the deflection bowls are plotted as a function of hourly recorded deflection, it can be seen 
that the shapes of the bowls are almost the same from the distance 900 mm. Many conclusi-
ons can be drawn for each pavement layer using the parameters (SCI, BDI, BCI) deduced from 
the shape of deflection bowl. While the difference between D0 and (typically) D300 provides 
information about the condition of top layer, the bearing capacity of subgrade can be estima-
ted from the deflection values measured in a distance 900 mm or more. Hereafter the paper 
deals the relationship between the subgrade condition and deflection bowl.

3	 The evaluation of subgrade condition using FWD measurement results

The performance of flexible pavements under load can be examined by the Boussinesq-for-
mula with a good accuracy approximation, [6]. However, it is the generally accepted relati-
onship that the modulus at distance “r” from the load centre is the same as the modulus of 
layer in depth “z=r” under the load centre.

	 	 (1)

where:

Eeq(r)	 equivalent surface modulus at distance r from the load centre, MPa;
r	 distance from load centre, mm.

German researchers [7] analysed the currently used evaluation correlations of FWD test. The 
surface modulus calculated from the deflection at the distance of 1200 mm from load axle has 
chosen as the best characteristic of subgrade bearing capacity. It can be determined on the 
basis of Eq. (1). Jendia proposed the application of the deflection values of sensors in higher 
distance from load centre [8]. Jendia introduced the subgrade indicator (UI) as a definition.
According to Swedish research works, the subgrade modulus can be properly estimated by 
the following formula [9]:
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4	 The subgrade modulus test series on a motorway section

The proposed Hungarian regulation takes into account the seasonal fluctuations because of 
the climatic effects with the correction in Table 1. However, just few measurement results are 
available to validate of these values; therefore the results of measurements carried out for 
other purposes were also examined here.
For four years, every six months the deflections of a Hungarian motorway section were compa-
red with the precipitation of the given period. The FWD measurements were carried out in each 
(travel, overtaking lane, paved shoulder) lane, every 100 m, 45 cross-sections per lane (4500 
m). Two-two measurements were done in November and December, and others in summer 
months. 6 million ESAL (100 kN) ran on the travel lane during the investigation. According to 
the weather station close to the section, the total amount of rain was 3000 mm. The temporal 
distribution of the last five years precipitation in each month is shown on Table 3.

Table 3 	  Cumulative monthly precipitation amount, [mm]

Year/Month 2009 2010 2011 2012 2013 Average Total
1 53.6 82.9 22.9 30.9 58.8 49.82 249.10
2 48.2 71.5 15.0 22.9 84.5 48.42 242.10
3 48.8 20.9 43.5 0.4 92.8 41.28 206.40
4 1.8 71.7 20.3 18.5 19.9 26.44 132.20
5 41.1 160.6 40.9 23.6 106.8 74.60 373.00
6 84.5 83.9 59.0 95.0 61.5 76.78 383.90
7 34.9 87.8 57.6 98.3 0.1 55.74 278.70
8 46.8 77.9 5.3 1.1 39.0 34.02 170.10
9 14.4 95.5 1.1 48.5 24.7 36.84 184.20
10 28.3 24.7 14.9 77.0 42.2 37.42 187.10
11 89.2 73.3 0.0 15.4 42.7 44.12 220.60
12 43.6 121.7 69.9 48.9 1.1 57.04 285.20
Total 535.2 972.4 350.4 480.5 574.1 582.52 –

Extremely rainy months were not observed. The maximum of cumulative precipitation amount 
of the test period is in June, although this month was not the wettest in any of the five years. 
This is slightly different from our expectations, because April or May is considered the wettest 
months. Another interesting anomaly is that the wettest month of 2012 was the driest in 2013. 
These results did not confirm to the existence of the critical spring period, therefore the revi-
sion of Table 1 is justifiable. It is noted, that the impact of late winter snowmelt has not been 
taken into account. However, the deflection measurements were performed between May and 
December, so this effect does not influence the following results.
Many options are available to estimate the load-bearing capacity of pavement layers, as 
shown in Section 2. Other correlations also use D900 or D1200. These values have strong corre-
lation with each other, so the determined correspondences would be justified for the appli-
cation of other estimation formulas of subgrade modulus. The estimated subgrade moduli 
were determined by Eq. (2), after that the characteristic was calculated. The strength of the 
relationship between subgrade moduli and the rain amount of 30, 60, 90 days before the 
measurement was examined. In the case of the overtaking lane, the subgrade moduli had a 
close correlation with the precipitation amount of 30 or 60 days, but this close relationship 
was not detected for 90-day values, Fig. 3 and Table 4 s that. The correlation between the 30-
day precipitation and the subgrade moduli of paved shoulder is detectable, but it was not 
clear neither in the case of 60 and 90-day data, nor the results of travel lane.
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Figure 3	 Correlation of overtaking lane

Table 4 	  Correlation between cumulative monthly precipitation amount and subgrade modulus

Number of examined days Overtaking lane Travel lane Paved shoulder
30 0.85 0.21 0.64
60 0.82 0.12 0.38
90 0.34 0.00 0.08

In accordance with the above mentioned close relationship between the subgrade moduli 
based on deflection bowl and cumulative precipitation amount of the days prior to the me-
asurement can be detected only under certain conditions. The results show that the closest 
connection was in the case of 30-day period before measurement, and worst values arose 
in the 90-days period. Furthermore, it is an important statement that the highest correlation 
was seen at the overtaking lane and the paved shoulder. Both lanes are connected directly to 
the unpaved shoulder and central reserve with one of their edges helping the direct entering 
of rain under these traffic lanes obviously. In case of paved shoulder, this connection is in-
fluenced by the condition, size and slope of shoulder, the height of embankment, etc. In our 
opinion, these factors affect the degree of wetting of paved shoulder together, so it results 
in weaker relationship. In this regard the situation of travel lane is special because it is not 
connected directly to the central reserve thereby it reacts slightly the precipitation preceding 
the measurement that the estimated moduli are not correlated with the cumulative 30-day 
amount of rain. It increases the importance of this statement that the traffic load of this lane 
is the characteristic in the course of overlay design. The temperature correction developed 
on this traffic lane does not correct but even worsens the results of load-bearing capacity.
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5	 Conclusion

The current Hungarian overlay design method is under revision, and our investigation shows 
that it is possible to convert the deflection results to “spring deflection” using factors depen-
ding on the actual month. The meteorological data and the accumulated experience show 
that the distorting effect of this approach can be significant.
In accordance with a new approach, the seasonal fluctuations of load-bearing capacity of 
pavement would be advisable to correct it using the amount of precipitation before measure-
ment, it influences the subgrade modulus. The associated tests were done on low traffic load, 
2*1 lane road with low height of embankment. The aim of this paper is the investigation that 
the proposed corrections can be applied if the drainage of motorway section functions well 
and the section is located on embankment.
In accordance with our results, it is verifiable that there can be a close relationship between 
the characteristic subgrade moduli and the previously cumulative precipitation. Although, 
based on our analysis, the relationship is closer in the case of the amount of 30-day preci-
pitation than the 60-day one. The implied water movement will be different on a multi-lane 
motorway located on high embankment from that based on the behaviour of minor roads. 
Our proposal is that the correction mentioned could not be used for design of travel lane of 
motorway; separate correction should be created for it.
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Subgrade bearing capacity influence 
on flexible pavement structures behaviour
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Abstract

The design methodology of a flexible pavement structures is extremely laborious and complex 
requiring several work steps. Thus initially are required conducting field studies on the com-
position and volume of traffic, geotechnical characteristics of subgrade soil, hydrological re-
gime of pavement system. Then follow the itself design of the pavement structure which invol-
ves the following steps: establishing the calculation traffic, determining the bearing capacity 
of the road bed, the choice of an embodiment of the pavement structure, pavement structure 
analysis at the standard axle loading, establishing the pavement structure behaviour under 
the traffic. In general, in the pavement design practice is considered that the choice of a pa-
vement structure embodiment with thicknesses as great for pavement layers and constituent 
materials as best ensures a good behaviour of in service pavement structure. Unfortunately 
is overlook the variation of the subgrade soil bearing capacity during a year due to variations 
in environmental conditions (humidity, temperature, freeze-thaw) specific for the road site. 
This paper aims to highlight the magnitude of the subgrade bearing capacity influence on the 
flexible pavement structures behaviour. In the study it will be shown that the stress and strain 
state in the pavement structure is a very sensitive indicator of the importance of road bed 
soil condition and quality, and as such, it is very important to take this aspect into account in 
order to have not surprises during the pavement exploatation.

Keywords:	flexible pavement structures, subgrade soil, bearing capacity

1	 Introduction

The design methodology of a flexible pavement structures is extremely laborious and com-
plex. In general, in the pavement design practice is considered that the choice of a pavement 
structure embodiment with thicknesses as great for pavement layers and constituent ma-
terials as best ensures a good behaviour of in service pavement structure. Unfortunately is 
overlook the variation of the subgrade soil bearing capacity during a year due to variations 
in environmental conditions (humidity, temperature, freeze-thaw) specific for the road site. 
At international level there are numerous studies regarding the subgrade bearing capacity 
influence on flexible pavement structures behaviour [1, 2, 3]. For example, to characterize 
the subgrade soil behaviour during a year, in states such as Washington and Minnesota from 
USA are used seasonal adjustment coefficients for subgrade elasticity modulus value (Pierce 
and Mahoney, 1996 [1]).
Aim of this paper is that based on numerical simulations performed on a computer program 
to analyze how the loss of subgrade bearing capacity affects the operational behaviour of 
pavement structures. Will be determined the strain level in the critical points of two flexible 
pavement structures for five possible operation situations. The CALDEROM 2000 computing 
program used, the composition of flexible pavement structures analyzed, the calculation 
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vehicle and traffic classes are the ones specific for Romanian norms in force PD 177 [4] and 
CD 155 [5].
The input data used in the CALDEROM 2000 calculation program are the thickness of the 
layers, the material deformation characteristics of road layers (the dynamic elasticity modulus 
and Poisson’s ratio) and the 115 kN standard axle characteristics (the contact pressure and the 
radius of the contact surface between the road and tires). The results are the full stress and 
strain state conforming to the Burmister model [6] for the analysis of pavement structures.

2	 Calculation assumptions 

This paper aims to highlight the magnitude of the subgrade bearing capacity influence on the 
flexible pavement structures behaviour. For this purpose have been taken into account two 
pavement structures: one with a structure allowing the movement of a Light traffic class and 
one for a Heavy traffic class. The composition of the analyzed flexible pavement structures, 
as well as the characteristics of their component materials are presented in Tables 1 and 2.

Table 1 	  Characteristics of the pavement structure for Light traffic (PS1).

Material in pavement  
structure layer

Layer thickness, 
h [cm]

Dynamic elasticity 
modulus, E [MPa]

Poisson’s ratio, 
μ

Asphalt concrete, BA 16 4 3600 0.35
Bituminous coated, AB 2 8 5000 0.35
Granular material, Ballast 15 191 0.27
Subgrade soil ∞ 100 0.27

Table 2 	  Characteristics of the pavement structure for Heavy traffic (PS2).

Material in pavement  
structure layer

Layer thickness, 
h [cm]

Dynamic elasticity 
modulus, E [MPa]

Poisson’s ratio, 
μ

Asphalt concrete, BAR 16 4 3600 0.35
Binder, BAD 25 5 3000 0.35
Bituminous coated, AB 2 8 5000 0.35
Granular material, Crushed stone 12 400 0.27
Granular material, Ballast 15 191 0.27
Subgrade soil ∞ 100 0.27

In Tables 1 and 2, the deformation characteristics of the pavement structure component mate-
rials and the deformation characteristics of the subgrade soil have design values according to 
the Romanian norm PD 177-2001 [4]. In Table 3 are presented the traffic classes from Romania 
based on standard axle load of 115 kN used in pavement structures design.

Table 3 	  Traffic classes according to Romanian norm CD 155-2001 [5].

Traffic class Traffic volume, Nc [millions of standard axles of 115 kN]
Exceptional 3.0…10.0
Very Heavy 1.0…3.0
Heavy 0.3…1.0
Middle 0.1…0.3
Light 0.03…0.1
Very Light < 0.03
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The characteristics of the standard axle load of 115 kN are as follows:
·· twin wheels load:		  57.5 kN;
·· contact pressure:		  0.625 MPa;
·· the radius of the contact surface:	 17.1 cm.

In operation, due to the traffic loads, the environmental conditions variation (humidity, tem-
perature, freeze-thaw), the possible problems of execution and a poor quality of road main-
tenance, the subgrade bearing capacity can decrease. Table 4 shows how the decrease of 
the subgrade dynamic elasticity modulus value immediately influences the value of ballast 
module from the subbase course, according to the Romanian design norm PD 177-2001 [4]. 

Table 4 	  Assumptions for calculation.

Computing hypothesis I II III IV V
Ep [MPa] 100 80 60 40 20
Eb [MPa] 191 153 114 76 38
Where:
Ep	 the subgrade soil dynamic elasticity modulus;
Eb	 the dynamic elasticity modulus of ballast.

Also in Table 4 are presented the five calculation assumptions corresponding to the subgrade 
dynamic elasticity modulus values, on which will be developed the present study. In order 
to establish the influence of the subgrade bearing capacity on flexible pavement structures 
behaviour, will be analyzed the two pavement structures (PS1 and PS2) in the five possible si-
tuations adopted. To determine the state of stress and strain in the five calculation situations 
was used the computer program CALDEROM 2000, that is integral part of the “Normative for 
flexible and semi-rigid pavement structures design” [4]. CALDEROM 2000 program is based 
on analytical solving of the stress and strain state of a pavement structure under load, by 
using the Burmister multilayer elastic model [6]. In the Burmister model, pavement structure 
is modeled by linear elastic isotropic and homogeneous layers infinite in plane, of finite 
thickness, with the exception of semi-infinite subgrade soil, and tire loading are treated as 
circular static loads, exerted as vertical efforts (the vehicle weight).

3	 The study results

In the present study it was intended the estimation of flexible pavement structures response 
in their critical points:
·· εr = the horizontal tensile strain at the base of bituminous layers; 
·· εz = the vertical compressive strain at the level of road bed.

The analysis results of flexible pavement structures PS1 and PS2 in the five hypotheses are 
presented in Tables 5 and 6. The analysis results of the strain state variation in the flexible 
pavement structures PS1 and PS2, conducted with the program CALDEROM 2000, are pre-
sented graphically in Fig. 1 and 2.Analyzing the strains variation in the critical points of the 
pavement structures, are found the following increases towards computing hypothesis I (the 
ideal situation) taken as a reference (Tables 7 and 8). From Figs. 1 and 2, and the analysis 
of tables 8 and 9 results that the subgrade bearing capacity variation influence is higher on 
pavement structures with smaller thicknesses. For example, for a subgrade bearing capacity 
decrease of 80%, is found that the magnitude of the horizontal tensile strain increase at the 
base of bituminous layers is about double size (79 %) for PS1 pavement structure (of smaller 
thickness) towards that observed for PS2 pavement structure (of higher thickness) (41 %).
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Table 5 	  CALDEROM 2000 results for pavement structure PS1.

Computing 
hypothesis

Horizontal tensile strain at the base 
of bituminous layers, εr* [microdef.]

Vertical compressive strain at the 
level of road bed, εz* [microdef.]

I 272.00 967.00
II 300.00 1110.00
III 338.00 1310.00
IV 393.00 1630.00
V 488.00 2330.00
* absolute values

Table 6 	  CALDEROM 2000 results for pavement structure PS2.

Computing 
hypothesis

Horizontal tensile strain at the base 
of bituminous layers, εr* [microdef.]

Vertical compressive strain at the 
level of road bed, εz* [microdef.]

I 170.00 456.00
II 179.00 520.00
III 191.00 611.00
IV 208.00 757.00
V 240.00 1050.00
* absolute values

Table 7 	  Strains variation for the pavement structure PS1.

Computing 
hypothesis

Horizontal tensile strain variation at 
the base of bituminous layers, Δεr [%]

Vertical compressive strain variation 
at the level of road bed, Δεz [%]

I 0 0
II 10 15
III 24 35
IV 44 69
V 79 141

Table 8 	  Strains variation for the pavement structure PS2.

Computing 
hypothesis

Horizontal tensile strain variation at 
the base of bituminous layers, Δεr [%]

Vertical compressive strain variation 
at the level of road bed, Δεz [%]

I 0 0
II 5 14
III 12 34
IV 22 66
V 41 130
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Figure 1	 Horizontal tensile strain variation at the base of bituminous layers.

Figure 2	 Vertical compressive strain variation at the level of road bed.

When is analyzed the subgrade bearing capacity influence on the compressive strain varia-
tion at the level of road bed, differences between the two pavement structures decrease. For 
example, for a subgrade bearing capacity decrease of 80 %, is found that the magnitude of 
the vertical compressive strain increase at the level of road bed differs with only 11 %, being 
registered (141 %) for PS1 pavement structure (of smaller thickness) towards that observed 
for PS2 pavement structure (of higher thickness) (130 %). 
Comparing the tensile strain variation at the base of bituminous layers with the compressive 
strain variation at the level of road bed, is found that the subgrade bearing capacity influence 
is higher on compressive strain variation at the level of road bed. 
It must shown that if in the hypothesis I (with better subgrade bearing capacity) the pavement 
structure PS1 could take over a Light traffic class and the pavement structure PS2 take over 
a class of Heavy traffic, then in the hypothesis V (corresponding to a decrease in subgrade 
bearing capacity by 80 %) was found the decrease of traffic class to Very Light for PS1, and 
respectively to Light for PS2. Thus, loss of subgrade bearing capacity entail the decrease of 
traffic values on which the pavement structures were designed to serve. In such conditions, 
if not repaired the problem then the pavement structures will be rapidly degrade. 
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4	 Conclusions

This paper highlights the magnitude of the subgrade bearing capacity influence on the flexible 
pavement structures behaviour. Thus, after performing numerical simulations can be seen 
that the subgrade bearing capacity influence is higher on pavement structures with smaller 
thicknesses. Also, having regard the significantly size of the strain level growth in the critical 
points of pavement structures at the time of subgrade bearing capacity loss, can be empha-
size the importance of execution works and roads maintenance quality for their behaviour 
in service. 
In conclusion, the stress and strain state in the pavement structure is a very sensitive indica-
tor of the importance of road bed soil condition and quality, and as such, it is very important to 
take this aspect into account in order to have not surprises during the pavement exploatation.

References
[1]	 Pierce, L.M. & Mahoney, J.P.: Asphalt Concrete Overlay Design Case Studies, Transportation Research 

Record 1543, Transportation Research Board, Washington, DC, 1996.

[2]	 Ovik, J., Birgisson, B. & Newcomb, D.E.: Characterizing Seasonal Variations in Flexible Pavement 
Material Properties, Transportation Research Record 1684, Transportation Research Board, 
Washington, DC, 1999.

[3]	 Thomas, J., Newcomb, D.E. & Siekmeier, J.: Foundation Requirements for Perpetual Pavements, 
Proceedings. Intl. Symp. on Design and Construction of Long Lasting Asphalt Pavements, National 
Center for Asphalt Technology, Auburn University, Alabama, pp. 263-283, 2004.

[4]	 Normative for flexible and semi-rigid pavement structures design. (Analytical method), indicative 
PD 177 2001.

[5]	 Departmental technical instructions on determining the technical state of modern roads, indicative 
CD 155 2001.

[6]	 Burmister, D.M.: The theory of the stress and displacements in layered systems and applications of 
design of airport runway, Proceeding of the Highway Research Board, 23, pp. 126 148, 1943.



Road Pavements 345

Laboratory and field experience with 
PMMA/ATH composite dust in asphalt mixtures 
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Abstract

Heavy loaded asphalt pavements must withstand formation of permanent deformations and 
cracking caused by temperature changes and fatigue. Ordinary paving grade bitumen has 
limited range of service temperatures. To expand range of service temperatures on most cases 
some costly polymeric materials like SBS are added. With this study we proved that addi-
tion of waste materials can be almost equivalent solution to improved asphalt properties. 
The PMMA/ATH – poly-methyl methacrylate (PMMA) filled with a fine dispersion aluminium 
trihydrate (ATH) is a composite used as a substitute for many indoor household ceramics. 
Processing and various polishing stages generate a considerable amount of waste powder. 
Mechanical properties of PMMA/ATH powder proved suitable for bitumen modification. Re-
sults of the study show that PMMA/ATH composite dust improves the performance of asphalt 
at high temperatures. Despite the advantages of PMMA/ATH composite dust on asphalt per-
formance at high temperatures, it does not show a considerable influence on the low tempe-
rature performance of asphalt.

Keywords:	asphalt mixture, composite dust, deformation, cracking, high temperature

1	 Introduction

With reuse of waste materials in asphalt mixes environmental and economical advantage can 
be achieved by limiting the extraction of natural sources of material. But in such cases inve-
stors are mostly suspicious and they demand that performance of asphalt mix must be almost 
as good for the mixes made from traditional materials [1]. We managed to change a by-product, 
which was in former times considered as waste, to an additive for improving the performance 
of asphalt mixtures. PMMA/ATH composite dust is the waste material obtained by polishing 
of PMMA/ATH composite sheets. Final goal of our study was new asphalt mixture containing 
the PMMA/ATH composite dust. There are two ways to introduce PMMA/ATH dust as additive 
in asphalt mixture. First it was treated as additive to filler in asphalt mixtures (dry process) and 
second PMMA/ATH dust was treated as additive to bitumen (wet process). After first tests it was 
clear that the addition of dust even improves the quality of the asphalt layers. For dry process 
we had to determine the optimal ratio between ordinary filler and PMMA/ATH dust to achieved 
good mechanical properties of asphalt layer. Also for wet process optimal ratio between bitu-
men and PMMA/ATH dust had to be determined. We tried find out, if the bitumen modified with 
PMMA/ATH dust has similar properties as bitumen modified with other commercial additives. 
Several different asphalt mixtures containing PMMA/ATH dust were prepared in laboratory 
and several standard test methods were performed to evaluate asphalt mixtures (EN 12697-
1, 2, 5, 6, 22, 30, 34, and 46). To address the human health and environment we assessed 
the risk for chemicals. We performed quantitative and qualitative analysis of dust and vapor, 
which are exhausted by heating of PMMA/ATH dust up to 180°C.
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For 3 different types of asphalt mixtures industrial production was carried out, which means that 
we produced around 740 tones of asphalt mixtures, and laid them in a field test (normal road). 

2	 Input material and experimental work in laboratory

Industrial production of polymethylmethacylate/Aluminium hydroxide (PMMA/ATH) composi-
te plates is taking place in Slovenia. These plates are due to high hardness, resistance to most 
chemical substances, mechanical and volume stability at low and high temperatures widely 
used for household ceramics and also outdoor. More than 50 wt. % of the plates consists 
of Aluminium hydroxide (Al (OH)3) which is chemically similar to Hydrated lime (Ca (OH)2). 
Hydrated lime is known as additive to improve adhesion between the binder and aggregate 
in asphalt mixtures [2, 3]. Similar effect was expected for (PMMA/ATH) composite materials. 
For asphalt mixtures prepared in laboratory paving grade bitumen B 70/100 and dolomite 
stone aggregate were used.

2.1	 PMMA/ATH composite dust as additive to filler

First standard tests were performed to enable addition of PMMA/ATH composite dust as filler 
in asphalt mixture [4]. It was proved that adhesion between PMMA/ATH composite and bitu-
men is as good as expected. We had to assure that sieving curve (Tab. 1) and void content with 
Rigden test (Tab. 2) were in accordance with standardized requirements. We determined that 
weight ratio 5:1 between ordinary filler and PMMA/ATH composite dust is still in accordance 
with standardized requirements for filler.

Table 1 	  Sieving analyses according to method EN 933-10:2002 of ordinary filler, PMMA/ATH composite dust 
and their mixtures

Sieve [mm] PMMA/ATH 
composite 
dust

Ordinary 
filler

Ordinary filler: 
PMMA/ATH composite 
dust = 5:1 wt.

Ordinary filler: 
PMMA/ATH composite 
dust = 8:1 wt.

Requirement 
according to 
EN 13043

2.00 100 100 100 100 100
0.125 74 98 94 95 85 – 100
0.063 41 89 81 84 70 – 100

Table 2 	  Voids according to method EN 1097-4:2008 of dry compacted ordinary filler, PMMA/ATH composite 
dust and their mixtures 

PMMA/ATH 
composite dust

Ordinary 
filler

Ordinary filler: 
PMMA/ATH composite 
dust = 5:1 wt. 

Ordinary filler:  
PMMA/ATH composite 
dust = 8:1 wt. 

Requirement 
according to 
SIST 1038-1

53 % 34 % 37 % 36 % 28% – 38%

2.2	 PMMA/ATH composite dust as additive to bitumen

Silverson L5M homogenizer was used for mixing different quantities of PMMA/ATH composite 
dust in paving grade bitumen B 70/100 [5, 6]. To ensure a good dispersion dust was mixed 
in bitumen for 1.5 h at 170°C. Additionally we prepared sample containing 3 wt. % of paraffin 
wax and 25 wt. % of waste PMMA/ATH. Several test methods were used to evaluate quality 
of produced modified bitumen such as needle penetration at 25°C, softening point, Fraass 
breaking point and rut resistance potential (G*/sin(δ) (Tab. 3). With RTFOT ageing procedure 
also ageing potential of modified bitumen was evaluated.
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Table 3 	  Properties of PMMA/ATH composite dust modified bitumen

PMMA/ATH composite 
dust content wt. %

Softening 
point [°C]

Fraass breaking 
point [°C]

Penetration at 
25°C, 0.1 mm 

G*/sin(δ) 
before ageing

G*/sin(δ) after 
RTFOT ageing

0 46.2 -11 78 1330 4790
25 53.6 -15 55 3650 14500
0 (3% wax) 71.0 -13 54
25 (3%wax) 93.8 -12 34 6120 18900

With simple test methods such as needle penetration at 25°C, softening point and Fraass 
breaking point only insignificant differences between base bitumen and bitumen modified 
with PMMA/ATH composite dust were determined (Tab. 3). Only addition of paraffin wax si-
gnificantly affected softening point. But both additives together seem to have multiplicative 
effect on softening point of bitumen.
From G*/sin(δ) measurements with dynamic shear rheometer we found significant differences 
between asphalts containing base bitumen and asphalts containing bitumen modified with 
PMMA/ATH composite dust. From these results increased resistance to permanent deforma-
tions was expected.

2.3	 Asphalt mixtures containing PMMA/ATH composite dust 

For laboratory testing four AC 8 asphalt mixtures were prepared. First mixture contained 
PMMA/ATH composite dust as additive to filler in mass ratio 1:5, second contained PMMA/
ATH composite dust in paving grade bitumen B 70/100 in mass ratio 1:3, third was similar to 
second with additionally 3 wt. % paraffin wax and fourth reference was without PMMA/ATH 
composite dust [5, 7].
For all asphalt mixtures wheel tracking parameters and water sensitivity were determined. 
Wheel tracking tests were performed at 50 °C. Proportional rut depth of mixture containing 
PMMA/ATH composite dust in paving grade bitumen B 70/100 is approximately 3 times lower 
in comparison to the reference mixture (Fig. 1). The results of wheel tracking test are in good 
agreement with G*/sin(δ) values determined with binder test. 
Increased water resistance of samples containing PMMA/ATH composite dust (ITS ratio) im-
plies that waste PMMA/ATH particles in asphalt binder improve the adhesion performance 
between aggregate and bitumen (Tab. 4). From result it can be seen that more effective is 
addition of PMMA/ATH in bitumen.

Table 4 	  Properties of PMMA/ATH composite dust modified asphalt

Samples of AC 8 surf ITS ratio 
at 25 °C [kPa]

ITS ratio  
at 25 °C [%]

Proportional rut 
depth at 50 °C [%]

WTSAIR  
at 50 °C

Reference mixture 907 93.1 18.3 0.46
PMMA/ATH composite 
dust added in filler

895 94.4 9.0 0.16

PMMA/ATH composite 
dust added in bitumen

1102 99.2 6.3 0.09

PMMA/ATH composite dust 
added in bitumen + 3% wax

1215 97.5 3.5 0.03
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Figure 1	 Results of wheel tracking test at 50 °C

For all asphalt mixtures compactability was determined and for three asphalt mixtures low 
temperature properties. Samples with PMMA/ATH composite dust added in filler give similar 
or even better results than reference mixture at these two tests. If PMMA/ATH composite 
dust is added in bitumen, than it is a bit harder to compact asphalt (compactability test gives 
higher result).

Table 5 	  Properties of PMMA/ATH composite dust modified asphalt

Samples of AC 8 surf Compactability  
at 160 °C 
[kPa]

TSRST failure 
temperature 
[°C]

TSRST failure 
stress σ cry 
[MPa]

Tensile strength 
reserve, T Δβ, 
max. [°C]

Tensile strength 
reserve, Δβ, 
max. [MPa]

Reference mixture 26,4 -24,7 4,0 -8,4 3,8
PMMA/ATH composite 
dust added in filler

26,5 -28,1 4,4 -10,0 4,3

PMMA/ATH composite 
dust added in bitumen

30,4 -26,3 4,5 -6,3 4,4

PMMA/ATH composite 
dust added  
in bitumen + 3% wax

31,5    

3	 Field experience

At the first two field trials we decided to use PMMA/ATH composite dust added in filler. In 
2009 we produced 120 tons of asphalt containing PMMA/ATH composite dust and for compa-
rison the same amount of ordinary asphalt. At construction of the test section with PMMA/ATH 
composite dust in binder course, workers noticed that in was easier to handle with asphalt 
containing PMMA/ATH composite. The driver of asphalt paver confirmed that workability of 
asphalt is improved, when it is containing PMMA/ATH composite dust. The test field with 
PMMA/ATH composite dust in wearing course is still monitored and there are no visible de-
fects on the surface (fig 2).
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a) b)

Figure 2	 Construction of test field with PMMA/ATH composite dust in wearing course in 2009 (a.) and the 
same test field in 2013 (b).

Test field with PMMA/ATH composite dust added in bitumen was built in 2013. We produced 
500 tons of asphalt containing PMMA/ATH composite dust. The production of bitumen con-
taining PMMA/ATH composite dust was carried out in bitumen tank with mixer (fig. 3). We did 
not notice any problem when asphalt containing modified bitumen was produced. Also at 
construction of binder course with this asphalt was carried out smoothly.

 

Figure 3	 Production of bitumen containing PMMA/ATH composite dust.

4	 Conclusions

From laboratory tests performed on bitumen and asphalt we concluded that addition of 
PMMA/ATH composite dust always improves quality of asphalt. To our opinion the reason for 
improved properties of asphalt is in increased adhesion between bitumen and stone aggre-
gates. As already known from previous studies addition of paraffin wax in asphalt improves 
resistance to permanent deformation. With this study we found out that both additives to-
gether have multiplicative effect on resistance to permanent deformation.
With test production and test fields we proved that addition of PMMA/ATH composite dust can 
be applied in normal batch type asphalt plant. On asphalt plant CGP in Drnovo we performed 
both dry and wet process. Test field from 2009 is a proof that PMMA/ATH modified asphalt 
is at least equally durable as ordinary asphalt. Altogether we can proclaim that PMMA/ATH 
modified asphalt is sustainable solution.



Road Pavements350
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

References
[1]	 Agostinacchio, M., Diomedi, M., Olita, S.: The use of marginal materials in road constructions: 

Proposal of an eco-compatible section, Advanced Testing and Characterization of Bituminous 
Materials –Loizos, Partl, Scarpas & Al-Qadi (eds), 2009 Taylor & Francis Group, London, ISBN 978-
0-415-55854-9. 

[2]	 Kennedy, T. W. and Ping, W. V.: Evaluation of Effectiveness of Antistripping Additives in Protecting 
Asphalt Mixtures from Moisture Damage, Journal of the Association of Asphalt Paving Technologists, 
from the Proceedings of Technical Sessions, 1991.

[3]	 Little, D., Epps, J.: The Benefits of Hydrated Lime in Hot Mix Asphalt, 2006, National Lime 
Association,.Cox, D. B. Integration of GPS with Inertial Navigation Systems. Global Positioning 
Systems and its Augmentations. 1998. Vol. I. P. 144-153. Available at: http://www.lime.org/
BENEFITSHYDRATEDLIME2006.pdf

[4]	 Tušar, M., Beličič, A., Prešeren, M.: Asfalt z dodanim PMMA/ATH (Asphalt with added PMMA/ATH) 
Patent in Slovenia: SI23670 (A), 2012-09-28. Ljubljana: Urad Republike Slovenije za intelektualno 
lastnino (The Slovenian Intellectual Property Office), 2012.

[5]	 Tušar, M., Beličič, A., Prešeren, M., Šušteršič, E., Novič, M., Zupančič-Valant, A.: S PMMA/ATH 
kompozitnim prahom modificiran bitumen in uporaba le-tega (Bitumen modified with PMMA/ATH 
composite dust and its use) : Patent application in Slovenia: P-201200213, 2012-06-20. Ljubljana: 
Urad Republike Slovenije za intelektualno lastnino, (The Slovenian Intellectual Property Office) 2012.

[6]	 Šušteršič, E., Tušar, M., Zupančič-Valant, A.: Rheological and mechanical characterization of waste 
PMMA/ATH modified bitumen. Constr. build. mater., 2013, vol. 38, pages 119-125.

[7]	 Šušteršič, E., Tušar, M., Zupančič-Valant, A.: Effective concept of asphalt concrete modification with 
waste PMMA/ATH. Materials and Structures., 2013, 



Road Pavements 351

New Solutions for Distressed Pavement 
Rehabilitation of Vilnius City Streets 

Audrius Vaitkus1, Donatas Čygas2, Rita Kleizienė1, Laura Žiliūtė1

1 Road Research Institute of Vilnius Gediminas Technical University, Lithuania
2 Department of Roads of Vilnius Gediminas Technical University, Lithuania

Abstract

Permanent deformation in asphalt pavement structures is one of the main pavement distress 
problems. The common asphalt pavement surface deformations are shoving and rutting at 
intersections, bus stops and bays, in heavy vehicle loaded urban streets due to acceleration, 
deceleration, slow moving or standing. It was determined that in many cases the failure was 
caused by asphalt layers fatigue and low resistance to shear flow. The laboratory research of 
high modulus asphalt concrete mixtures with different aggregate and binder types showed 
good results for city streets pavements performance improvement.

Keywords:	asphalt pavement, rutting, flow rutting, surface corrugation, plastic (permanent) 
deformation, high modulus asphalt concrete (HMAC)

1	 Introduction

Driving conditions and traffic safety depend on pavement roughness, which generally is a 
function of all distresses, and its severity level increases with pavement age. Asphalt pave-
ment distresses may be classified into: surface defects (raveling, bleeding and polishing), 
deformations (rutting, shoving and corrugation), cracks (fatigue, thermal, longitudinal and 
slippage) and potholes. Although, the most common distresses are fatigue cracking, thermal 
cracking and rutting [1]. Recently, an increase in severity and extent of rutting in asphalt pa-
vement structures in high traffic flow streets of Vilnius, bus lines and stops has been obser-
ved. Permanent deformations in city streets asphalt pavements cause the following concerns 
[2]: traffic safety, driving comfort, society reaction, and expenditures. For vehicles, there are 
reduced frictional characteristics (e.g., wheel path flushing), changing lanes becomes ha-
zardous, and there is the risk of loss of control. Ruts influent steering accuracy and comfort 
can lead to accidents. Rut rehabilitation incurs costs, including user costs due to traffic flow 
interruptions and increased vehicle maintenance as well as rehabilitation costs. Permanent 
deformation in one or several pavement layers displays after sufficiently high amount of load 
repetition. Due to different structure materials properties pavement performs variously at 
particular loading and climatic conditions. Consequently, different rutting type may occur in 
asphalt concrete (AC) pavement rutting 2]–[5]: surface wear, initial densification, structural 
and flow rutting. The surface wear rutting forms only in the top layer of the asphalt, due to 
progressive loss of coated aggregate particles from the pavement surface, which is caused by 
combined environmental and tire influence [2], [3], [6]. This problem is not significant when 
usage of studded tires is controlled [2], [7]. The initial densification rutting forms during the 
first years of exploitation, due to insufficient compaction of AC layers or all structure layers 
[3]. The structural rutting affects all structure layers and is related with an appropriate pave-
ment design (evaluation of load, weak subgrade, poor drainage, frost action, etc.), materials 
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specification, and construction quality [2], [3]. Usually, structural rutting is a reflection of 
permanent deformation within granular base layers and subgrade. The flow rutting forms only 
in asphalt layers and is related with asphalt mixture mechanical properties, air voids content 
and mixture resistance to share flow. Flow rutting is the most common rutting type in EU [8].
The aim of this article is to analyze the practice and recommendations of other countries 
regarding pavement distresses (rutting) rehabilitation, to determine pavement conditions 
of the most distressed city streets of Vilnius and to suggest reliable solutions for pavement 
rehabilitation. 

2	 Permanent rutting rehabilitation solutions

Permanent deformation (rutting) is very important because of its influence on vehicle mo-
vement (affecting vehicle tracking), safety (hydroplaning after rain) and dynamic loading 
(through surface profile variations) [3]. Rutted pavement rehabilitation demand is defined 
according to monitoring data through rut depth and severity level. The maximum rut depth 
in subgrade surface of national significance roads in Lithuania is 100-200 mm depending on 
maintenance level. The maximum rut depth in pavement surface is 40 mm [9]. However, rut 
depth and roughness is not restricted and there are no confirmed technical documentations 
for streets maintenance in city streets of Lithuania. Different agencies present different rutting 
severity levels (Table 1.). 

Table 1 	  Rutting severity due to rut depth

Agency Rut depth [mm]
Low  
severity level

Medium 
severity level

High  
severity level

NRC CNRC, Canada [2] 6 – 13 13 – 25 > 25
Transportation information center [4] < 12,7 < 25,4 < 50,8
Washington State Department of Transportation 6,3-12,7 12,7-19,1 > 19,1
Ohio Department of Transportation 3,2-9,5 9,5-19,1 > 19,1
Texas Department of Transportation [10] 6,4-12,5 12,7-25,2 25,4-50,6
Illinois Department of Transportation [11] < 4 4 – 9 > 9
DMRB, UK [12] < 6 < 11 < 20

According to literature review, pavement degradation should be evaluated in further steps 
[2], [3], [7]: (1) visual inspection of the pavement; (2) transversal profile measurements; (3) 
pavement bearing capacity determination using falling weight deflectometer; (4) pavement 
structure materials sampling and testing (especially asphalt pavement layers and subgrade 
soils); (5) exploitation condition evaluation of pavement structure.
For simplicity, the rutting increment behavior can be observed from transversal profile 
analysis, which is useful for corrective actions selection [7]. According to Strategic Highway 
Research Program (SHRP) on Long-Term Pavement Performance program (LTPP) study pave-
ment transverse profiles can provide information needed to select rehabilitation method such 
as shape and type of rutting, depth, and lateral location of longitudinal pavement deforma-
tions [13], [14]. On the basis of literature review and experience, asphalt pavement structure 
rehabilitation can be selected considering rutting profile type (Table 2.) 
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Table 2 	  Asphalt pavement structure rutting profile type [2], [7], [15]

Rutting type Description Transversal profile Rehabilitation solutions
Wear rutting Rutting is in the 

wearing layer, 
without flow 
deformations

 

Surface preservation (maintenance)
·· Surface treatment 
·· Surface milling
·· Rut filling
·· Hot in-place recycling of wearing layer;
·· Wearing layer replacement.

Flow rutting of 
wearing layer

Rutting is in 
wearing layer with 
flow deformations

 

Surface preservation (maintenance) 
and improvement (repair)
·· Surface milling (short-term)
·· Hot in-place recycling of wearing layer;
·· Wearing layer replacement 
with stiffer AC mixture

Flow rutting of 
wearing and 
binder layers

Rutting is more 
than just in wearing 
layer with flow 
deformations

 

Pavement improvement (rehabilitation)
·· Asphalt pavement strengthening 
(replacing) with stiffer AC 
base or/and binder layer

·· Pavement strengthening 
(replacing) with PCC

Structural 
rutting

Deformations 
in all layers

 

Pavement structure improvement 
(reconstruction) 
·· Improvement of pavement 
structure bearing capacity 

·· Drainage improvement

Rehabilitation solution should be selected carefully considering all pavement design input 
data (traffic, subgrade type, drainage and environmental conditions, etc.) and life-cycle cost 
analysis. Medium and high severity non-structural rutting is repaired by improving the surface 
or pavement layers. If pavement structural bearing capacity during all seasons is sufficient, 
then surface layer rehabilitation solutions can be classified [2]: (A) surface preservation (ma-
intenance) – surface milling and treatment extend pavement design life from 1 to 3 years; 
(B) surface improvement (repair) – wearing layer hot-in place recycling, wearing layer repla-
cement (milling < 50 mm AC layer thickness), AC overlay – from 3 to 10 years; (C) pavement 
improvement with AC (rehabilitation) – asphalt layers (milling > 125 mm thickness) and laying 
stiffer AC mixtures – from 15 to 20 years; (D) pavement improvement with Portland Cement 
Concrete (PCC) (rehabilitation) – ultra-thin concrete pavement can extend pavement design 
life from 5 to 15 years; conventional concrete pavement – from 15 to 30 years.
Rehabilitation using PCC overlay on an existing pavement surface is called white-topping 
(WT) [16], [17]. There are two types of WT: (1) bonded PCC Overlay – slab performs the same 
as existing pavement structure; (2) un-bonded PCC Overlay – slab performs as conventional 
PCC layer of pavement structure. According to Breyer [18], if pavement structure is frequently 
influenced by a specific loading, concrete pavement may be considered reasonable for low 
traffic flows. Semi-Flexible Pavement (SFP) is used in bus stops and intersection pavements in 
Finland, Sweden and Denmark. SFP consists of a porous asphalt pavement (voids between 25 
percent and 30 percent) flooded with a high performance, micro-silica and Portland cement-
based grout. SFP provides an alternative surfacing material tracked-vehicle roads, hardstan-
ds, and aircraft parking aprons [20]. Although, the biggest number of thermal cracking was 
observed in SFP after 5 years of exploitation in Road of Experimental Pavement Structures [21].
Rehabilitation using AC overlay should be done considering mixture properties and it’s re-
sistance to deformations. Choi [23] stated that shear resistance of a binder at high service 
temperatures was an important property for the flow rut resistance of asphalt and determined 
that dynamic viscosity can be considered as an indicator or rut resistance at low strains. Rese-
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arch showed that rutting resistance of High Modulus Asphalt Concrete (HMAC) is twice higher 
than that of hot mix asphalt, and the fatigue resistance is 5–10 times higher [24]. Vaitkus and 
Vorobjovas [25] tested HMAC mixture properties and performance, which was made from 
lower quality aggregates, but used stiffer binders. Researchers determined that the lowest 
rut depth from Wheel Tracking Test (WTT) after 10000 cycles was obtained 0,77 mm in HMAC 
with crushed granite mineral aggregate and PMB 25/55-60, and RD was 3,5 times smaller than 
AC 16 AS (with PMB 45/80-55) which is often used to lay pavement structure in Lithuania. 
Hot in-place recycling may be also applied for preservation and improvement of pavement 
surface layers. Recycling can be done at traffic line width and at deformed pavement part. The 
recycling technology adjusted for rut rehabilitation was developed in Lemminkainen, Finland 
and it is called Rut-Remix®. Rut-Remix technology is an economical solution for rehabilitation 
because it renews only deformed zone 1 m width. However, this technology can be applied 
only for wearing (low severity) rut, where rut depth is to 2-3 cm. 

3	 Experimental research 

Research was done in sixteen distressed pavements of the city streets of Vilnius. Pavement 
transverse surface profile was measured in most damaged section of the street. Measure-
ments were done using 3 m long straightedge. The distance from horizontal line to pavement 
surface was measured with ±1 mm accuracy. In order to determine deformation in asphalt 
layers, 150 mm diameter cores of pavement were taken in the measuring line. Each core was 
drilled with 20-30 mm covering. Drilled cores were tested in Road Research Laboratory of Road 
Research Institute of Vilnius Gediminas technical university. The thickness of every layer and 
the type of asphalt mixtures were determined. Summarized information, measured rut depth 
(RD) and severity level of distressed city streets pavements of Vilnius is shown in Table 3.

Table 3 	  Summarized information, measured RD and severity level of distressed city streets pavements of Vilnius

Section 
No.

Site characteristic HVTF1, 
v./d.

AC thickness, 
mm

Surface transvers 
slope direction

Measured RD, mm Rutting type Severity 
Level2

Left Right

1. intersection zone 3317 235 right 35-40 55-60 Structural and flow High

2. bus-stop section 580 150 left 35-40 30-35 Structural and flow High

3. intersection zone 264 150 right 20-25 30-35 Initial densification High

4. intersection zone 522 185 right 60-65 70-75 Structural High

5. uphill section 1309 195 right 15-20 15-20 Wear Medium

6. intersection zone 482 180 right 50-55 60-65 Flow High

7. intersection zone 206 190 right 30-35 30-35 Structural and flow High

8. intersection zone 771 110 left 50-55 30-35 Structural and flow High

9. bus-stop section 786 210 right 40-45 30-35 Flow High

10. intersection zone 657 260 right 60-65 50-55 Structural and flow High

11. intersection zone 482 195 right 10-15 10-15 Initial densification Low

12. intersection zone 482 160 right 65-70 60-65 Flow High

13. acceleration zone 1640 180 right 65-70 30-35 Wear and structural High

14. intersection zone 1152 250 left 60-65 20-25 Flow High

15. bus-stop section 318 180 left 80-100 80-100 Flow High

16. intersection zone 568 125 right 35-40 55-60 Structural and flow High
1 HVTF – Heavy vehicle traffic flow 
2 According to NRC CNRC regulations, see Table 1.
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All types of permanent deformations were detected in distressed streets pavements: wear 
rutting (defined in No 5 and 13), initial densification (defined in No 3 and 11); structural rutting 
(defined in No 7) and flow rutting (defined in No 6, 9, 12, 14 and 15). It was also observed that 
in high severity flow rutting, deformation affected granular base layer, thus structural and flow 
rutting type was defined in No. 1, 2, 4, 8, 10 and 16. Structural and flow rutting established in 
most cases (56 %), flow rutting detected in fourth place (25 %), were noticed from distressed 
pavement transversal profiles and measurements.
Rehabilitation solutions for distressed pavements were carried out according to experimen-
tal research, KPT SDK 07 and RStO 12 pavement design guides, and Vaitkus and Vorobjovas’ 
research [25]. Rut-Remix was proposed for pavement with low and medium rut severity pre-
servation hot-in place recycle. Extra rehabilitation solutions, using rigid and semi-flexible 
pavements, were carried out for five sections (Table 4). Rehabilitation costs were defined 
individually in sections No. 4, 6, 9, 15 and 16 considering existing pavement milling, depose 
of waste, cracks sealing, quantity of materials, joint installations, laying works, compaction, 
joint sealing, curining. Costs were calculated with SISTELA software taking the prices from 
2013. The costs for rehabilitation solutions are shown in Table 5. The comparison of rehabili-
tation solution costs is shown in Figure 1.

Table 4 	  Rehabilitation using AC, HMAC SF PCC and WT overlays 

AC Overlay HMAC Overlay SF Overlay PCC Overlay WT Overlay
Section No. 4

Section No. 6

Section No. 9

Section No. 15

Section No. 16
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Table 5 	  The cost for rehabilitation solutions costs

Section 
No.

Site characteristic Rehabilitation cost (with VAT 21 %), €
AC Overlay HMAC Overlay SF Overlay PCC Overlay WT Overlay

4 Intersection zone 175 m² 17442,5 13994,6 12389,8 15268,5 12596,5
6 Intersection zone 217 m² 21466,3 12129,4 18446,9 18107,8 -
9 Bus-stop section 189 m² 16323,0 8892,7 13299,9 17222,5 13469,9
15 Bus-stop section 220 m² 18284,6 10224,3 20213,9 18242,3 15916,7
16 Intersection zone 420 m² 40974,0 23199,7 35652,2 35889,4 -

Rehabilitation cost using usual asphalt mixtures (AC) overlay determined higher comparing to 
other rehabilitation solutions in section No. 4, 6 and 16. Rehabilitation cost using SF overlay 
was about 8 % lower than PCC overlay cost. Rehabilitation using WT solutions could be used 
in sections No 6 and 16, because the existing asphalt layer thickness was too low. Although, 
rehabilitation cost of WT overlay was similar or slightly different from SF rehabilitation cost. 
HMAC overlay cost was 20-43 % lower than usual AC overlay cost and varies from 8 892.7 to 
23 199.7 € depending on individual section condition. To sum up, rehabilitation using HMAC 
overlay was cheaper in most cases.

Figure 1	 The comparison of rehabilitation solutions costs 

4	 Conclusions

The analysis of the distressed pavement structures has revealed that, rut depths exceed 60 
mm and are deeper in 44 % of researched pavement sections. All types of rutting were detec-
ted in distressed streets pavements: wear rutting, initial densification (construction works 
failure), structural rutting (structure failure) and flow rutting (asphalt mixture failure). Howe-
ver, deformations mostly emerged in asphalt wearing or/and asphalt binder layers due to 
insufficient asphalt mixture shear flow (flow rutting resistance).
In most cases rehabilitation cost for solutions with high modulus asphalt concrete (HMAC) 
layers was 20-43 % cheaper than asphalt concrete (AC) overlay rehabilitation cost. 
Semi-flexible (SF) pavement overlay cost is less or more similar to concrete withe-topping 
overlay cost and 8 % lower than Portland cement concrete (PCC) overlay, and could be used 
when there is need of pavement bearing capacity improvement. 
To conclude, the experimental research has shown that, rehabilitation solution should be 
derived individually, although high modulus asphalt concrete overlay was a reasonable so-
lution for pavements where flow rutting occurs in binder layer. Hot in place recycling is a 
very relevant solution for less distressed pavements (wearing rutting, surface course rutting) 
rehabilitation.
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Abstract

At an installation of the hot mix asphalt on a construction site, it is necessary to achieve the 
designed quality of the built asphalt layer. On the quality of the built asphalt layer affect the 
temperature of the asphalt mix, the quality of a bearing layer, external weather conditions 
and energy invested during the installation of hot mix asphalt. Laboratory tests aimed to 
determine the dependence of the invested variable compaction energy on asphalt mix AC 8 
surf 50/70 AG1 M4 and the achieved density of the test specimens in the laboratory conditi-
ons. The designed asphalt mix was made up in the laboratory of stone fractions of igneous 
origin, stone dust of dolomite origin and bitumen 50/70. The obtained results indicate that 
the invested compaction energy significantly affects on the achieved quality of the laboratory 
made asphalt specimens.

Keywords:	hot mix asphalt, quality of the built asphalt layer, compaction energy.

1	 Introduction 

Asphalt layers are the elements of a pavement structure that take traffic load and pass it on 
the bearing layer structures, and are made by an installation of hot asphalt mixes, a three-
component or multi-component composite [1] of the composition defined by volume shares 
of grained mineral mixture, bitumen and air in the voids. Asphalt mixes should contain 3-5% 
of voids [2], and any further deviation leads to the appearance of permanent deformations. 
Voids are the most usually measured volumetric feature of hot asphalt mixes because the-
ir share in the total asphalt mix affects on the stability and persistence of the same [3-6]. 
The share of voids (air) of 5-8%, or less than 3%, results in the formation of cracks and the 
emergence of tracks on asphalt pavements [7-8] and the inability of spreading asphalt and 
additional densification due to the traffic load. When installing asphalt mix, it is necessary 
to achieve the designed densities and porosity reduction in the resulting layer because any 
increase of voids by 1% (more than 6-7%) leads to a 10% reduction in the designed durability 
of asphalt pavement [9]. The density of asphalt layers is one of the most important factors 
that affects the durability of the asphalt pavement. Compaction of hot mix asphalt reduces 
the proportion of voids (air) and increases the unit weight of the compacted mix. According 
to studies [10-16], compaction is probably the most important activity in the construction of 
each of the layers of the pavement structure, and especially of asphalt layers. Well compac-
ted embedded asphalt layers provide some waterproofing, strength and resistance to the 
emergence of tracks and prevent excessive aging, i.e. oxidation of bitumen. Workability of 
the asphalt mix depends on the composition of bituminous mix, the quality of bitumen and 
its viscosity, as well as on the temperature at which the installation is done. Hot asphalt 
mixes are designed by classical methods (Marshall, Hveem, Duriez or Approximate) and by 
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methods of recent approaches (the Superpave method and harmonized European standards). 
Compaction of laboratory specimens of bituminous mixes is done by compactors, such as 
the Marshall compactor, the Hveem stabilometer or the Superpave gyratory compactor. This 
study applied the Marshall method of compacting designed hot mix asphalt. Designing hot 
mix asphalt by the Marshall method is linked to the thirties of the last century, the author of 
which is Bruce Marshall. They were adopted with the aim of designing an optimal gradation 
of aggregates, fillers and bituminous binder for asphalt pavement curtains resistant to per-
manent deformations. Today, the Marshall method is used in 38 countries around the world 
[19]. Asphalt mixes designed for installation into pavement structures for higher traffic loads 
contain a greater proportion of larger mineral fractions and during the installation require gre-
ater invested compaction energy. Mixes that are built into the structures of lower traffic loads 
contain a greater proportion of fractions of finer granulation, and are thus easily compacted. 
The American standard AASHTO (American Association of State Highway and Transportation 
Officials Standards) prescribes compaction criteria for asphalt mix specimens depending on 
traffic load of the pavement structure (Table 1), while the Croatian and European standards 
prescribe compaction criteria by the Marshall compactor based on 50 strokes on each side 
of the asphalt mix specimen [20].

Table 1 	  The Marshall method designed criteria (Asphalt Institute, Lexington, KY,1979.) [19]

Criterion Low traffic 
<104 ESALs

Medium traffic 
104-106 ESALs

Heavy traffic 
>106 ESALs

Min Max Min Max Min Max
Compaction (number of strokes 
on each side of the specimen)

35 50 75

Stability (min) 2 224 N 3 336 N 6 672 N
% Voids (air) 3 5 3 5 3 5
ESALs – equivalent single axle load (equivalent to single-shaft load)

The problem of density of asphalt mix before and after compaction is the subject of many 
studies. Neubauer [21] studied the effect of compaction temperature of hot mix asphalt onto 
volume changes, and came to the conclusion that the density decreases from the centre to 
the surface, i.e. to the bottom or the top of the asphalt specimens in the mold. Raab, in her 
researches, [22] found an unbalanced distribution of voids (air) immediately after compac-
tion, where the asphalt specimen had a lower content of voids (air) in the middle and the 
upper surface than on the edges (edge lines) and in the lower parts. Since, during compac-
tion, bitumen in the mixture acts as a lubricant, and with its share leads to a reduction of 
friction between the grains of the mineral mix, these are the investigated and the quantitative 
relationships of the compaction level and the voids filled with bituminous binder, wherein 
the results obtained indicate that the reduction of voids filled with bitumen binder for 4-12 
% will result in the reduction of stiffness modulus by 55 % [23]. In this paper, the authors 
examined in the laboratory conditions the impact of variable compaction energy, at constant 
compaction temperature, of asphalt specimens of hot mix asphalt AC 8 surf 50/70 AG1 M4.

2	 Experimental part

Laboratory tests include making hot mix asphalt AC 8 surf 50/70 AG1 M4 prepared under con-
trolled conditions. Asphalt is the mixture of a fixed gradation of mineral mixture, the share of 
bitumen and the temperature at which compaction of test specimens is done (155°C). In order 
to determine in the laboratory the impact of the changing compaction energy on the proper-
ties of the test specimens of asphalt samples, it is carried out the preparation of specimens 
exposed to a variable number of strokes in the Marshall compactor. In the paving laboratory, 
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the properties of asphalt mixtures specimens are tested according to HRN EN 13108-1 [24] 
made from stone fractions 0/2, 2/4 and 4/8 mm of volcanic origin from the Vetovo quarry, 
stone dust category label KB-I from the Veličanka quarry and road bitumen 50/70, MOL pro-
ducer, the Republic of Hungary.

2.1	 Composition of designed asphalt mix

Designed asphalt mixture contains in its composition stone fractions from the Vetovo quarry 
(an eruptive material of silicate composition) and stone dust from the Veličanka quarry (car-
bonate composition sediment). Table 2. shows the shares of certain fractions in the designed 
mineral mixture and the average densities determined in accordance with the standards HRN 
EN 1097-7 and HRN EN 1097-6 [25, 26]. 
Table 3. shows the gradation of the constituent mineral fractions determined according to the 
standard HRN EN 12697-2 [27].

Table 2 	  Densities and shares of stone fractions in the overall mineral mixture

Stone materials Fraction marks Share in the mineral 
mixture [%(m/m)]

Density
[t/m3]

“Veličanka” KB 7.4 2.8
“Vetovo” 0/2 31.2 2.88
“Vetovo” 2/4 23.8 2.9
“Vetovo” 4/8 37.6 2.8

Table 3 	  Gradation of used mineral fractions and filler

Opening of the 
sieve [mm]

Passage through the sieve [%(m/m)]
Stone dust Vetovo quarry Vetovo quarry Vetovo quarry

0-2 2-4 4-8
0.063 70.1 4.1 1.8 1.3
0.25 100 20.5 2.4 1.7
1 100 64.0 3.7 1.9
2 100 95.6 12.1 2.1
4 100 100 92.7 7.5
8 100 100 100 94.6
11.2 100 100 100 100
16 100 100 100 100
22.4 100 100 100 100
31.5 100 100 100 100

Used binder is a road bitumen 50/70, by MOL producer, from the Republic of Hungary. Stan-
dard properties of the road bitumen include density ρB = 1.012 g/cm3, the softening point 
PK = 50.3°C and penetration PEN = 57 1/10 mm, tested according to the standards HRN EN 
1425:2012 and HRN EN 1426:2008 [28, 29].

2.2	 Designing the composition of asphalt mix

Gradation of the designed asphalt mixture is shown in Figure 1., while the soluble proportion 
of road bitumen is tested according to HRN EN 12697-1 [30] and adopted in the amount of 
5.9%.
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Figure 1	 Gradation of the designed asphalt mixture 

For each group of asphalt mix, the three test specimens were made according to the standard 
compaction procedure on the Marshall compactor with the falling hammer. The specimens, 
according to Annex C of the standard HRN EN 13108-20 [20], are compacted under variable 
number of strokes. Table 4. shows the conditions of preparation of test specimens of asphalt 
specimens. The compaction of the asphalt mixture is done by 1-70 strokes (on each side), 
where the number of strokes subsequently increases by 10 for each subsequent group (Group 
2-8). Figure 2. shows the specimens compacted with 10, 30 and 70 strokes, i.e. the samples 
of the Group 2, Group 4 and Group 8.

Table 4 	  Conditions for preparing asphalt specimens

Test sizes Unit 
measures

Gr. 1. Gr. 2. Gr. 3. Gr. 4. Gr. 5. Gr. 6. Gr. 7. Gr. 8.

Hammer mass g 4.560 4.560 4.560 4.560 4.560 4.560 4.560 4.560
Height of falling hammer mm 460 460 460 460 460 460 460 460
Number of layers – 1 1 1 1 1 1 1 1
Number of strokes per layer – 2×1 2×10 2×20 2×30 2×40 2×50 2×60 2×70
The diameter of the 
specimens after compaction

mm 101.2 101.5 101.6 101.4 101.5 101.6 101.5 101.4

The height of the sample 
aft. compaction

mm 80.3 68.3 65.4 64.3 63.0 62.5 61.9 61.9

Figure 2	 Laboratory asphalt specimens

After cooling asphalt specimens, the following properties were determined on the same:
·· the density of the asphalt specimens according to the standard HRN EN 12697-6 [31],
·· the density of asphalt mixture according to the standard HRN EN 12697-5 [32],
·· the share of voids according to the standard HRN EN 12697-8 [33],
·· voids filled with bitumen according to the standard HRN EN 12697-8 [33].
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2.3	 Achieved results 

Table 5. presents the results of the performed laboratory tests. From Table 5., it is evident that 
the densities of asphalt specimens fall significantly with the decrease in the number of stro-
kes at which compaction is done. The reduction of the number of strokes during compaction 
leads to the growth of share of voids in the test specimens.

Table 5 	  The results achieved after compaction in the Marshall compactor 

Group Density [kg/m3] Share of voids [%] The thickness of 
the specimen [mm]

The diameter of 
the mold [mm]Marshall Asphalt mixture

Group 1. 2.120 2.566 17.4 80.3 101.2
Group 2. 2.316 2.566 9.7 68.3 101.5
Group 3. 2.397 2.566 6.6 65.4 101.6
Group 4. 2.433 2.566 5.2 64.3 101.4
Group 5. 2.487 2.566 3.1 63.0 101.5
Group 6. 2.497 2.566 2.7 62.5 101.6
Group 7. 2.509 2.566 2.2 61.9 101.5
Group 8. 2.511 2.566 2.1 61.9 101.4

3	 The dependence of the results achieved

The further study shows the dependences of variable compaction energy in the Marshal com-
pactor and generated voids in asphalt specimens, the altitude of test specimens, as well as 
the densities of asphalt specimens.

3.1	 Dependence of voids and compaction energy 

Figure 3. shows the ratio of voids in asphalt specimens and variable compaction energy in 
the Marshall compactor. By applying the obtained values onto the coordinate axes, it can be 
seen exponential relationship between the observed values and, consequently, is analyzed 
the link model which is as follows:

	 U=aebx	 (1)

Figure 3	 The ratio of the voids and the variable compaction energy
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Figure 3. shows a very high coefficient of determination, R2 = 0.9928, which indicates to the 
dependence of realized values of share of voids and effects of variable compaction energy in 
laboratory conditions.

3.2	 Dependence of variable compaction energy and the altitude of asphalt specimens

Figure 4. shows the dependence of variable compaction energy and the altitude of asphalt 
specimens. The values obtained are applied on the axes of the coordinate system and is 
analyzed the link model which is as follows:

	 V=axb	 (2)

Figure 4	 The ratio of compaction energy and the altitude of asphalt specimens

In Figure 4., it is evident that due to the growth of compaction energy, there follows a decrease 
in the altitude of test specimens and higher densities. It is observed a very high coefficient 
of determination, R2 = 0.9911, which indicates that the mathematical notation of the referred 
dependence realistically describes the observed values.

3.3	 Dependence of variable energy and densities of test specimens

Figure 5. shows the dependence of densities of asphalt specimens and variable compaction 
energy in laboratory conditions. The values obtained are applied on the axes of the coordinate 
system and is analyzed the following mathematical model:

	 GAU=axb	 (3)

Figure 5	 The ratio of variable energy and densities of asphalt specimens
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The shown dependence in Figure 5. suggests to the conclusion that the increase of the invested 
compaction energy leads to higher densities of asphalt specimens. The coefficient of determi-
nation, R2, of the displayed dependence amounts to 0.994 and indicates that the mathematical 
notation realistically describes the observed properties. Correlations of the observed proper-
ties as well as forms and the strengths of bonds for obtained results are shown in Table 6.

Table 6 	  Correlations of properties

Property of test 
specimen 

Variable Link form Coefficients The coefficient of 
determination

a b R2

Voids and energy 
compaction

(x) – voids U=aebx 110.16 -0.265 0.9928

Energy and altitude 
of test specimen

(x) – the number of strokes 
in Marshall compactor

V=axb 79.641 -0.062 0.9911

Energy and densities (x) – the number of strokes 
in Marshall compactor

GAU=axb 2,116.7 0.0415 0.994

4	 Conclusion 

The quality of the built asphalt layer is significantly affected by invested compaction energy 
during installation. It is necessary to perform the installation of bituminous mixture at the 
designed temperature in dependence relation to the composition of the asphalt mixture. The 
density of the asphalt layer is defined as the weight of the mixture in a given volume. In the 
process of compaction, the volume of the layer reduces which results in the reduction of share 
of voids in the asphalt layer. Initial compaction has a far greater impact on the proportion of 
share of voids in relation to a further increase in compaction energy. It is also evident that the 
altitude of test specimens is reduced by 22.9% between the specimens compacted with 2x70 
strokes (Group 8) and the specimens compacted with 2x1 strokes (Group 1). The differences in 
densities of the test specimens between the Group 8 and the Group 1 were 18.4%. In conclusi-
on, the timely compaction and invested energy both prolong the durability of the built asphalt 
layer with minimal occurrence of deformations during the designed period of exploitation.
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Abstract

Mechanistic – empirical calculation method is applied worldwide in calculation of new pave-
ment structures and evaluation of the existing ones. The majority of mechanistic methods of 
dimensioning is based on the evaluation of the structural behaviour of structures, i.e. critical 
relation of stress and deformity during application of certain load on the pavement. Stiffness 
of asphalt mixtures is an essential parameter in evaluation of induced load, temperature 
stress and distribution of deformities in pavement structure. In certain parts of Croatia the 
average maximal summer temperatures on pavement surface reach approximately 40°C. At 
such high temperatures, the asphalt stiffness modulus is significantly decreased and there 
is a high possibility of occurrence of driving surface plastic flow in the form of rutting. During 
winter, temperatures decrease to -10°C and the combination of low temperatures and cyclic 
changes, with very high stiffness modulus, may cause cracks in asphalt pavement. Systema-
tic measurement of asphalt mixture stiffness modulus was carried out within the research 
through application of the indirect tensile test method at temperatures those mixtures would 
be exposed to during their project life span. This Paper presents elaboration of stiffness mo-
dulus test results achieved through application of the indirect tensile test on several types 
of asphalt mixtures at different temperatures. Furthermore, it presents the stiffness modulus 
test results for several asphalt concrete mixtures AC 11 of different composition, i.e. of diffe-
rent physical – mechanical properties.

Keywords:	stiffness modulus, asphalt mixture, indirect tensile test, rutting

1	 Introduction

The goal of this research was to determine the stiffness modulus at mixture exploitation 
temperatures for several types of hot asphalt mixtures used today for construction of roads 
in Croatia, with the purpose of obtaining input data for control of stresses and strains occu-
rring in pavement structure. Furthermore, another purpose was to establish how the mixture 
composition effects variation of stiffness modulus. 
Until this research, obsolete and imprecise data on material properties were used in Croatia, 
obtained based on testing of dynamic modulus of elasticity in dependence on temperature, 
conducted almost 50 years ago [1] (Dormon and Edwards, 1967).
The effect of temperature variation to the stiffness modulus of seven different asphalt mixtu-
res was determined within the first part of testing, resulting in curves representing variation 
of stiffness modulus of those mixtures due to temperature variation. The testing temperatures 
were within the limits of temperature range occurring on pavements in Croatia during the 
course of one year. The effect of asphalt-concrete AC 11 mixture variation to the stiffness was 
tested in the second part of the testing. 
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2	 Indirect tensile test

Asphalt mixture stiffness modulus may be measured in several ways, according to the stan-
dard HRN EN 12697-26 [2]. The indirect tensile test was selected (Appendix C of the above-
mentioned standard), due to the simplicity and quickness of measurement, as well as prepa-
ration of specimen (in comparison to other measurement methods defined in the standard) 
and due to the availability of measurement equipment. 
The majority of asphalt mixtures is not elastic but goes through some form of plastic defor-
mity after application of load. However, if the load is low in comparison to the strength of 
material and if it is applied repeatedly, the deformity is almost completely reversible after 
each repetition. 
Resilient or reversible modulus is the ratio of repeated stress and reversible (resilient) relative 
strain, due to the brief repeated load application which corresponds to the load from wheels 
of moving vehicles. Resilient modulus describes the efficiency of different pavement structure 
courses to distribute the stresses, resulting from traffic load, within the pavement structure. 
It is used in the theory of elasticity for forecasting of reversible relative deformity or displace-
ment during mechanistic projecting of flexible pavement structures. 
In laboratory the resilient modulus of asphalt mixtures is most frequently determined through 
the indirect tensile test (HRN EN 12697-26, Appendix C). The testing is non-destructive since 
the stresses are very low. 
The indirect tensile test is used for measurement of small deformities of asphalt specimens. 
It is a non-homogenous testing, with assumption that the tested material is isotropic material 
with constant Poisson ratio. It is conducted by application of repeating impulse compressive 
load on two diametrically opposed „strips“ of a cylindrical specimen. The central part of the 
specimen is then submitted to predominantly constant tensile stress in diametrical plane 
which connects the „load strips“. This results in reversible deformity in horizontal diametrical 
plane.
In case the vertical variation of diameter is not measured, the assumed value of the Poisson 
coefficient for all asphalt materials is 0.35 for all temperatures [2]. Due to the viscoelastic 
properties of asphalt mixtures, duration of load application effects significantly the value 
of stiffness modulus and the goal is to achieve as realistic as possible simulation of actual 
conditions of load. The stress in pavement is maximal at the point above which the load is 
applied while it decreases with the distance from this point. Due to that, the assumed load 
pulse during testing is a triangular, square or sinusoidal function. According to standard 
[2] this procedure is classified under tests with sinusoidal load. It is recommended that the 
shape of load curve is approximately a wave with load shape factor 0.6. Since the pulse tests 
were developed for „inspection“ measurements, only duration and the maximal applied value 
of repeated load are controlled during testing and not the shape of the wave. However, the 
shape of the load curve is recorded during measurement and the obtained stiffness modulus 
is corrected subsequently through an equation to the pre-defined load shape factor 0.6. 

3	 Testing programme

All the tests were conducted from the year of 2010 to 2012 in the Laboratory for asphalt and 
road soil mechanics, Institut IGH d.d. Zagreb. Asphalt mixture specimens were sampled on 
several actual construction sites, in compliance with the standard (HRN EN12697-27). Af-
terword, the specimens were prepared according to the standard HRN EN12697-28 and the 
testing of physical – mechanical properties of asphalt mixtures was conducted on them. The 
following was determined: soluble share of binder (HRN EN12697-1), grain size distribution 
(HRN EN12697-2) and thickness of asphalt mixture (HRN EN12697-5). Specimens of diameter 
of Ф100 mm and height of 60-65 mm were compacted in the laboratory according to the stan-
dard Marshall procedure (HRN EN12697-30). Asphalt specimen dimensions were determined 
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according to the standard HRN EN 12697-29, the density of asphalt specimens according to 
HRN EN 12697-6 and voids in asphalt specimens according to HRN EN 12697-8; the Marshall 
testing was carried out according to the standard HRN EN 12697-34.
During the first part of testing 848 measurements of the stiffness modulus were carried out, at 
four different temperatures and on 106 specimens prepared from seven asphalt mixtures [3]. 
All the specimens were tested at four temperatures: +5°C, +15°C, +25°C and +35°C, with res-
pect to the asphalt pavement temperature range in Croatia (-8°C to +38°C,) and with respect 
to the equipment manufacturer’s recommendation (+0°C to +35°C). Four temperature me-
asurements were selected as the optimum number for obtaining the curve of the stiffness 
modulus dependence on temperature. The specimens were tested in both directions and, in 
case the values of measured modulus did not show too large deviations, their mean value is 
the specimen stiffness modulus at a certain temperature. Table 1. presents the first part of 
the asphalt mixtures stiffness modulus testing programme.

Table 1 	  Stiffness modulus testing programme (first part of testing)

Mixture AC11surf (1) SMA 11 (1) AC 16 surf SMA 11 (2) AC11surf (2) AC16bin AC22base

Binder PmB 
45/80-65

PmB 
45/80-65

BIT 
50/70

PmB 
45/80-65

BIT 
50/70

BIT 
50/70

BIT 
50/70

No. of compaction blows 2*50 2*75 2*50 2*50 2*50 2*50 2*50 2*75 2*50 2*75 2*50 2*75 2*50 2*75

Measurement 
temp. [°C]

Measurement 
direction

Number of specimens

5; 15; 25; 35 1. 40 0 32 32 32 32 32 32 32 32 32 32 32 32

2. 40 0 32 32 32 32 32 32 32 32 32 32 32 32

The same principle was applied to testing of four asphalt mixtures type AC 11 conducted in 
the second part of the research, in which the shares of bitumen and filler in asphalt mixture 
were varied [4]. Table 2. presents the second part of the asphalt mixtures stiffness modulus 
testing programme.

Table 2 	  Stiffness modulus testing programme (second part of testing)

Mixture AM1 AM2/1 AM2/2 AM3
Binder BIT 50/70 BIT 50/70 BIT 50/70 BIT 50/70
Number of compaction blows 2*50 2*50 2*50 2*50
Filler Share [%;m/m] 10,7 9,4 9,0 8,2
Bitumen share [%;m/m] 3,6 7,0 5,1 5,1
Share of voids [%;v/v] 8,2 2,0 5,0 5,3
Measurement 
temperature [°C]

Measurement 
direction

Number of specimens

5; 15; 25; 35 1. 12 12 12 12
2. 12 12 12 12

All the testing specimens were tested on the device presented in Figure 1. The device and 
testing equipment are described in detail in the standard HRN EN 12697-26, Appendix C.
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1	 Pneumatic load impulsator
2	 Steel loading frame
3	 Load transfer device
4	 Top loading bar
5	 Test specimen
6	 Screws for adjustment of LVDT (linear variable differential 

transformer)
7	 Bearing frame LVDT
8	 Bottom loading bar
9	 Claws for placement of LVDT frame

Figure 1	 Measurement device for asphalt mixture stiffness modulus by application of the indirect tensile test

4	 Testing results

Testing results of the first part of testing are shown in Table 3. and Figure 2. The mean values 
of the stiffness modulus of the tested asphalt mixtures are presented, with differences in 
compacting of specimens, according to temperatures of measurements. The stiffness modu-
lus obtained on the specimens compacted with 2*75 blows, i.e. on the specimens with less 
voids, are greater than those of the modulus obtained for the specimens compacted with 2*50 
blows. Only the results of AC 16 surf mixture at 5°C, deviate from this rule. Wearing course 
mixtures have lower stiffness modulus than the mixtures for the binding, base and base-
wearing courses. The increase of stiffness modulus following the decrease of temperature is 
slower in wearing course mixtures.

Table 3 	  Stiffness modulus values Sm (MPa) of asphalt mixtures, with differences in specimen compaction, in 
relation to temperatures

Asphalt mixture, Number 
of compaction blows

Temperature of measurement
5°C 15°C 25°C 35°C

SMA 11 45/80-65 (1), 2*75 11656 6047 2640 1052
SMA 11 45/80-65 (1), 2*50 11294 5645 2512 1044
SMA 11 45/80-65 (2), 2*75 11900 5733 2615 1139
SMA 11 45/80-65 (2), 2*50 10536 5217 2150 941
AC 11 surf 45/80-65, 2*50 12945 5535 2838 1133
AC 11 surf 50/70, 2*75 15851 8153 3843 1374
AC 11 surf 50/70, 2*50 14027 7218 3336 1111
AC 16 bin 50/70, 2*75 20029 10307 4499 2082
AC 16 bin 50/70, 2*50 18266 9595 4184 1817
AC 22 base 50/70, 2*75 24519 12595 6517 2446
AC 22 base 50/70, 2*50 21159 10407 4387 1487
AC 16 surf 50/70, 2*75 23327 11684 4556 1601
AC 16 surf 50/70, 2*50 24268 11041 4270 1435
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Figure 2	 Asphalt mixtures stiffness modulus (MPa), with differences in compacting of specimens, at different 
temperatures

The stiffness modulus values of all tested mixtures decrease following temperature increase. 
In case of all tested mixtures the values of modulus obtained at maximal measured tempera-
tures (35°C) are in average 91% lower that the values of modulus determined at the minimal 
measured temperatures (5°C). The trend of stiffness modulus decrease following temperature 
increase, in mixtures AC16bin, AC22base and AC16surf, differs from the one in mixtures SMA 
11 and AC11surf. Table 4. and Figure 3. present results of the second part of testing. 

Table 4 	  Composition of asphalt mixtures and average stiffness modulus at different test temperatures

Asphalt 
mixture

Filler share 
[%;m/m]

Bitumen share 
[%;m/m]

Share of voids 
[%;v/v]

Modulus 
(50°C) 
[MPa]

Modulus 
(150°C) 
[MPa]

Modulus 
(250°C) 
[MPa]

Modulus 
(350°C) 
[MPa]

AM1 10.7 3.6 8.2 15755 10059 4531 1281
AM2/1 9.4 7.0 2.0 7062 4308 1903 911
AM2/2 9.0 5.1 5.0 11990 7108 2898 857
AM3 8.2 5.1 5.3 11089 7052 2740 1060

Figure 3	 Graphical presentation of asphalt mixtures stiffness modulus at different temperatures
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Table 4. shows the mean values of stiffness modulus of individual asphalt mixtures (AM1; 
AM2/1; AM2/2 and AM3) on test temperatures of 5°C; 15°C; 25°C and 35°C, including respec-
tive data on composition of filler and bitumen components and the share of voids in asphalt 
specimen (same materials in mixtures). The highest values of modulus, on all temperatures, 
are gained in mixture with the highest filler and voids share and the lowest bitumen share. 
The lowest values of modulus, on all temperatures, are gained in mixture with the lowest 
voids share and the highest bitumen share, with relatively high filler share. It can be conclu-
ded, from the results of the second part of testing, that values of stiffness modulus generally 
increase with increase of filler share, and with decrease of bitumen share. The graphical pre-
sentation shown below in Figure 3. indicates the trends of stiffness modulus in dependence 
on composition and properties of asphalt mixture at different temperatures, i.e. behaviour 
of asphalt at application of load within the indirect tensile impulse testing. The values of 
stiffness modulus of an optimal asphalt mixture (AM3) are within the medium stiffness area.

5	 Conclusion

The stiffness modulus determined at four temperature values confirmed that the indirect ten-
sile testing method enables optimisation of composition and properties of asphalt mixture. 
Based on the obtained data, the assumptions made during dimensioning shall be closer to 
the actual behaviour of asphalt pavement structures during exploitation. This will contribute 
to decreasing of possible deviations from actual values in calculation of stresses and defor-
mities of individual courses due to traffic load and therefore to optimisation of procedure of 
structural designing of asphalt pavement structures.
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Abstract

This paper presents an experimental evaluation of moisture damage and low temperature 
cracking behavior of three bituminous mixtures (Stone Mastic Asphalt, wearing course and 
base course asphalt concretes), made with steel slag aggregate and different asphalt binders 
(hard and soft polymer modified bitumen as well as crumb rubber modified bitumen). The 
asphalt concretes, designed with the traditional Marshall procedure, were tested under aged 
and unaged conditions. Indirect Tensile Strength Test were used in order to characterize the 
mixes. The experiments demonstrate that bitumen modified with crumb rubber (from scrap 
tires), allows to re-use a large amount of steel aggregate (up to 93%, depending on the mixes), 
with satisfactory results in terms of moisture and low temperature cracking resistance, also 
in the aged conditions. 

Keywords:	moisture damage, low temperature cracking, steel slag, crumb rubber, modified 
bitumen, road pavement

1	 Introduction

Moisture damage, as well as thermal cracking at low temperatures, are relevant degradation 
phenomena that affect the durability and the service life of bituminous mixtures, used for 
road flexible pavements. The moisture damage resistance of a bituminous mixture is influ-
enced by the content of bitumen and its adhesion to the grains of the lithic skeleton, as well 
as by the porosity of the asphalt concrete. Binder’s rheological properties, especially the 
ductility, affect the low temperature cracking resistance of the mix. 
The paper discusses the results of a laboratory testing concerning the moisture damage and 
the low temperature resistance of bituminous mixtures (Stone Mastic Asphalt – SMA and 
traditional ones) for base courses and wearing courses, made with Electric Arc Furnace (EAF) 
steel slag and three different bituminous binders, modified with fine crumb rubber or SBS 
polymers. Both aged and unaged samples were tested, in order to investigate the ageing 
effects. 

2	 Materials

2.1	 Binders

Three different bitumens were used in the experiment for each mixture: Crumb Rubber Mo-
dified Bitumen (CRMB), as well as hard and soft SBS polymer modified bitumen (HPMB and 
SPMB respectively). The fine crumb rubber modified bitumen, as well as the hard and soft 
polymer modified bitumen, were produced in different private companies’ industrial plants. 
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The asphalt rubber derived from the wet process technology [1]. In this paper, the presence of 
crumb rubber, hard and soft modified polymers in the mixtures is evidenced by the subscript 
“ar”, “hm”, “sm” next to the mixture acronym.

2.2	 Aggregates 

Two granular materials were used in the study: EAF slag and limestone filler. The slags utilized 
are the main by-product of steel production based on the electric arc furnace (EAF) techno-
logy [2]. The EAF slags were supplied by a steel mill in northern Italy, while the limestone 
filler derived from a quarry in the same area; the steel slags were available in three different 
fractions: 0/4, 4/8 and 8/14 mm.

2.3	 Mixtures

Three mixes were designed: a Stone Mastic Asphalt mix (SMA), a Wearing Course Asphalt 
concrete (AC W) and a Base course Asphalt Concrete (AC B). The study of the grading curves was 
referred to the grading envelopes set by SITEB – Italian Society of Bitumen Technologists [3].

3	 Methods

3.1	 Mix design procedure

The Marshall procedure (EN 12697-34 Standard) was used for determining the optimal binder 
content. The mixes characterised by maximum bulk density, maximum Marshall Stability, a 
voids content of 4% for SMA, 5% for AC W, 6% for AC B, were considered optimal. The mecha-
nical performances of the mixtures formulated in this way, were further verified by means of 
the indirect tensile strength test at 25°C (EN 12697-23 Standard).

3.2	 Performance test programme

The performance approach has great relevance in order to properly promote the use of in-
dustrial by-products, as outlined also by other Authors [4, 5], therefore the resistance to 
moisture damage and to thermal cracking have been evaluated, for the asphalt concretes 
investigated. Indirect tensile strength test at 25°C on wet cylindrical samples have been per-
formed on the nine asphalt concretes optimized in the mix design procedure, in order to 
investigate the moisture damage resistance. The specimens prepared by Marshall compac-
tor, were furthermore subjected to indirect tensile test at 0°C, in order to evaluate the low 
temperature cracking. Some of the specimens were exposed to accelerated long-term ageing, 
by means of conditioning in an oven at 85 °C for 5 days [6], in order to evaluate the effect of 
seasoning on the mechanical properties of the mixtures and any benefits produced by the 
bitumen modified with crumb rubber, compared to binders modified with polymers.

4	 Results and discussion

4.1	 Materials characterization

Table 1 reports the conventional engineering properties of the three bitumens used in the 
mixes. The elastic recovery data have been certified by the bitumen manufacturer. The crumb 
rubber modified bitumen, compared to the polymer modified binders, presented improved 
properties, in terms of penetration (- 24%) and softening point R&B temperature (+ 16%), 
particularly with respect to the soft modified bitumen. The ductility (evaluated according to 
the Italian standard) resulted adequate for all the binders.
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Table 1 	  Bitumen characterization

Properties Standard CRMB HPMB SPMB
Penetration [mm/10] EN 1426 45 52 59
Softening point [°C] EN 1427 82 77 71
Ductility [cm] CNR 44/74 over 100 over 100 over 100
Fraass breaking point [°C] EN 12593 - 15 - 14 - 12
Elastic Recovery [%] EN 13398 > 50 > 50 > 50

According to Italian Law, EAF slags are non-hazardous, special non-toxic and non-noxious 
refuse. They are a solid material, greyish in colour and with no particular smell; the pH is 10.7. 
By an X-ray fluorescence analysis, it can be observed that the slags contain a prevalence of 
FeO (33%) and CaO (29%), as well as SiO2 (13%), and Al2O3 (9%). The SiO2/CaO ratio charac-
terizes the EAF slag as a substantially alkaline aggregate and therefore suitable to guarantee 
the necessary adhesion with the weakly acid bitumen.
Table 2 reports the physico-mechanical properties of the steel slags, plus the test protocols 
adopted. A direct test of the volumetric stability of the EAF slags, according to the Standard EN 
1744/1 part 15.3, showed an expansion null after the 168 hours suggested in the test protocol.
The steel slags demonstrated an excellent affinity with the bitumen, with no stripping of the 
grains coated with binder after 24 hours of immersion in water at 25 °C (Italian Standard CNR 
138/92). This property obviously greatly enhances the durability of the bituminous mixtures.

Table 2 	  Physical and mechanical characteristics of EAF slags

Properties Standard EAF slag 0/4 mm EAF slag 4/8 mm EAF slag 8/14 mm
Los Angeles coefficient [%] EN 1097-2 - 16 14
Equivalent in sand [%] EN 933-8 86 - -
Shape Index [%] EN 933-4 - 1.9 2.9
Flakening Index [%] EN 933-3 - 4.2 6.4
Freeze/thawing [%] EN 1367-1 - 0.1 0.1
Fine content [%] EN 933-1 2.7 0.0 0.0
Grain density [Mg/m3] EN 1097-6 3.757 3.719 3.685
Water absorption [%] EN 1097-6 0.510 0.307 0.112
Stripping in water [%] CNR 138/92 0 0 0

4.2	 Grading and composition of the mixes

Table 3 reports the grading composition of the bituminous mixtures and proportions of the 
components, while the grading curves of the mixes are presented in Figure 1; the total amount 
of steel slag was 89%, 92%, 93% for AC B, AC W and SMA respectively. The nominal maximum 
aggregate size was 15 mm for the SMA and AC B, 10 mm for the AC W. 

Table 3 	  Aggregate type and composition of the mixtures

Mix composition Fraction 
[mm]

Quantity [%]
SMA AC W AC B

EAF steel slag 0/4 45 70 50
4/8 22 12 13
8/14 22 10 30

Filler (additive) – 11 8 7



Road Pavements376
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

Figure 1	 Design grading curves of the mixtures

4.3	 Optimization of the mixture

Table 4 reports the Marshall mix design results, along with the Optimum Bitumen Content 
(OBC) and the Indirect Tensile Strength (ITS) values, of the bituminous mixtures.

Table 4 	  Mix design results

Mixtures OBC 
[%]

VMA 
[%]

VFB 
[%]

Bulk density 
[g/cm3]

MS 
[daN]

MQ  
[daN/mm]

ITS 
[MPa]

ITS (post ageing) 
[MPa]

SMA/ar 6.0 23.5 82.9 3.306 1,986 482 2.35 2.38
SMA/hm 6.0 23.3 82.8 3.277 1,580 455 2.17 2.23
SMA/sm 6.0 23.1 82.7 3.248 1,324 405 2.04 2.14
AC W/ar 5.0 21.3 76.5 3.338 2,203 523 1.63 1.67
AC W/hm 5.0 21.2 76.4 3.307 1,551 507 1.55 1.62
AC W/sm 5.0 21.0 76.2 3.275 1,530 462 1.46 1.58
AC B/ar 4.0 19.0 68.5 3.325 1,295 450 1.57 1.64
AC B/hm 4.0 18.9 68.3 3.292 1,164 393 1.38 1.48
AC B/sm 4.0 18.7 68.0 3.258 1,222 336 1.23 1.38

For all the mixes the requisites fixed by the Italian Road Technical Standards [3] were guaran-
teed, with Marshall Stability (MS) and Quotient (MQ) higher than 1,100 daN and 300 daN/
mm for AC B, 1,200 daN and 350 daN/mm for AC W, 1,000 daN and 350 daN/mm for SMA. The 
additional requisite for the SMA, relative to a minimum ITS value equal to 0.6 MPa, was com-
pletely satisfied, thus demonstrating the acceptability of these mixtures for road construction. 
Moreover, for SMA mixes a percentage of Voids in the Mineral Aggregate (VMA) higher than 
17% [7] and a percentage of Voids Filled with Bitumen (VFB) between 75% and 85% [1] are nee-
ded, whilst for AC W and AC B mixes the requirement is a VMA percentage higher than 15% [8]. 
According to data in Table 4, all the volumetric requisites are verified for the designed mixes.
The mixes with crumb rubber modified bitumen showed better Marshall results as well as ITS 
values, than the corresponding asphalts with SBS polymer modified binders. All the mixtures 
presented slightly higher ITS values after the ageing conditioning (up to 12% more than the 
unaged mix, depending on the asphalt concrete type), even if the hardening phenomenon 
affects significantly the SBS mixtures more than the crumb rubber asphalts.



Road Pavements 377
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

4.4	 Resistance to moisture damage

The damage caused by the immersion in water is expressed by the Tensile Strength Ratio 
(TSR). It has been computed as the ratio between the indirect tensile strength of the speci-
mens treated by means of 15 days of immersion in a thermostatic bath at 25 °C (ITSwet) and 
untreated (ITSdry), respectively. Table 5 presents the ITSwet and the TSR values, for the mixtures 
studied.

Table 5 	  Moisture damage – Indirect tensile strength and TSR values

Mixtures ITSwet [MPa] ITSwet (post ageing) [MPa] TSR [%] TSR (post ageing) [%]
SMA/ar 2.24 2.32 95 97
SMA/hm 1.90 2.06 88 92
SMA/sm 1.73 1.94 85 91
AC W/ar 1.46 1.50 89 90
AC W/hm 1.28 1.36 83 84
AC W/sm 1.17 1.29 80 82
AC B/ar 1.36 1.43 86 87
AC B/hm 1.07 1.18 78 80
AC B/sm 0.94 1.07 76 78

The mixtures made with crumb rubber modified bitumen were clearly characterized by the 
less pronounced moisture susceptibility, as it is demonstrated by the highest TSR values com-
puted, also in conditions of post-ageing. However it should be stressed that all the asphalts 
have shown a reasonable resistance to moisture damage. In fact, the limit value of the TSR 
below which a bituminous mixture may present problems of stripping, usually equal to 70% 
[1], has been overcome by all the asphalts.

4.5	 Resistance to thermal cracking

Materials damage can be expressed by strain energy density function, according to the 
following relation [9]:

	 	 (1)

where:

σij	 stress;
εij	 strain.

In the indirect tensile test, the area under the stress–strain curve, computed for the peak 
stress and the corrispondent peak strain, represents the critical value of dW/dV. The critical 
value of dW/dV at 0°C can be used to estimate the resistance to low temperature cracking 
[9]. The low temperature cracking test results, namely the peak strain and the critical value 
of dW/dV, determined for the indirect tensile tests performed at 0°C on the mixtures studied, 
are presented in Table 6.
The crumb rubber asphalt concretes were characterized by higher peak strain and critical valu-
es of dW/dV, with respect to the correspondent polymer modified mixes (increments of dW/dV 
of up to 117%, depending on the mixture type), thus demonstrating an improved ductility at low 
temperature and therefore a greater resistance to thermal cracking. The beneficial effect of the 
crumb rubber modified bitumen is relevant also for the mixtures in conditions of post-ageing.
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Table 6 	  Low temperature cracking test results

Mixtures Peak strain [%] Critical value of 
dW/dV [kJ/m3]

Peak strain 
(post ageing) [%]

Critical value of dW/dV 
(post ageing) [kJ/m3]

SMA/ar 1.76 94.74 1.52 72.72
SMA/hm 1.65 72.53 1.12 35.87
SMA/sm 1.42 43.66 0.99 34.77
AC W/ar 1.26 67.00 1.15 58.97
AC W/hm 1.09 39.13 1.07 30.49
AC W/sm 0.93 35.07 0.91 29.32
AC B/ar 1.21 51.83 1.10 49.70
AC B/hm 1.07 35.48 0.90 28.58
AC B/sm 0.89 28.88 0.67 27.66

5	 Conclusions

The experimental investigation, conducted on bituminous concretes of the SMA, AC W, AC 
B type (all made with EAF steel slags), has demonstrated the clearly better performance of 
the crumb rubber mixtures compared with those of similar type but made with SBS polymer 
modified bitumen. The results are relevant for the moisture damage resistance, but they are 
really significant in terms of low temperature cracking resistance. The worst performance 
have been always recorded for the soft polymer modified mixtures. The effectiveness of the 
crumb rubber modified bitumen in the increase of moisture damage and low temperature 
resistance was relevant also for the mixtures in conditions of post-long term ageing. There is 
a full agreement in the ranking of the mixes, between the different performance tests used in 
the investigation, namely moisture damage and low temperature cracking tests.
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Abstract

The first part of this paper presents comparison of the characteristics of asphalt concrete AC 
8 surf and AC 11 surf, with bitumen B 50/70, at low temperatures. The second part shows the 
results of international comparison between three laboratories in EU, who carried out the 
Tensile Stress Restrained Specimen Test (TSRST) and Uniaxial Tensile Strength Test (UTST) in 
accordance with standard EN 12697-46. In the first part are presented results of the TSRST 
and UTST tests as a function of the asphalt mixture characteristic (bitumen content and voids 
filled with bitumen – VFB) and temperature. The analysis of the results has shown that there 
are certain differences, especially at the higher temperatures of the test. In the second part, 
it is shown that there are obvious differences in the results at TSRST and UTST test between 
compared laboratories. Based on these findings, we believe that it would be necessary to do 
more extensive inter-laboratory analysis to confirm this hypothesis and that there is need to 
update the standard EN 12697-46 in some points.

Keywords:	asphalt concrete, bitumen, low temperatures, cracks 

1	 Introduction

The asphalt samples expand when they are heated and contract when they are cooled. If the 
contraction due to cooling is prevented with falling temperatures increasing tensile stresses 
in the asphalt material will be generated, which can lead to fracture (micro-cracking in the 
binder matrix) if the maximum tensile strength is reached [1]. These damages are primarily 
due to temperature changes, changes in bituminous binder, excessive traffic load and/or 
deficiencies in construction and maintenance. So, the knowledge of the behaviour of cracks 
is essential both for researchers, planners and civil engineers. 
This paper presents comparison of the characteristics of asphalt concrete AC 8 surf and AC 11 
surf, with bitumen B 50/70, at low temperatures. It is shows the results of the Tensile Stress 
Restrained Specimen Tests (TSRST) and Uniaxial Tensile Strength Test (UTST) as a function 
of the bitumen content in the asphalt mixture and temperature. In the second part shows 
the results of international comparison between tree laboratories in EU, who carried out the 
TSRST and UTST in accordance with standard EN 12697-46. 
TSRST test simulates the condition of asphalt pavement at low temperatures, where the resul-
ting thermally induced tensile stresses, called cryogenic stress, primarily reflect as transverse 
cracks spaced at 3 to 5 m (Fig. 1) [2]. UTST test simulates the resistance of asphalt mixtures at 
low temperatures exposed to traffic loading. The maximum of critical tensile stress does not 
occur in the wheel track but in a distance of 30 cm to 90 cm from the location of loading (Fig. 2).

28–30 April 2014, Split, Croatia
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Figure 1	 Tensile Stress Restrained specimen Test – TSRST (left) and transversal thermal crack (right) [3]

Figure 2	 Uniaxial Tensile Strength Test – UTST (left) and longitudinal crack at the wheel tracks (right) [3]

Figure 3	 The Arand (1987) concept of tensile stress with relaxation and elastic zone [2, 3, 6]
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The [4] concept of tensile stress, tensile strength and tensile strength reserve is shown in 
Fig. 3. The thermally inducted (cryogenic) stress in asphalt specimen gradually increases as 
temperature decreases, until the specimen fractures [5]. At the break point, the stress reaches 
its maximum value – the fracture stress σcry,fracture at fracture temperature Tfailure (hereinafter Tf). 
At lower temperatures the slope of the stress-temperature curve dS/dT becomes constant, 
and the curve is linear (elastic behaviour). The transition temperature Tu divides the curve 
into two parts – relaxation zone and elastic zone (non-relaxation) and tangent point of in-
tersection TTS is intersection between tangent of the stress-temperature curve at elastic zone 
and relaxation zone. The bitumen in asphalt specimen becomes stiffer when the temperature 
approaches the transition temperature and the thermally inducted stresses are not relaxed 
below this temperature [6]. The difference between the tensile strength and low temperature 
stress is known as the tensile strength reserve Δβt(T) and it is the reserve that is available 
to accommodate additional superimposed stresses (traffic inducted stress) [5]. Equation for 
tensile strength reserve is:

	 	 (1)

Figure 4	 Grain size distribution of AC 8 surf and AC 11 surf

∆β β σt t cryT T T( ) ( ) ( )= −
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2	 Comparison AC 8 surf and AC 11 surf at low temperatures

2.1	 Material

The tests were carried out on asphalt concrete 0/8 mm (AC 8 surf) and asphalt concrete 0/11 
mm (AC 11 surf). The asphalt mixture and test specimens were prepared in the laboratory ZAG 
Ljubljana. In the laboratory we prepared five different mixtures with bitumen content of 4.0, 
5.0, 5.4, 5.8 and 6.0 (at AC 11 surf), 6.2 (at AC 8 surf) m.-%. Stone fractions used for the stone 
aggregate mixture are as follows: filler aggregate (grain under 0.125 mm) from Stahovica (li-
mestone), mineral aggregate 0/2, 2/4 and 4/8 mm from Ljubešćica (silicate). For binder we 
used paving grade bitumen 50/70 by MOL (Hungary). Fig. 4 presents grain size distribution 
for this asphalt mixture AC 8 surf and AC 11 surf. The grain size distributions overlap and it is 
clear that the filler aggregate was practically constant. For tests we used a rectangular speci-
men with cross section dimensions 40 x 40 mm2 and a length of 160 mm by the EN 12697-46. 
Table 1 shows properties of used fresh and extracted paving grade bitumen 50/70. Binder was 
extracted from asphalt with trichloroethylene Infratest Asphalt Analyzer (EN 12697-1). In our 
research, we decided to try to keep a constant content of filler aggregate in asphalt mixture 
and to vary air voids. Table 2 presents the results of some basic tests of asphalt mixtures AC 
8 surf. Table 3 presents the results of some basic tests of asphalt mixtures AC 11 surf.

Table 1 	  Properties of paving grade bitumen 50/70

Technical 
characteristics

Unit Test method Fresh  
bitumen

Extracted  
bitumen

Penetration at 25ºC mm/10 EN 1426:2007 58 37
Softening point, R&B °C EN 1427:2007 50 55.6
Penetration Index, PI – EN 12591:2004,B4 -0.4 -0.57
Fraass braking point °C EN 12593:2007 -8 -7
Density (in water) kg/m3 EN ISO 3838 1020 –
BBR – stiffness S60 °C EN 14771:2005 -15.6 –
BBR – m-value60 °C EN 14771:2005 -17.8 –

Table 2 	  Results of some basic tests of asphalt mixtures AC 8 surf 

Bitumen content
[m.- %]

Grain size  
<0.063 mm [m.-%]

Bulk density of 
Marshall spec. [kg/m3]

Air voids of Marshall 
spec. [V.-%]

Voids filled with 
bit. VFB [V.-%]

4.0 9.1 2411 8.4 53.0
4.9 9.0 2420 6.5 56.7
5.4 8.6 2457 4.6 73.4
5.8 9.1 2442 3.0 76.1
6.2 8.7 2483 2.3 86.7

Table 3 	  Results of some basic tests of asphalt mixtures AC 11 surf 

Bitumen content
[m.- %]

Grain size  
<0.063 mm [m.-%]

Bulk density of 
Marshall spec. [kg/m3]

Air voids of Marshall 
spec. [V.-%]

Voids filled with 
bit. VFB [V.-%]

3.9 9.3 2404 8.0 62.8
4.9 9.1 2441 5.0 79.4
5.3 9.0 2461 3.8 86.1
5.6 8.6 2467 2.6 92.5
6.0 9.0 2484 1.8 97.9
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2.2	 Results and analysis

TSRST and UTST test results depending on the content of bitumen in asphalt samples are 
shown in this section. Intentionally other influences on the results (e.g. equipment, prepara-
tion ...) were excluded. In Fig. 5 are shown the results of the test TSRST. The samples of asphalt 
mixture AC 8 surf have higher tensile stress at failure σcry,f than samples of asphalt mixture AC 
11 surf. From almost constant tensile stress it can be concluded that the content of bitumen 
in the asphalt mixture does not significantly effect on tensile stress. As it was expected tem-
perature tensile stress Tf results for asphalt mixture AC 8 surf is lower than for AC 11 surf, due 
to higher content of grains under 2 mm.

Figure 5	 Tensile stress of failure σcry,f (left) and failure temperature Tf (right) results depending of the bitumen 
content (TSRST test)

Differences between asphalt mixture AC 11 surf and AC 8 surf at UTST test are small when 
tensile strength βt is measured (Fig. 6). At test temperature +20 °C the tensile strength βt of 
both asphalt mixtures is similar. At lower test temperatures the tensile strength of AC 8 surf 
samples is becoming higher compared with AC 11 surf. It is assumed that larger grains of 
aggregate take more strength at higher temperature. From almost constant tensile strength 
it can be concluded that the increasing of bitumen content in the asphalt mixture does not 
significantly effect on tensile strength in the zone of optimal bitumen content. 

Figure 6	 Tensile strength βt results depending of the bitumen content mb (UTST test)
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There is some dependency between failure strain εt – and content of bitumen mb at higher 
temperatures (Fig. 7). At test temperature +20 °C and +5 °C we see that the content of bitumen 
has influence on strain. Also the differences between AC 8 surf and AC 11 surf are obvious at 
these temperatures. The asphalt mixture AC 8 surf has higher strain εt then AC 11 surf. At test 
temperature –10 °C and –25 °C the stiffness of both mixtures is a similar and elastic. Failure 
strain is more related to the properties of material than strength, but in the standard only 
tensile strength βt is required. 

Figure 7	 Failure strain depending of the bitumen content between AC 8 surf and AC 11 surf at UTST test

Fig. 8 shows the results of maximum tensile strength reserve Δβtmax and temperature at maxi-
mum tensile strength TΔβtmax. Only temperature at maximum tensile strength TΔβtmax is signifi-
cantly different for both asphalt mixtures. The results for asphalt mixture AC 11 surf are better, 
because of higher values of VFB in the mixture. 

Figure 8	 Maximum tensile strength reserve Δβtmax (left) and temperature at maximum tensile strength TΔβtmax 
(right) results depending of the bitumen content mb
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3	 Comparison between tree laboratory at low temperatures

In this section is presented inter-laboratory comparison between three independent labo-
ratories in EU. Laboratory 1 is TU WIEN from Austria, Laboratory 2 is ZAG Ljubljana from Slo-
venia and third Laboratory 3 is RAMTECH from Croatia. All three laboratories carried out low 
temperature tests according to standard EN 12697-46. All AC 8 asphalt mixtures and test 
specimens were prepared in Slovene laboratory. The asphalt samples tested in Laboratory 
1 had 5.0 m.-%, 5.8 m.-% and 6.2 m.-% of bitumen, asphalt samples tested in Laboratory 2 
had 4.0 m.-%, 5.4 m.-% and 6.2 m.-% of bitumen and asphalt samples tested in Laboratory 
3 5 m.-% and 5.8 m.-% of bitumen. 
In Fig. 9 are presented diagrams of TSRST tests carried out in all three laboratories. The results 
from Laboratory 1 are presented with red curves, results from Laboratory 2 with blue curves 
and from Laboratory 3 with green curves. From Fig. 9 two basic shapes of curves can be seen. 
The first type of curves are coming from Laboratory 2 with 4 m.-%, 5.4 m.-%, 6.2 m.-% and 
Laboratory3 with 5.0 m.-% of bitumen content. The second type of curves are coming from 
Laboratory 1 and one curve from Laboratory 2 with 5.8 m.-%. Common to second type of cu-
rves is that they all have temperature of failure Tf under – 31 °C, on the contrary first type of 
curves doesn’t reach less then – 27 °C. So, the results are out reproducibility limits required 
by standard EN 12697-46 (ΔTf = 2 °C). The tension stress (at all curves with equal content of 
bitumen) are inside reproducibility limits required by standard (Δσcry = 0.5 MPa). Relaxation 
zone at second type of curves is longer, representing better behaviour of material at low 
temperatures. 
Results of UTST tests are shown in Fig. 10. The highest maximum of tensile strength βt and 
the steepest slope of curves were measured in Laboratory 1 (red curves). On the contrary in 
Laboratory 3 (green curves) the lowest maximums of tensile strength βt were measured. The 
differences between results from these two laboratories are significant due to the fact that 
they both used the same type of test equipment. 
The curves of tension strength reserve for all laboratories are presented in Fig. 11. As it was 
expected from results of UTST tests the highest maximum of tensile strength reserve Δβtmax 
were obtained in Laboratory 1 (red curves) and the lowest in Laboratory 3 (green curves). 
In Laboratory 1 were obtained significantly better results for low temperature resistance than 
in other two laboratories. All samples were prepared in the same way, so influence of the sam-
ple preparation on the results was minimized. The only difference we noticed was at gluing 
samples. All this three laboratories has different procedure of gluing samples. In standard EN 
12697-46 procedure of gluing samples is not described precisely enough.

Figure 9	 Diagram of a TSRST (tensile stress – temperature) test for AC 8 surf
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Figure 10	 Diagram of a UTST (tensile strength – temperature) for AC 8 surf

Figure 11	 Diagram of a tensile strength reserve – temperature for AC 8 surf

4	 Conclusion

The first part of this paper is presented comparison of the characteristics of asphalt concrete 
AC 8 surf and AC 11 surf, with bitumen B 50/70, at low temperatures. The results of the Tensile 
Stress Restrained Specimen Tests (TSRST) and Uniaxial Tensile Strength Test (UTST) as a func-
tion of the bitumen content in the asphalt mixture and temperature were studied. 
With this study mostly insignificant differences between low temperature properties of these 
two asphalt mixtures were found. Only at test temperature +20 °C (UTST) significant diffe-
rences between AC 8 surf and AC 11 surf were found. Variation in the bitumen content in the 
mixture has minor influence on tensile stress or tensile strength in the range of the optimal 
bitumen content. At test temperature +20 °C and +5 °C it was found that the content of bitu-
men has influence on strain. Failure strain is more related to the properties of material than 
strength, but in the standard EN 12697-46 only tensile strength βt is required.
In this section is presented inter-laboratory comparison between three independent labora-
tories in EU, where TSRST and UTST tests were carried out. We found out that two laboratories 
have the same equipment, but different results were obtained. All samples were prepared in 
the same way, so influence of the sample preparation on the results was minimized. The only 
difference we noticed was at gluing samples. All this three laboratories has different glue and 
procedure of gluing samples. At this point standard EN 12697-46 is not precise enough. In 
the standard it would be necessary to more accurately describe the glue, who have constant 
properties (coefficient of expansion) in the range of test temperature. 
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Abstract

Maintenance of the existing road network is a critical point for every stake older. The main 
issues are very often: a) economical solution in order to aloud a good service level on the 
whole network with structural decrease of dotation budgets and b) environmental friendly 
solution in order to preserve the materials and the environment. With the background of these 
2 main issues, recycling solutions are excellent solutions : economical aspect (it is cheaper 
to re-use instead of milling/evacuation/renew operation) and environmental aspects (less 
transport, less energy consumption, less fumes emission for cold solutions, smaller global 
carbon footprint …). Of course, deep analyses have to be undertaken on the road condition 
(structural and surface conditions) as well as on the materials themselves (relevant analyses 
in Laboratory). Road conditions measurements will permit a good pavement design corres-
ponding to the traffic and lifetime data for the reinforcement or maintenance works. 
On the second hand, the analyses on the materials of the existing layers will define the possi-
ble ways of recycling. Indeed, the type of recycling (cement, bituminous emulsion, bituminous 
foam, association of hydraulic and bituminous binders…) and the re-use conditions will be 
defined from the results of the Laboratory analyses (grading, fine content, binder content, 
ageing, residual mechanical performances…). The aim of the paper is to explain how the best 
solution is found (definition of the technic and design of the whole reinforcement or mainte-
nance structure) from the measurements done on the existing road.

Keywords:	recycling, economy, environment, sustainability, technical solution

1	 Introduction

Eurovia has developed since the 90’s a range of processes that can be used in the capping 
layer or road base layer course which responds to the problems of the renewal of the roads of 
several clients under the form of simple, efficient and economical processes.
The RECYVIA® [1] range unites products and processes that consist in in-situ treatment (up 
to 32cm thick by pass of treatment) or a plant of aggregates, road asphalt pavement coming 
from planing or crushing, crushed concrete from civil engineer bridges. These materials are 
treated with a hydraulic binder, an emulsion or a foam bitumen. This mixture has the sufficient 
mechanical performances in order to ensure a veritable structural contribution and to present 
an excellent behavior under high traffic. The thickness of the surface layer is to be adapted 
to the solicitations of the road.
The most of the recycled materials can be inserted in the Recyvia® composition, under re-
serve of a previous study in laboratory and that one reaches a rate of 50 to 100% of recycled 
materials in the mixture. The paper presents the genesis of this product, its technical and 
environmental characteristics and describes some real laying examples.

28–30 April 2014, Split, Croatia
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2	 Overview

Within the Eurovia Group, the cold retreatment has been developed by the Canadian subsidiary 
DJL since the 90ies with the RECYFLEX®: recycled coarse gravel based on crushed concrete, 
road asphalt pavement coming from planing or crushing and sometimes new aggregates. The 
materials are treated cold in a plant with the help of emulsion of bitumen combined with a 
hydraulic binder. The processes of cold road retreatments are part of this evolution. They allow:
·· the natural resources preservation: up to 100% of recycled materials;
·· the reduction of polluted emissions: use of cold processes reduces importantly the emission 
of CO2. For a warm mix one needs 10 to 14 liters of fuel per ton, less than one liter is nece-
ssary for the production of a ton of asphalt concrete with emulsion;

·· the improvement of the environment of the jobsite: reduction of the inconvenience for the 
users thanks to a short delay of the jobsite, reduction of fumes and reduction of heavy traffic 
linked to the jobsite.

Another important key benefit of these techniques is, of course, their lower costs. The reuse 
of materials as well as the cold production allows effectively a considerable saving compared 
to conventional processes of road refurbishment. 
Like every process, the cold treatment presents certain limits. Especially, they are not adapted 
in case of a presence of an important number of buried networks, it is necessary to carry out 
studies and test to qualify the support, which can increase the costs of the works.

3	 Technical characteristics

In 2009, Eurovia united its processes of cold retreatment for road base layer courses under 
the range of RECYVIA®. With the integrated binder, the materials have sufficient mechanical 
performances in order to ensure a veritable structural contribution in order to guarantee the 
requested sustainability of the roads:
·· one can privilege an emulsion or a foam bitumen for the roads the structural capacity of which 
is high. The presence of a hydraulic binder is aimed at obtaining good characteristics at a young 
age of the retreated material during the phase of maturation of the cold bituminous treatment;

·· the unique contribution of the hydraulic binder allows an important structural reinforcement 
of the road and improves the mechanical properties of the material. 

Recyvia® is mainly used for refurbishment of existing roads; this is its proper definition. Howe-
ver one can plan in the case of new roads by using recycled materials coming from other road 
or civil engineering jobsites. A complete mix design study, taking into account the characteri-
stics of the used materials, is carried out. This study concerns especially the following points:
·· complete characterization of the materials to be recycled (grading, cleanliness, density, 
penetration and residual ring and ball temperature of the binder);

·· index on characteristics Proctor on the mixture;
·· tests of mix design relative to the mixture in order to determine the dosing of the binder;
·· mechanical characteristics of the mixture.

The previous study of the Recyvia® jobsite is compulsory in order to adapt the mix design to 
materials of the former structure. Note that the most of the recycled materials from the road 
can be inserted in the composition of Recyvia®. Binder and additives are adjusted in quality 
and quantity in order to reach the calculated performances.The Recyvia® in-situ process calls 
for a specific workshop of retreatment consisting of the most performing available equipment 
on the market, as the final setting is ensured with a grader (see Fig. 1). The laying of Recyvia® 
in a plant is carried out in a tradional way with the grader or paver according to its composition 
(see Fig. 2 and 3). In both cases, the compaction is ensured by a design workshop regarding 
the materials to be compacted and its thickness.
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Figure 1	 In-situ Treatment train Recyvia®, Route 202 in LACOLLE (Quebec)

Figure 2	 Plant for production of Recyvia® in the bypass of Troyes (France)
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Figure 3	 Laying of Recyvia® in the bypass of Troyes (France)

4	 Some jobsite examples

4.1	 Bypass of Troyes

The jobsite of the bypass North of Troye (10 – France) was carried out in summer / autumn 
2010 [2]. The road pavement structure was: 
·· Surface course: 2,5 cm VTAC / Binder course: 10 cm SCAC / geotextile / 20 cm RECYVIA® with 
pre-cracking Olivia / 19 cm RECYVIA®.

Note: regarding the structural contribution, in this case, Recyvia® is nearly equivalent to a 
cement bound aggregate class T3 [3]. The road base course and the base layer are carried out 
with Recyvia® process characterized for this jobsite by a high percentage of recycled coarse 
gravel. A laboratory study allowed to determine the formula as follows:
·· Contribution of fillerized sand	 10 %
·· Recycled coarse gravel		  86,5 %
·· Hydraulic binder 			  3,5 %

Samples were made in order to obtain the mechanical characteristics of the materials at 60 
and 360 days. The tensile resistance [4] Rt and the elasticity modulus [5] E are measured. An 
estimation of the performances at 360 days was carried out according to the ratios:
·· Rt60/Rt360 = 0.65;
·· E60/E360 = 0 .70, (EN 14227-5 page 4). 

Table 1 provides the obtained values at 60 days and those estimated at 360 days. 

Table 1 	  Measuring results on RECYVIA for the bypass North of Troye jobsite

3.5% ROC SC
Rt [MPa] Et [MPa]

60 days 0.995 25572
360 days (estimation) 1.658 36531
Class after 360 days (est.) T3
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The process of anti-reflective cracking is implemented for the inherent transversal cracking 
on hydraulic bound materials. It consists of a pre-cracking according to the Olivia® process 
and the geogrid Rotaflex 816 SL waterproofed with a bitumen emulsion dosed at 1.5 kg/m². 
The binder course, with semi-coarse asphaltic concrete, is produced “warm” according to the 
Evotherm® process and with the incorporation of 15% reclaimed asphalt pavement.

4.2	 Other jobsites

A number of jobsites was carried out within the Eurovia group; while declining locally the 
Recyvia®. One can note for example:

·· Vancouver (Canada): Recyvia® in-situ: 32,000 m2

·· Works on 2x2 lanes of an urban boulevard, with heavy traffic and bus stops, emergency 
lanes and road widening in crossroads. 

·· Retreatment of the foam bitumen (+ 1% of cement Portland) on a thickness of 20cm

·· Martin County – Florida (USA): Recyvia® in-situ: 116,000 m2:
·· Reconstruction of the CR 609 SW Allapattah Road, on a length of 17 km. Jobsite carried 
out within 60 days (see Fig. 4).

   

Figure 4	 Martin County jobsite in Florida : before, during and after

5	 Environmental interests

A base solution of the road structure can be compared to an alternative solution equivalent 
using Recyvia® in order to better take up the environmental contribution. The proposed exam-
ple is the one of the Troyes bypass, in this case, Recyvia® is a treatment in a hydraulic binder 
plant that contains 86.5% of recycled materials. Its use, combined with the incorporation of 
RAP and the use of the Evotherm® MA3 process in order to produce semi-coarse asphaltic 
concrete that builds the binder course allows to obtain an environmental report more than 
positive compared to the base solution. Some points are particularly remarkable.

5.1	 Transport

The retreatment of road materials in general and more particularly the in-situ retreatment, 
allows to reduce importantly the transport for the jobsite, as this transport represents more 
than 25% of the consumed energy and the production of greenhouse gas for a traditional 
road jobsite. Note that in the case of a retreatment in a treatment plant, the production tool, 
compact and mobile, is easily adapted at every type of jobsites: this flexibility allows its in-
stallation next to the works, reducing so the transport. In our example, this reduction is 35% 
and reaches 81% regarding the local road transport.
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5.2	 Energy savings

The cold retreatment allows important savings on the fossil energy consumption (fuel or gas) 
because of the absence of reheating of the aggregates components. 22% of the direct fuel 
consumption and 17% of the energetic resource consumption are saved.

5.3	 Emission of greenhouse gas

In absence of the heating of the recycled aggregates components, the Recyvia® process does 
not emit in the atmosphere the greenhouse gas coming from the residual bitumen of the 
reclaimed asphalt pavement and allows in our example to reduce by 19%.

6	 Conclusions

Studies are currently in progress in order to better know the behavior of Recyvia® depending 
on the type of the used binder, on the incorporated dosings and on type of the base materials. 
They will allow then to optimize the Recyvia® characteristics and to carry out a cartography of 
possible users of this process in the different entities of Eurovia all over the world.
Since the beginnings of this process in the 90ies in Canada, this process was applied by cer-
tain companies of the Eurovia group regarding the regulations and technical habits of every 
country. The feedbacks of the jobsites already carried out show that the process can respond 
to every type of traffic, from communal roads to highways with very high traffic while reducing 
the user’s inconvenience (limits of the jobsite traffic by using the in-situ materials …).
Taking into account the environmental preoccupation more and more strong, the wish to redu-
ce the greenhouse gas and to limit the consumption of non-renewable materials, this process 
should be generalized by the clients within the scope of heavy refurbishment works (road 
refurbishment of the slow lane with high traffic, taxiways) but also the creation of new roads 
by using the materials of deconstruction of civil engineering (crushed concrete, sleepers …). 
The use of the eco comparators in the judgment of the offers should also allow to highlight 
the undeniable environmental characteristics of the Recyvia® process.
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Abstract

The asphalt paving industry is constantly exploring technological improvements that will en-
hance the material’s performance, increase construction efficiency, conserve resources, and 
protect the environment. Current and impending regulations on greenhouse gas emissions, 
fumes/odors and energy conservation are making attractive the reductions in asphalt mix 
production and placement temperatures. Warm mix asphalt (WMA) refers to asphalt concrete 
mixtures that are produced at temperatures approximately equal to 100°C – 140°C bellow 
temperatures typically used in the production of hot mix asphalt (HMA). The goal of WMA 
is to produce mixtures with similar strength, durability, and performance characteristics as 
HMA using substantially reduced production temperatures. This paper aims to presents a 
laboratory study performed on a few Romanian asphalt mixtures manufactured in both tech-
nologies (hot and warm). The performances of these asphalt mixtures (WMA) are studied by 
their characteristics like Marshall flow and stability, stiffness and permanent deformation. 
All these tests are performed according to European Norms. The results are presented like 
comparative graphs and the conclusions will establish which is the performance of WMA.

Keywords:	warm mix asphalt, CO2 reduction, bitumen additives, mixture stiffness

1	 Introduction

The asphalt paving industry is constantly exploring technological improvements that will en-
hance the material’s performance, increase construction efficiency, conserve resources, and 
protect the environment. Current and impending regulations on greenhouse gas emissions, 
fumes/odors and energy conservation are making attractive the reductions in asphalt mix 
production and placement temperatures.
In these conditions, the concept of warm mix asphalt (WMA) has a good opportunity. Warm 
mix asphalt is produced at temperatures in the range of 20 to 40ºC lower than typical hot mix 
asphalt (HMA). WMA represents a group of technologies that allow a reduction in the tempe-
ratures at which asphalt mixes are produced and placed. These technologies tend to reduce 
the viscosity of the bitumen and provide complete aggregate coating at lower temperatures. 
The same mechanisms that allow WMA to improve workability at lower temperatures also 
allow WMA technologies to act as compaction aids. Improved compaction or in-place density 
tends to reduce permeability and bitumen hardening due to aging, which tends to improve 
performance in terms of cracking resistance and moisture susceptibility. WMA technologies 
also have the potential to be beneficial during cold-weather paving or when mixtures must 
be transported long distances before placement. The smaller differential between the mix 
temperature and ambient temperature results in a slower rate of cooling. Since WMA can be 
compacted at lower temperatures, more time is available for compaction. Classification of 
asphalt mixtures based on manufacturing temperature is presented in table 1.
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Figure 1	 Typical mixing temperature for asphalt mixtures 

Table 1 	  Manufacturing temperatures

Technology Mixing temperature [°C] Technology principle Influence on bitumen
“HOT MIX” 120 – 190 Hot bitumen  
“WARM MIX” 
(“WMA”)

100 – 140 Organic additives Bitumen and mixture 
rheology are modified

“COLD MIX” No heating Bitumen emulsion Reduce bitumen viscosity

Development of this technology appear in Europe, in 1997, at the same moment with the Kyoto 
agreement negotiations, which purpose was to reduce pollutant emissions by industrialized 
countries by 5,2% between 2008 – 2012, comparatively with those from 1990. Since then on 
the construction market appears a lot of products and technology processes which promise to 
implement the directives from Kyoto Agreement, products and technologies that are currently 
the subject of several laboratory studies internationally.
Also, it is possible by reducing temperatures mixing and placing, using additives which lower 
bitumen viscosity, to improve the compaction characteristics of asphalt mixture layer, by 
assuring a better density. This will lead to a permeability reduction of asphalt mixture layers, 
to a better aging behavior with favorable effects on fatigue resistance and moisture degrada-
tion of structure layers.

1.1	 Review of the Existing Warm Mix Asphalt Systems

1.1.1	 Foaming techniques
In the presence of hot bitumen, a small quantity of water (~ 2% by mass of bitumen) changes 
from liquid to vapors. The rapid expansion of the water, from liquid to vapors, creates thin-
film bitumen bubbles filled with water vapors referred to as foamed bitumen. In a foam state, 
the viscosity of the bitumen is reduced allowing full aggregate coating at lower mixing tem-
peratures. The characteristics of foamed bitumen are described in terms of expansion ratio 
(volume of foam compared to volume of liquid) and the half-life of the foam which provides 
a description of the stability of the foam in time. 

1.1.2	 Bitumen emulsion
The bitumen emulsion technique was developed in North America and it consists of mixing a 
specific high residue bitumen emulsion with hot aggregate at a reduced mixing temperature. 
As the emulsion is mixes with the hot aggregate the water flashes off as steam. The bitumen 
emulsion is specifically designed for the WMA process and includes additives to improve 
coating, workability and adhesion. It has been reported that mixture workability remains 
excellent at relatively low temperatures (< 80°C) [1],[ 2], which is a specific benefit of this 
WMA system.

1.1.3	 Organic additives
Organic additives in the form of wax have emerged successfully from an extensive program 
of laboratory and field trials as a bitumen modifier that enables mixing and compaction at 
reduced temperatures. Organic additives are often referred to as “intelligent fillers” as they 
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provide reduced viscosity at mixing/placement temperatures and increased viscosity at servi-
ce temperatures, which is an added benefit specific to this type of WMA system. Furthermore, 
these additives increase the viscosity of the binder, thus providing increase in resistance to 
deformation at high ambient temperatures. These type of additives act as an compaction aid 
if the amount is small – less the 1,5% and they can improve bitumen properties is the amount 
is higher the 3%.

1.1.4	 Chemical additive
Warm mix asphalt systems involving the use of chemical additives or surfactants are not 
relying on the reduction of the binder viscosity, but rather the improvement of the coating 
capability of the binder at a lower mixing temperature. The WMA systems using this approach 
are relatively new and their development is promising. Certain chemicals are added to the 
binder in manner similar to anti-stripping agents in a concentration as low as 0.3 % by mass 
of the bitumen. These chemicals can be pre-blended in bitumen or added at plant pumping 
installation.

2	 Laboratory studies

Experimental study aimed that through laboratory results to highlight asphalt mixture per-
formance when WMA technology is used. To evaluate mechanical performance of asphalt 
mixtures, the cylinder specimens (100.6 mm diameter and 63.5 mm high) were produced with 
50 blows compacting energy per side by Marshall Compactor, and the slabs were prepared 
on wheel-roller machine. The size of the slab samples was 300 mm in length, 300 mm in 
width and 50 mm in thickness. This study was carried out on two types of asphalt mixtures 
for wearing course designed according to Romanian Norms: an asphalt mixture – noted by 
“HMA” and an asphalt mixture produced with Rediset organic additive (WMA type) – noted by 
“WMA”. The materials (aggregates, fibber and bitumen) used to prepare the asphalt mixtures 
and the asphalt mixtures recipes are the following:
·· crushed rock from Cerna:
·· 8/16: 30% by mix
·· 4/8: 22% by mix
·· 0/4: 32% by mix
·· filler from Holcim: 9.4 % by mix;
·· bitumen 50/70 plus: 6.6% by mix;
·· organic additive (Rediset): 2% by bitumen – used for WMA mix.

The organic additive used is a wax (brown flakes) added in bitumen, dissolving easy when 
bitumen is hot, without any special mixing equipment. To highlight the performance of “warm 
mix” mixture type, in Roads Laboratory of Faculty of Railways, Roads and Bridges (Technical 
University of Civil Engineering of Bucharest) were conducted these tests:
·· Marshall test on cylindrical specimens, according to SR EN 12697-34, at 60°C test tempera-
ture for Marshall stability and index flow;

·· Test applying Indirect Tension to cylindrical specimens IT-CY, according to SR EN 12697-26 
Annex C and SR EN 12697-24 Annex E, at 20°C test temperatures from which result asphalt 
mixture stiffness;

·· Cyclic Compression test on cylindrical specimens, according to SR EN 12697-25, for triaxial 
compression, at 50°C test temperature from which result resistance to permanent deformation;

·· Wheel Tracking test on slabs, according to SR EN 12697-22, small device, method B in air at 
60°C test temperature from which result resistance to permanent deformation.

The European standards for bituminous mixtures (EN 13108-1 to -7) do not preclude the use 
of WMA. The standards include maximum temperatures for particular mixtures, but there 
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are no minimum requirements. The minimum temperature of asphalt mix is declared by the 
manufacturer. The standards also allow usage of additives if the performance of asphalt is 
equivalent to reference mixture. In tables 2 and 3 are presented temperatures used at prepa-
ring and compaction of asphalt mixture and bitumen properties. In figures 2, 3 and tables 4, 
5, 6, 7 are presented the results obtained trough experimental program.

Table 2 	  Temperatures used at preparing and compacting of asphalt mixtures

Temperature, °C Technology
“hot mix” “warm mix”

Aggregates 180 150
Bitumen 170-175 170-175
Mixing 180 160
Compaction 170-175 125&150

Table 3 	  Bitumen characteristics

Characteristic Bitumen type
50/70 plus 50/70 plus with 

wmx additives
Penetration, at 
25°C, 1/10 mm

51 48

R&B point, °C 52 56
Penetration index -1.0 -0.5

Table 4 	  Physical – mechanical characteristics

Characteristic Asphalt mixture type
HMA WMA1 WMA2
Compaction temperatures
160 .. 165 °C 125 °C 150 °C

Density, kg/m3 2327 2326 2374
Water absorption, % 5.5 5.52 4.23
Marshall Stability (S), kN 9.85 7.69 12.15
Marshall Flow (I), mm 3.6 2.9 3.0
Marshall Index (S/I), kN/mm 2.74 2.65 4.05
Stiffness, IT-CY, 20°C, MPa 3416 2803 3530

In the future it is a requirement to consider the impact that our actions will have on the envi-
ronment, especially with regards to the preservation and sustainability of the environment for 
the future generations. The most obvious environmental advantage with regards to the use 
of warm mix asphalt for road construction is decreasing the temperature in the production 
of WMA, which will lower fuel usage and decrease emissions directly connected to fuel use 
(table 8). This should lower the emissions of greenhouse gases (CO2) and traditional gaseous 
pollutants (CO, NOx, and SO2).
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Figure 2	 Working technology influence on bitumen properties

Figure 3	 Working technology influence on asphalt mixture properties

Table 5 	  Resistance to permanent deformation (method I)

Type of 
mixture

Parameters of equation on (quasi) linear stage II
Method I (εn=A1+B1 n)

Creep rate
fc=B1

Initial creep modulus,
En=σ/εn, kPa

A1 B1

HMA 5129.1 0.0478 0.0478 1243
WMA 11420 0.039 0.039 407

Table 6 	  Resistance to permanent deformation (method II)

Type of 
mixture

Parameters of equation on (quasi) linear stage II
Method II (logεn=logA+Blogn)

Calculated permanent deformation

A B ε1000 ε10000

HMA 3096.71 0.0463 4828 5599
WMA 9440 0.0208 10899 11433

Table 7 	  Resistance to permanent deformation from Wheel Tracking test

Characteristics Type of mixture
HMA WMA

Proportional rut depth at 104 load cycle (%) 2.56 2.34
Wheel Tracking slope (mm/103 load cycle) 0.029 0.025
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Table 8 	  Calculated reduction of CO2 emission at the one of the mixture plant in Romania

Indicators HMA WMA
Fuel consumption (l) 1.426 1226
CO2 emission (t) 3.342 2.685
Mixture quantity (t) 155 140
CO2 emission per ton of mixture (kg CO2/t) 21,56 19.18 (-11.04%)

According to the measurements, this gives a plant stack emission reduction of: 
·· CO2 in the range of 15% to 40%; 
·· SO2 – 20% to 35%; 
·· volatile organic compounds (VOC) up to 50%; 
·· carbon monoxide (CO) – 10% to 30%; 
·· nitrous oxides (NOX) – 60% to 70%.

3	 Conclusions

Warm mix asphalt is a promising approach to production and placement of paving materials. 
Research work worldwide is evidently demonstrating that WMA systems are providing signifi-
cant benefits with regards to the environment, in facilitating paving practices and, with regards 
to field performance. Significant evaluation work has been completed and the benefits asso-
ciated with WMA are well documented. However, there is still a significant challenge ahead to 
move WMA from trial projects to main stream pavement products. All WMA systems are either 
proprietary processes or based on specific commercial products. Specifications that allow fair 
competition between the various WMA systems remain to be developed. Using the “warm mix” 
technology, the working temperatures can be reduced by keeping the initial physic – mecha-
nical characteristics of the asphalt mixtures obtained through warm technology “hot mix”.
Warm mix type mixture has a poorer behavior at permanent deformation resulted from traxial 
compression test because of the additive which decrease bitumen viscosity, but still fits in 
demand of norm. For example, ε10000 values is double in case of “warm mix”. In return, adding 
of additive in asphalt mixture improve the resistance to permanent deformation from Wheel 
Tracking test by about 10%.
Increasing the compaction temperature, it can be noticed an improvement of the physic – mecha-
nical characteristics obtained through the technology “warm mix”, and also the results have sa-
tisfactory values. Still, the best results are obtained for a compaction temperature of 150˚C. Close 
values of the physical – mechanical characteristics of the mixtures achieved through “hot mix” 
technology and “warm mix” technology are obtained for the compaction temperature of 125˚C.
Although the laboratory results appear to indicate some small changes in the performance 
of the mixtures, they do not consider aging effects and the performance functions are based 
on conventional mixture data, and therefore need to be validated by field data before any 
conclusions can be drawn.
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Abstract

Utilization of warm mix asphalt (WMA) in pavement construction is a relatively new techno-
logy, therefore there is nearly no chance to practically evaluate the long-term characteristics 
of the existing WMA pavements. Due to lower application temperatures, it can intuitively be 
expected that a WMA pavement would be less subjected to aging-induced failures. This study 
attempts to evaluate the effects of a chemical WMA additive on aging characteristics of bitu-
minous mixtures. The chemıcal additive tested within the scope of this study is a combination 
of both organic additive and a kind of cationic surfactant developed by Akzo Nobel. Short- and 
long-term aging conditions were simulated on mixtures containing various contents of chemi-
cal WMA additive as well as on control specimens. To estimate the proportions of hardening, 
aging indices were determined based on indirect tensile strength (ITS) results. The aging 
indices unveiled that the specimens containing chemical WMA additive demonstrate higher 
resistance against hardening than conventional hot mix asphalt (HMA) specimens.

Keywords:	warm mix asphalt; chemical WMA additive, short term aging; long term aging; 
indirect tensile strength

1	 Introduction

Most of the field pavement practices around the world consist of the conventional Hot Mix 
Asphalt (HMA). For last decade, implementing of WMA technologies has gained popularity in 
Europe and some other countries as well as in the United States of America. Nowadays, many 
new WMA technologies have been introduced to the market. One of the well-known chemical 
WMA additives in the market is Rediset® WMX developed by Akzo Nobel which is a combina-
tion of both organic additive and a kind of cationic surfactant. This study attempts to evaluate 
the effects of this chemical WMA additive on aging characteristics of bituminous mixtures.
Premature failures of asphalt pavements are often caused by diminishing of the binding for-
ces in the mixture by the effect of moisture or mechanical stresses or aging of bitumen. The 
durability of asphalt concrete is a measure of its level of resistance to hardening (also called 
aging) over time [1]. The effect of time and environmental factors on the aging of bitumen is a 
subject of continuous interest [2]. Earlier studies conducted on the effect of temperature and 
relative humidity on the oxidation of bitumen as a function of exposure time showed that the 
rate of oxidation is dependent on both of these environmental factors [2], [3]. The effect of 
ambient temperature on the ageing characteristics of the bitumen is rather well documented. 
Petersen (1984) pointed out that three basic factors control the changes that would result in 
ageing in bitumen [4]. First factor better called volatilization is the loss of the oily components 
of bitumen by volatility or by absorption of porous aggregates. Second factor called oxidation 
is known as the Change in the chemical composition of bitumen resulted from reaction with 
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oxygen. Third factor known as steric hardening is molecular structuring that produces thixotro-
pic effects. Among these factors, oxidation is mainly considered as a major factor contributing 
in the hardening of the asphalt pavement.
The literature review shows that aging of asphalt occurs in two terms called Short- and Long-
term in order [5]. Short-term ageing occurs during mixing and final placement when the 
asphalt is at elevated temperatures. This is probably caused by volatilization. Long-term aging 
occurs partially throughout the short-term aging frame and while the asphalt is in service and 
exposed to environment. This long-term aging is predominantly caused by oxidation. Aging 
of asphalt may be influenced simultaneously by several factors, such as characteristics and 
content of the bitumen, nature and particle size distribution of the aggregates, void content 
of the mixture, production related factors, and external conditions such as temperature and 
time [6]. Asphalt additives would considerably change the mixture characteristics. Beside the 
effect of modification in bitumen, it can intuitively be expected that a WMA pavement would 
be less subjected to aging than a HMA pavement in construction and hauling phases.

2	 Experimental

2.1	 Materials

The bitumen used in this study was 50/70 penetration grade bitumen which was provided 
from TUPRAŞ Aliağa refinery. This grade of penetration is commonly used in İzmir; Turkey due 
to climatic conditions. Conventional test results for virgin bitumen conducted at laboratory 
of bituminous materials in Dokuz Eylül University are given in Table 1.
A mix of basalt and limestone aggregates provided from Dere Madencilik Inc. (Quarry located 
in Belkahve – İzmir) is used in this study. Physical properties of each kind are given in Table 2.
After conducting the associated tests based on ASTM C 136, a mix gradation of basalt and 
limestone is intentionally chosen to provide desired performance in conformity with Turkish 
specifications concerning the Type 1 wearing course. Basalt plays the role of strengthening 
constituent as coarse aggregate while limestone participates in fine aggregate framework. 
The gradation is given in Table 3.

Table 1 	  Laboratory test results for virgin bitumen

Test Standard Results Turkish Specifications
Penetration (25°C ; 0.1 mm) ASTM D5 55 50-70
Softening Point (°C) ASTM D36 49 46-54
Viscosity (135°C) ASTM D4402 412.5 –
Viscosity (165°C) ASTM D4403 137.5 –
TFOT (165°C) ASTM D1754
Mass change (%) 0.04 <0.5
Penetration Change (%) ASTM D5 25 –
Softening Point after TFOT (°C) ASTM D36 54 48<
Ductility (25°C; cm) ASTM D113 100 –
Specific Gravity ASTM D70 1.03 –
Flash Point (°C) ASTM D92 +260 230<

The chemical WMA additive tested in this study is Rediset® WMX which is a combination of 
both organic additive and a kind of cationic surfactant [7]. The surfactants simply increase 
the coating ability of the aggregate with the bitumen by “active adhesion.” and the other 
constituents have role in reducing the viscosity of the bitumen [8], [9]. Using this additive can 
reduce the production temperature by about 10°C to 15°C and consequently results in 20% 
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reduction in fuel consumption [8], [10]. This additive can either be added to the bitumen or to 
the mixture. Plant modification is not needed or minor changes are sufficient [8]. The supplier 
recommendation about the sufficient dosage is 1.5% to 2% by the virgin bitumen weight [11].

Table 2 	  Physical properties of aggregates

Test Specification Limestone Basalt Limits
Specific gravity (coarse agg.) ASTM C 127
Bulk 2.686 2.666 -
Saturated Surface Dry 2.701 2.810 -
Apparent 2.727 2.706 -
Specific gravity (fine agg.) ASTM C 128
Bulk 2.687 2.652 -
Saturated Surface Dry 2.703 2.770 -
Apparent 2.732 2.688 -
Specific gravity (Filler) 2.725 2.731 -
Los Angeles Abrasion (%) ASTM C 131 24.4 14.2 < 45
Flat and elongated particles (%) ASTM D 4791 7.5 5.5 < 10
Sodium sulfate soundness (%) ASTM C 88 1.47 2.6 10-20
Fine aggregate angularity ASTM C 1252 47.85 58.1 40<

Table 3 	  Mixed gradation of basalt and limestone

Test 19 – 12.5 mm (Basalt) 12.5 – 5 mm (Basalt) 5 – 0 mm (Limestone) Combined (%) Limits
Mix ratio (%) 15 45 40
Gradation
(3/4)” 100 100 100 100 100
(1/2)” 35.7 100 100 90.5 83-100
(3/8)” 2.5 89 100 80.5 70-90
No 4 0.4 16 100 47.3 40-55
No 10 0.3 1.2 81 33 25-38
No 40 0.2 0.7 33 13.5 10-20
No 80 0.15 0.4 22 9 6-15
No 200 0.10 0.2 13 5.3 4-10

2.2	 Experimental Plan

Based on the regarding production temperature and mixing times for chemical WMA additive, 
WMA bitumens were produced just before the mixing with aggregates process. Production 
temperature was supplied by a heater similar to ThermoselTM and controlled by a digital in-
dustrial thermometer. An industrial stirrer was used in production of WMA bitumens. Stirring 
was done in normal shear stresses (1000 rpm by a stainless steel stirrer bar with about a 4 cm 
cross crown) since the production of WMA bitumens don’t demand for high shear stresses. 
Mixing temperatures and periods were determined based on trial and error method. 15 minu-
tes production period at 150 °C temperature was determined as optimum process.
Mixing and compaction temperatures for chemical WMA additive modified bitumen were de-
rived from equiviscous method in accordance to AASHTO T 312. The graphics for viscosities 
vs. temperature were plotted for all additive contents. Acceptable temperature for mixing was 
chosen as the range matching 0.17±0.02 Pa∙s and acceptable temperature for compaction 
was chosen as the range matching 0.28±0.03 Pa∙s. For various additive contents of chemical 
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additive by virgin bitumen weight, mixing and compaction temperatures are given in Table 4. 
Data for virgin bitumen used in HMA is presented by 0 % (no additive) in the table.

Table 4 	  Mixing and compaction temperatures

Additive Content (%) Mixing Temp. (°C) Compaction Temp. (°C)
0 157 – 164 144 – 150
1 151 – 157 138 – 144
2 145 – 149 136 – 140
3 144 – 147 133 – 138

Following the production of chemical WMA additive modified bitumens, WMA mixtures were 
prepared based on the determined mixing temperatures. The industrial mixer used for mixing 
the aggregates and the bitumen. The optimum bitumen content was determined by Marshall 
mix design method. The optimum bitumen content for both virgin bitumen and chemical WMA 
additive modified bitumen were respectively determined as 4.76% and 4.46% by weight of 
aggregates. The aggregates were placed in an oven adjusted for proper temperature the day 
before to be completely dried and ready for mixing. Specimens were compacted with Marshall 
compactor regarding their compaction temperatures after mixing process. Conditioning as 
per AASHTO R 30 standard were done on the specimens intended to be aged. Short-term 
aged specimens were conditioned in a forced-draft oven set for 135°C for 4 hours and then 
compacted and cured since the long-term aged specimens were conditioned for 124 hours in 
a forced-draft oven set for 85°C after passing the short-term aging conditions. All processes 
regarding the conditioning of the mixtures are shown on a flowchart in Fig. 1.

Figure 1	 Short- and long-term conditioning flowchart

All specimens were tested for Indirect Tensile Strength (ITS) after being cured. To perform 
this task, ASTM D6931 -the standard test method for indirect tensile strength of bituminous 
mixtures- has been taken into account. The ITS test was conducted by Marshall stability and 
flow apparatus. The loading rate was set to 51(mm/min) in case for ITS. To be adequate and 
unbiased, three specimens for all additive contents were prepared and tested randomly. The 
ITS results can give the evaluation keys in terms of low temperature and fatigue cracking of 
asphalt pavements. Some studies introduce ITS result as a good indicator in predicting labo-
ratory rutting potential of asphalt mixtures [12]. 
The bitumen becomes more brittle and stiffer as it ages, thus the ITS results of an aged mixtu-
re are rather more than the results of an un-aged mixture. This fact can simply provide us 
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with aging indices to investigate the aging characteristics of asphalt mixtures. Burak Sengoz 
(2003) has implemented ITS results of mixtures with various air voids, to assess aging and 
moisture susceptibility characteristics of HMA mixtures [13]. Another study on short- and long-
term aging behavior of rubber modified asphalts has also proved the fact that the short-term 
and long-term aging increased the measured tensile strengths [14]. Sengoz and Topal (2008) 
investigated the effects of SBS polymer modified bitumen on the aging properties of asphalt 
mixtures using ITS results [15]. They calculated aging indices as the ratio of short- and long-
term aged specimen’s ITS values to the values of un-aged control specimens prepared with 
the same additive content.

3	 Results and discussions

The ITS results for un-aged, short- and long-term aged specimens are given in Figure 3. In this 
figure, additive content corresponding 0 simply demonstrates the HMA control specimens. 
The results of un-aged specimens indicate that using Rediset® WMX can potentially increase 
the indirect tensile strength of a specimen. This fact is observable in additive contents more 
than 2%. Higher ITS value in case of un-aged specimens points out the specimen strength in 
terms of internal bonds. This fact is in conformity with previous studies that all stated about the 
“active adhesion.” which plays role in increasing the coating ability of the aggregate with the 
bitumen by means of surfactants and consequently can result in higher internal bonds [8], [16].

Figure 2	 ITS results corresponding additive contents

As seen in the Figure 3, the differences between the ITS values of un-aged and aged speci-
mens obviously decrease by increasing in additive content. This fact is basically born of aging 
effects of use of chemical WMA additive. Aging indices can provide better evaluation for the 
effects of chemical WMA additive on aging characteristics of bituminous mixtures. In this stu-
dy, these indices were calculated as the ratio of ITS values of short-term and long-term aged 
specimens over ITS values of HMA control specimens. The calculating formulas for Short-term 
Aging Index (SAI) and Long-term Aging Index (LAI) are as follows:

	 	 (1)

 
	 	 (2)

By means of these indices, we are able to observe how hardened an aged specimen has 
become after the aging process. The less an aging index of a mixture is, the more resistive 
that mixture is against hardening. The SAI and LAI values for all contents of chemical WMA 
additive are demonstrated in Figure 4.
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Figure 3	 ITS results corresponding additive contents. Note: * ‘SAI’: Short-term Aging Index; ** ‘LAI’: Long-term 
Aging Index

As seen in the graph, chemical WMA additive modified mixtures exhibited lower aging indices 
than control specimens as it was expected. As discussed before, temperature is a vital factor 
in occasion of the aging. Lower application temperatures can cause less aging especially 
in case of short-term aging. Having a glance on the slope of the trendlines for both SAI and 
LAI values, It can simply be realized that the drop in SAI values is more than the drop in LAI 
values. This can be explained considering the effect of application temperatures on aging of 
bituminous mixtures during construction phase. The short-term aging occurs during produc-
tion, storage and hauling in particular temperatures. These temperatures differ for WMA and 
HMA pavements, since the long term conditions for both pavement types are mostly equal 
during the service life of the pavements.
Chemical WMA additive modified mixtures demonstrated better strength against aging in 
comparison with HMA mixtures. Test results showed that less hardening occurred when the 
additive content increased. The reduction slope seemed to become less in step by step incre-
asing in additive content.

4	 Conclusion

Asphalt pavement has a service life. The more the service life of an asphalt pavement, the 
more economic that asphalt pavement is. From economical point of view, simply considering 
the initial cost of a structure is not efficient and it is also vital to consider the long term cha-
racteristics of the structure in service. Although WMA technologies have a lot of economic 
benefits in comparison to HMA pavements in terms of energy, it is essential to consider the 
long term properties of WMA pavements. As aforementioned, this study was allocated to 
evaluate the effects of a chemical WMA additive on WMA pavements in terms of long term 
and short term aging.
As a conclusion, generally WMA technologies can be categorized as acceptable alternatives 
for conventional HMA pavements in terms of aging. Utilization of WMA additives in lower 
temperatures is the dominating advantage of WMA technologies from the aging point of view. 
Rather than lower application temperatures, based on catalogue information, chemical WMA 
additive contains anti-stripping agent within its chemical structure which can play role in 
reducing aging effects parallel to reducing stripping.
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Abstract

Warm mix asphalts are becoming a regular group of mixtures used in pavement structures in 
many European countries. Nevertheless there are still a lot of mind barriers which disallow a 
more distinctive use of this type of mixes especially with respect to improved healthy condi-
tions for road workers and because of potential energy savings during mixing of such asphalt 
mixture. In parallel there are still ambiguities about possible weaknesses with respect to 
durability or cracking resistance. Last but not least the actual market offers quite large va-
riety of different additives which needs suitable comparison and proof of real benefits of 
particular additives. Within the experimental study done as part of ongoing research at the 
Czech Technical University in Prague different chemical additives have been used represen-
ting synthetic waxes or surfactants, as well as comparing them with ready-to-use binders 
offered by some producers. Besides set of performance testing evaluated on binders a regular 
asphalt concrete mix of 0-11mm grading has been designed. For each type of additive used 
in 50/70 distilled bitumen assessment has been done to determine the appropriate reduced 
manufacturing temperature at which later test specimens have been produced. In general 
for most of the used additives the manufacturing temperature was reduced by 20-30°C. On 
the mixes traditional as well as performance based characteristics have been evaluated and 
compared. Gained results are presented in the paper. 

Keywords:	warm asphalt mix, low-viscosity binders, waxes, tensides, dynamic viscosity, 
durability, permanent deformations, crack propagation, flexural strength

1	 Introduction

Reducing manufacturing temperatures of bituminous mixtures has become one of the main 
preoccupations in the road-industry worldwide. Warm mix asphalt technologies (WMA) allow 
the producers of asphalt pavement materials to lower the manufacturing temperatures at 
which the material is mixed and paved on the road. During the last decade warm mix techno-
logies have rapidly developed especially in the USA. Recent overview of American specifica-
tions, ongoing research and the state of the practice is for example presented in [1]. Overview 
of 24 different WMA technologies used in USA is on a web site devoted to WMA (http://www.
warmmixasphalt.com/WmaTechnologies.aspx).
WMA are used often also in some European countries for example in France and Germany. 
European Asphalt Pavement Association (EAPA) promotes the use of WMA. The position pa-
per of EAPA on WMA with references dated 2010 is on its web page (www.eapa.org). There 
is also a practical guide on WMA on the web site of the German Asphalt Association (DAV; 
www.asphalt.de) dated 2009. German Road and Transportation Research Association FGSV 
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published in 2011 the basic guidelines related to WMA application “Merkblatt für Temperatu-
rabsenkung von Asphalt”.
There has been also an intensive research on WMA in the Czech Republic at the Czech Tech-
nical University in Prague (CTU) and Technical University of Brno (VUT) especially in the fra-
mework of the research seven years lasting virtual research centre CIDEAS focused on ad-
vanced structures and designs. This led to the publication of results on the national and 
international conferences [2, 3]. Some research on various WMAs has been also carried out by 
the Eurovia Services either within CIDEAS or as its own development realised in co-operation 
with the specialists of the Research Centre of Eurovia in France [4].
The traditional compacted asphalt mixes which constitute about 80-90 % of all pavement 
structures in the Czech Republic as well as a number of other European countries are produ-
ced, paved and compacted – depending on the bituminous binder applied – under tempera-
tures ranging from 140 °C to 180 °C (for mastic asphalts which are not classified as compacted 
asphalt layers, the temperatures even exceed 240 °C). Such temperatures are required to 
achieve a sufficient balance between the necessary viscosity of the bituminous binder nee-
ded to ensure sufficient coating of the aggregate grains, good workability during paving and 
compaction, fast onset of mechanical strength and durability in asphalt pavement structure 
exposition to repetitive stress by transport and changing weather conditions. As a rule, tra-
ditional technological methods are energy-intensive and constitute sources of emissions of 
greenhouse gases as well as other hydrocarbon compounds and vapours emitted. Although, 
according to the latest IARC study, the vapours have no carcinogenic effects they are still 
widely discussed and monitored. Any reduction of the working temperature required reduces 
both the vapour concentration and the qualitative composition. 
Possibilities for reducing the power consumption may not be searched for solely in material 
base optimisation and application of suitable additives or technical methods. In the case 
of asphalt mixes, the entire production process in the mixing plants must be improved; this 
involves as consistent insulation of the piping, storage tanks and the mixing equipment as po-
ssible as well as reducing the binder and resulting mix storage time; ultimately, this impacts 
a number of other factors. Similarly, considerable energy savings can be achieved through 
appropriate ways of aggregate storage (covered depositories with reduced moisture access). 
Due to that, a wholesome systemic perspective is necessary, i.e. perception of the production, 
transport, paving and compaction as a single system of partial processes where an effort is 
made to reduce its overall energy consumption. Undoubtedly, a related measure is a gradual 
transition to such power sources or power generation methods that will reduce in decrease 
of the greenhouse gas emissions generated – primarily of CO2 – over time. Asphalt mix tech-
nology optimisation is a combination of both systems, i.e. the part depending on the product 
itself (asphalt mixes) and the part depending on the production facilities and machinery.
From the point of view of WMA design, a number of additives or certain technological proce-
dures may be applied. The additives used to reduce the production or paving temperature for 
asphalt mixes can be classified in several basic categories:
·· Paraffin-type additives – operating on the basis of binder viscosity reduction when heated 
above the softening point of the binder itself while improving asphalt stiffness under tem-
peratures below the softening point of the additive itself.

·· Surfactants – the primary effect of these liquid additives is reducing the surface tension at 
the meeting of the bitumen and aggregate phases, thus improving the aggregate coating by 
the binder. The reduced surface tension which is achieved through temperature increases 
in common hot road asphalt results not only in improved adhesion but also improved com-
pactability of the asphalt mix which allows decreasing the temperature employed during 
paving and compaction. 

·· Mineral additives applying the micro-foam process – the addition of such additives during 
the mixing of the asphalt mix (the most commonly used ones are zeolites) results in the 
formation of very fine foam that contains micropores and improves workability of the mix. 
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With respect to the nature of the additive, the application must take into consideration the 
time restrictions of its effect. 

·· Foamed bitumen mix process – in a special mixing device, water in the form of steam and air 
are injected in the hot binder through jets under high pressure. This creates foamed bitumen 
which, depending on the quantity of water, increases in volume several fold and facilitates 
the coating of the finer aggregate grains in particular; this in turn provides for a relatively 
high-quality mortar binding the larger aggregate grains to form. 

2	 Bituminous binders used for WMA designs 

As part of research activities within the ongoing cooperation between CTU Prague and con-
tractors/industry several variants of low-viscosity bituminous binders have been designed 
and experimentally prepared. In parallel three low-viscosity binders have been tested, which 
have been prepared by the refinery PARAMO and The Research Institute for Inorganic Che-
mistry. Binders labeled NV40, NV41 and 407 were delivered for this testing. These binders 
contained different content of additives based on tensides and synthetic waxes. For better 
comparison in case of some tests done with these three binders bitumen 50/70 with 1 % of 
IterLow additive and low-viscosity binder 50/70 with 3 % FT paraffin is used. For these the low-
viscosity binders the origin of distilled bitumen was different from the bitumen used in deli-
vered binders NV40, NV41 and 407. The mixing of all low-viscosity binders prepared by CTU 
was done at the temperature of 150-155 °C by using a laboratory mixing unit IKA and mixing 
speed of approx. 300 rpm. For assessed bituminous binders following tests have been done:
·· softening point determination by means of the ring and ball method (EN 1427);
·· determination of needle penetration under 25°C (EN 1426);
·· dynamic viscosity determination (EN 13302)
·· determination of the complex shear modulus G* and phase angle δ (geometry PP25, τ=2000 
Pa, temperature interval: 20-60°C, frequency interval 0.1-10 Hz);

·· frequency sweep for G* and δ with subsequent plotting of the master curve for the reference 
temperature of 20°C;

·· multiple stress creep recovery test

Further are presented only some of the obtained test results.

Table 1 	  Basic empirical characteristics of bituminous binders

Bitumen Penetration (0,1 mm) Softening point (°C) Penetration index (-)
50/70 (samp. 1) 64 49.2 -0.843
NV40 64 49.1 -0.842
NV41 61 50.8 -0.537
50/70 (samp. 2) 73 47.1 -1.058
50/70 IT 70 47.0 -1.229
50/70 FTP 48 75.4 3.49

As is obvious from the results of empirical testing, low-viscosity type binders achieve values 
comparable to the reference binder. As an interesting benchmark, binder 50/70 by different 
producers is added; this was applied to prepare the options with IterLow and FTP. A minimal 
to zero effect of the surfactant IterLow is seen in contrast to the well-known, significant effect 
of FT paraffin as known from both literature and practice. Particularly with respect to the 
results indicated below, the evaluation of the penetration index (PI) is interesting. Here, it 
can be seen that the binders prepared within the framework of low-viscosity bitumen deve-
lopment in the PARAMO refinery demonstrate a minimum PI change. These are binders with 
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lower thermal sensitivity; from the point of view of resistance to deformation they are rather 
average bituminous binders. In the case of the second set of low-viscosity binders related to 
the 50/70 sample 2, it is obvious that the application of IterLow results in further reduction 
of the thermal sensitivity of the bituminous binder to the detriment of the ability to show 
sufficient resistance to deformation. Contrastingly, the binder with FT paraffin behaves in the 
opposite manner; its resistance to deformation (stiffness) improves substantially; however, 
this is likely to mean a higher thermal sensitivity at the same time, particularly in the low 
temperature area. No measurements were taken for binder marked 407 with respect to the 
fact that the primary purpose involved an application of the binder in the asphalt mix. Due to 
the limited quantity, there was not enough material to test the binder in itself. 
In the case of dynamic viscosity measurements taken, conversion to the shear rate 20 rpm, 
which is considered a standard parameter in USA. The results are presented in Table 2. It is 
more than obvious that both options prepared by PARAMO have an effect on viscosity reducti-
on of the bituminous binder. This is also confirmed by the chart below. From our point of view, 
the low values of the binder by a different producer are affected by the circumstance that the 
parameters of the binder seem rather like those of bitumen 70/100 which should demonstrate 
superior viscosity parameters in general.

Table 2 	  Results of dynamic viscosity testing

Bitumen Dynamic viscosity @ 6.8 s-1 (20 ot./min.)
T=135°C T=150°C
(Pa.s) (Pa.s)

50/70 (sample 2) 0,5 0,3
50/70 (sample 1) 0,7 0,8
NV40 0,4 0,2
NV41 0,4 0,2

Figure 1	 Dynamic viscosity (viscosity curves) at shear rate of 1 s-1 and temperature interval 100-150°C

From the perspective of the flow curves with shear rate of 1 s-1 it is obvious that the variants of 
experimentally prepared low-viscosity binders NV40 and NV41 under assessment reduce the 
viscosity value throughout the entire thermal interval. A slight decrease in the case of 100 °C 
is caused by its proximity to the temperature where the bituminous binder gradually changes 
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from the liquid or quasi-liquid phase to the solid phase. Simultaneously, under this tempe-
rature there will be a loss of functionality of the additives applied to reduce temperature. In 
contrast, within the 105-140 °C interval dynamic viscosity of low-viscosity binders is five times 
lower (when compared to binder 50/70 sample 1). The other distilled bitumen compared has 
almost identical viscosity curve as binder NV40.

3	 Assessment of asphalt mixes 

In the second part of the experimental assessment asphalt concrete mixture of ACO11+ type 
has been selected with a design fitted for aggregates from Libodrice quarry (amfibolite). The 
procedure defined by Czech technical specifications TP238 for determining the proper speci-
men manufacturing temperature was firstly applies for the mixes with different low-viscosity 
binders. At the determined temperature the bulk density of compacted Marshall specimens 
for a WMA is equal or close to the bulk density known for a reference mix. For this reason the 
reference asphalt mix is produced with traditional temperature dependent on the binder used 
(150 °C in the case of this assessment). Then the test specimens for WMA mixes are produced 
for temperatures 110 °C, 120 °C, 130 °C, 140 °C and 150 °C with determination of bulk densities. 
By applying iterative method the comparable bulk density to reference mix is searched and 
the temperature at which such temperature is gained, determined. Nevertheless, based on 
the results received it was again demonstrated that this approach is at least arguable and 
during next revisions of the technical specifications TP238 this approach should be critically 
reviewed. It might be applicable to mixes where paraffins or waxes are used, but definitely 
not for mixes where different surfactants are applied. Presently it is not fully obvious, what 
approach could suitably replace the existing one (testing and assessment of dynamic visco-
sity, application of gyratory compactor for specimen preparation and determination of com-
paction effort, another procedure to be defined). 
The bitumen content determined for reference mix optimization was 5.2 % by mass. The refe-
rence mix was produced at a temperature of 150°C. For remaining variants always the descri-
bed temperature optimization has been done with the production of test specimens for the 
temperatures described above. Resulting temperature recommended for each variant of WMA 
mixes has been set in the range between 120 °C and 130 °C. For the mixes of second set, where 
additives like RH, IterLow, FTP, Zycotherm and industrially ready-to-use bitumen ECO2 have 
been applied, it is necessary to underline, that for the production of low-viscosity bituminous 
binder a basic bitumen was applied, which officially was declared as 50/70 pen grade, never-
theless by its parameters rather fulfilled criteria of a 70/100 bitumen. This fact has to be kept 
in mind especially during the later evaluation and discussion of gained results. For asphalt 
mixes with selected referential temperature subsequently selected tests have been done:
·· determination of bulk density of compacted test specimen;
·· determination of maximum density and void content of an asphalt mix;
·· determination of water susceptibility by indirect tensile strength test (ITS ratio);
·· determination of water susceptibility by applying one frost cycle and assessment of indirect 
tensile strength (ITSR_f);

·· resistance to permanent deformations by wheel tracking test;
·· stiffness modulus assessment (IT-CY test method);
·· determination of flexural strength at -5° C;
·· determination of asphalt mix resistance to crack propagation at 0 °C.

Results of done specimens compaction temperature optimization and the progress of basic 
empirical results as well as functional characteristics are presented further in this paper.
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Table 3 	  Basic characteristics of assessed warm asphalt mixes

Mix variant Compaction 
temperature (°C)

Bulk density
(g/cm3)

Maximum density
(g/cm3)

Voids
(%)

ACO 11+ REF 50/70 (sam. 1) 150 2,673 2,745 2,61
ACO 11+ NV40 120 2,661 2,740 2,88
ACO 11+ NV41 130 2,639 2,747 3,93
ACO 11+ 407 120 2,676 2,740 4,16
ACO 11+ 3% FTP 130 2,584 2,722 5,07
ACO 11+ 3% RH 120 2,620 2,722 3,76
ACO 11+ 1% IT 130 2,570 2,722 5,57
ACO 11+ 0,1% Zycotherm 150 2,621 2,722 3,71
ACO 11+ ECO2 (130°C) 130 2,520 2,657 5,16
ACO 11+ ECO2 (120°C) 120 2,537 2,657 4,53

Out of the basic characteristics listed (volumetric weight and void content) it is the void con-
tent that is crucial. Here, it was discovered that with the exception of the mix with 3 % FTP, 
all of the remaining mixes meet the requirement for ACO 11+ mix type stipulated by CSN EN 
13108-1 (2.5-4.5 %-vol.). It is obvious that the mix with binder NV41 where a lesser temperature 
reduction was recommended demonstrates a greater void content increase in comparison to 
the reference mix. The fact rather supports prioritisation of the option with binder NV40. At 
the same time, it should be taken into consideration whether, in case of binder 407, the limit 
temperature should be 130 °C. In such a case, better compaction and lower void content in 
the test specimen might probably be achieved.
In the case of the second set of experimental mixes, it can be noticed that from the perspec-
tive of void content, additive RH records very good results under compaction temperature 120 
°C. As long as, chemically, the binder is of a type similar to FTP, a greater potential is obvious 
in this regard; superior compaction is achieved even under lower temperatures. In the case of 
Zycotherm, the test specimens were not produced under lower working temperature since the 
verification of possible reduction of the working temperature as specified in the preliminary 
TP238 did not correspond with this option. Based on the findings, we can probably consider 
a maximum working temperature reduction to 135-140 °C which, however, will result in a 
slightly increased void content. An interesting trend appears in the case of the industrially 
manufactured low-viscosity binder marked ECO2. It is shown that specimens prepared under 
the temperature of 120 °C achieved lower values when compared to a working temperature 
increased by 10 °C.
During the ITSR test which is currently the determining factor from the point of view of asphalt 
mix durability assessment, test specimens are prepared by compacting (2x25 blows by impact 
compactor). The specimens are divided into two groups – one left at room temperature and 
the other soaked in water and, subsequently, tempered in a water bath for 3 days at 40°C. 
Then, an indirect tensile strength is taken and a strength ratio is determined; according to CSN 
EN 13108-1 its value should be below 70 % for an ACO11+ type mix. In the case of the ITSR_f 
test, the aforementioned procedure is modified in compliance with the American methodo-
logy (AASHTO 283T) and the specimens are water-soaked for shorter periods but, afterwards, 
placed in a freezer at approx. -18°C for 16 hours. Then, the specimens are immediately pla-
ced in a water bath at 60°C for 24 hours. The method should result in the specimens being 
stressed more by various effects and, therefore, lower indirect tensile strength (and a poorer 
strength ratio value) is expected. In relation to the modified ITSR indicator, CTU proposed a 
10 % lower permitted threshold in relation to the standard ITSR indicator threshold to provide 
for the effect of frost in particular.
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Table 4 	  Assessment of mix water susceptibility

Mix variant ITSdry (MPa) ITSR ITSR_f Modulus ratio
ACO 11+ REF 50/70 (sam. 1) 1,91 0,90 0,83 0,78
ACO 11+ NV40 1,68 1,08 1,03 1,12
ACO 11+ NV41 1,65 1,06 1,04 1,05
ACO 11+ 407 1,45 1,00 - 1,02
ACO 11+ 3% FTP 1,37 1,13 0,67 1,58
ACO 11+ 3% RH 1,05 1,23 0,90 1,22
ACO 11+ 1% IT 1,59 1,10 1,07 1,08
ACO 11+ 0,1% Zycotherm 1,70 1,08 0,77 0,93
ACO 11+ ECO2 – – – –

Last but not least, besides ITSR and flexural strength of specimens not soaked in water or fro-
zen, the calculated value of the elasticity modulus can be determined (this is easy to calculate 
from the indirect tensile strength and the horizontal deformation values). No requirements 
are stipulated for this parameter; it is only quoted as an informative value. It may be used as 
a guide for the assessment of material stiffness when the test specimen reaches destruction 
(collapse). In the case of using the flexibility modulus characteristics to determine the ratio 
of the proportion between the dry and soaked specimens, this is an alternative to the ITSR 
characteristic.
From the perspective of the test of asphalt mix resistance to permanent deformation, standard 
CSN EN 13108-1 stipulates a requirement for PRDAIR and WTSAIR solely in relation to mixes ACO 
11S (5.0% and 0.07 mm, respectively). For “+“ mixes, the value is merely declared; no limit va-
lue is determined. Class “S” is used for roads with very high intensity of heavy loaded vehicles. 
As is obvious from the measurements taken, the mixes assessed meet the requirement of the 
“S” class criterion; only the mix with 1 % IterLow significantly exceeds the WTSAIR indicator. 
When the mixes are compared to one another, we can see that there are no material influ-
ences from the point of view of the first indicator. This also applies to the second indicator. 
The improved value of PRDAIR in the mix with NV41 and, contrastingly, deterioration of the 
WTSAIR indicator which suggests that with continuing stress, the depth of track increases more 
rapidly, are interesting. What is important is that no negative impact on deformation charac-
teristics was recorded with a lower production temperature. Even in the case of the mix with 
3 % FTP where a higher void content (and, therefore, a higher risk of additional compaction) 
was noticed, the mix shows very good characteristics in relation to permanent deformation. 
Limit results were achieved by the mix with IterLow; in the case of the WTSAIR indicator, this 
version failed to meet the standardised requirements. An increased value of the parameter 
is indicated also in the case of Zycotherm.

Table 5 	  Results of wheel tracking test (small device, air bath at 50 °C)

Mix variant Relative rut depth after 5 000 
cycles v mm – PRDAIR (%)

Increment of rut depth 
WTSAIR (mm)

ACO 11+ REF 50/70 (sam. 1) 2.2 0.026
ACO 11+ NV40 2.3 0.030
ACO 11+ NV41 1.9 0.034
ACO 11+ 407 n.a. n.a.
ACO 11+ 3% FTP 2.0 0.019
ACO 11+ 1% IT 4.5 0.074
ACO11+ 0,1% ZT 2.6 0.048



Road Pavements416
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

The last group of testing presented here is characteristics that describe the asphalt mix beha-
viour under low temperatures while it is technically possible to assess the behaviour under 
temperatures ranging from 0 °C to -10 °C. The method of determining flexural strength is based 
on a three-point beam test when two stress levels are selected (50 mm/min and 1.25 mm/
min), as specified in TP151. At present, the test is only required for HMAC type mixes with a mi-
nimum strength criterion of 6 MPa for the lower stress speed and temperature of -5 °C. Flexural 
strength determination under the higher speed can be perceived as an indicator of potential 
problems with cracking under low temperatures. The other test method applied to compare 
the individual mix versions is the asphalt mix resistance to crack propagation in compliance 
with CSN EN 12697-44 which is conducted on semi-cylindrical test specimens by means of a 
three-point test with weakened profile (a groove of 10 mm depth) at the point of stress by a 
constant force. When compared to the flexural strength test, the latter method appears to be 
a more appropriate method to assess actual crack propagation of the mix. 

Figure 2	 Results of flexural strength test, set I

Figure 3	 Results of flexural strength test, set II

If, in accordance with TP151, we restrict ourselves to the values obtained for the lower stress 
speed, it is obvious that none of the low-temperature mixes from the first set of mixes asse-
ssed reaches the maximum detected for the reference mix although the values exceed the 6 
MPa limit. It is also shown that from the perspective of the parameter of mix behaviour under 
low temperatures the best behaviour was detected for the asphalt mix with binder 407. When 
binders NV40 and NV41 are compared, the former is more appropriate. The aforementioned 
statement is very well confirmed by the crack propagation resistance test summarised in Table 
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6. The crucial indicator therein is the fracture toughness Kic,i where, again, the highest values 
were recorded by the reference mix and, from the point of view of low temperature asphalt 
mixes, the option with binder 407 appears to be the most suitable mix.

Table 6 	  Results of resistance of asphalt mix against crack propagation

Mix variant Strain εmax,i (%) Fractural toughness Kic,i (N/mm3/2) Stress σmax,i (MPa)
ACO 11+ REF 50/70 (sam. 1) 1,30 40,80 5,50
ACO 11+ Paramo NV40 1,43 36,70 4,95
ACO 11+ Paramo NV41 1,23 34,84 4,68
ACO 11+ 407 1,23 37,69 4,54
ACO 11+ 3% RH 1,38 35,49 4,78
ACO 11+ 3% FTP 1,33 36,06 4,85
ACO 11+ 1% IT 1,23 39,30 5,31
ACO 11+ 0,1% Zycotherm 1,23 33,69 4,54
ACO11+ ECO2 (130°C) 1,00 31,86 4,28
ACO11+ ECO2 (120°C) 2,71 27,41 3,69

Regarding the second set of experimentally evaluated mixes, it is obvious that the best va-
lues of flexural strength were achieved by the asphalt mix with bitumen where Zycotherm 
was applied as an additive. In this case, if compared to the reference mix, a better flexural 
strength value was achieved. Good results were recorded also for the application of additive 
RH. An interesting finding was noticed from the perspective of strength values of the asphalt 
mix with Zycotherm where basically the same values were reached for both speeds while the 
values even more significantly exceed the results of the reference asphalt mix. In contrast 
to that, the results obtained in the asphalt mix resistance to crack propagation test do not 
relate to the flexural strength test values. Particularly if the result obtained for the asphalt mix 
with Zycotherm is assessed, it is obvious that the values obtained from the semi-cylindrical 
specimens are the worst in the comparison of both mix sets while the result is confirmed by 
the significantly higher deformation generated. A similarly contradictory result arises from a 
comparison of the values for the asphalt mix with IterLow; where in the case of flexural stren-
gth determination the mix recorded the lowest values amongst the second set of mixes while 
a value comparable to the reference mix with a lower deformation level was achieved from 
the perspective of fracture toughness. These findings thus open a whole area for discussion 
concerning the possibility of mutual substitutability of the two aforementioned test methods. 
Looking at the results of both tests, we can cautiously formulate a hypothesis on a possible 
link between the results of both methods.

4	 Conclusion 

As is obvious from the results presented, the most suitable solution for low-viscosity bitumi-
nous binders cannot be determined with absolute clarity. The greatest working temperature 
reduction is achieved by options with NV40 and 407 in the first set while, in the second case, 
a slightly higher void content is reached. Nevertheless, the mix with this binder still scores 
highest in relation to stiffness and low-temperature properties characteristics. No test of re-
sistance against permanent deformation was taken for this mix with respect to the limited 
quantity of the bituminous binder. The option with binder NV40 achieved balanced results. 
In both cases, further improvements can be expected if the asphalt mix, or test specimen 
production takes place under the temperature of 130 °C. Due to the above mentioned, we 
recommend paying attention and possibly undertaking further optimisation measures in re-
lation to these two binders. At the same time, we emphasise that the experimental results be 
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confirmed by a test section, or possibly, before a test section is completed, by experimental 
methods with another asphalt mix type.
In the case of the second set of mixes assessed, no clearly best option can be determined. 
From the point of view of low-temperature characteristics, the options with additives RH and 
FTP have even properties from the perspective of flexural strength and crack propagation. 
With resistance against crack propagation, the mix with IterLow scores best while the same 
binder causes the poorest result from the flexural strength point of view although all of the 
options meet the minimum requirement for VMT mixes according to TP151 in absolute values. 
The mixes with FTP demonstrate good stiffness modulus values at 15 °C; in the case of binder 
ECO2 the result is similarly satisfactory. In contrast to that, the stiffness values were too low 
for the mixes with Zycotherm or RH. If a separate evaluation of the result for the parameter 
of resistance against permanent deformation is made the higher values in the case of the 
mix with IterLow are noticed. This fact is principally very well complemented by the PI values 
detected. Nevertheless, it should be considered whether test specimen preparation under 
120 °C or even 110 °C would yield similarly satisfactory results (the IterLow manufacturer even 
mentions a possible working temperature reduction to the 90 °C level). In such a case, the 
binder would present a well-balanced compromise between the individual characteristics. 
With respect to additive RH, the question is how the benefits or shortcomings of its applicati-
on might be compensated by the price. This is an additive of Chinese origin and, therefore, a 
more aggressive pricing attitude can be expected. From the perspective of technical data, the 
mix was assessed under 120 °C while thermal optimisation according to TP238 would probably 
rather suggest 130 °C. Tests of the asphalt mix with FTP proved the traditional findings that 
can be tracked in other studies conducted as well. The issue of behaviour of the bituminous 
binder with FTP under low temperatures can probably be tackled in the future solely by com-
bined modification with polymers.
It should also be emphasised that no problem with durability as indicated by ITSR was de-
tected for any of the versions examined. In general, this area is critically researched in the 
long term in many cases as a number of studies available and verification testing undertaken 
suggest that low-temperature asphalt mixes might be highly susceptible to ITSR parameter de-
terioration. This fact is indicated, solely in the second set of mixes under examination, by the 
asphalt mix with the FTP-modified binder when a single freezing cycle method is applied. Such 
saturation and stressing of test specimens results in a significant decrease of the ITS values. 
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Abstract

Mastic asphalt is a common material mainly use for waterproofing works (bridge decks), 
for pedestrian paths, car parks but also for road wearing courses. This material needs high 
temperatures in order to aloud correct laying conditions. The European REACH regulation 
(Registration Evaluation and Authorization of Chemicals) started to be implemented in Europe 
in 2007. The application to bitumen on the 1st of December 2010 had a critical effect of the 
development of warm solutions for mastic asphalts. Starting with experimental products, 
the French companies had to move to industrial solutions by producing and laying mastic 
asphalts under the temperature of 200°C. This temperature corresponds to the maximum 
temperature to use the bitumen, as it was defined by the producers. Characteristics of the 
products are defined according to the standard EN 13108-6. In this context the Eurovia Group 
developed a range of mastic asphalt products corresponding to the 2 new types (between 
180°C and 200°C and under 180°C). The technic is very innovative and based on the use of a 
single additive which is renewable and which is very easily implemented on the plant. These 
new mastic asphalts are produced around 170 / 180 °C and are laid on the jobsite between 
160°C and 180°C. This is a real drop by comparison with traditional mastic asphalt which are 
produced and laid around 220°C to 240°C. The aim of the presentation is to detail the for-
mulation process, the performances and the follow up of these new products as well as their 
implementations in France, Czech Republic and CROATIA by the company TEGRA.

Keywords:	warm asphalt, health care, condition of laying, European regulation, innovation

1	 Introduction

The current mastic asphalt is defined by the following way. It is a mixture of chippings, sand, 
filler and bitumen the proportions of which are adjusted in order to obtain the flowing charac-
teristic. Currently the mastic asphalts represent 220,000 tons laid on the French territory [1] 
and 1 million tons in Europe. The common proportions for a road mastic asphalt are:
·· Chippings	 30%;
·· Sand		  34%;
·· Filler		  28%;
·· Bitumen	 8%.

In general, the components are mixed in the plant with the quick mixer, and then they stay, for 
homogenization, in the pug mill during some hours. The mastic asphalt is then transported on 
the jobsite by trucks called transport mastic asphalt pug mills, thermo regulated, horizontal 
and vertical and with a capacity of 8 to 20 tons. The laying is, the most of the time, carried 
out manually by taking the mastic asphalt in wooden buckets and by laying it with a wooden 
squeegee (trowel).
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For the jobsites that need an application on a continuous big surface, mechanized means are 
used. There are specific pavers (pendulum beam) front fed by a mobile plug mill. For a longti-
me, the mastic asphalts are laid in the following sectors: waterproofing, footpath, industrial 
soil and roads. The production and the laying of mastic asphalts were carried out traditionally 
with temperatures reaching 240 to 250°C.
As for the asphalt concretes, one of the main research axes regarding these products is the de-
crease of their production and laying temperature. The field of mastic asphalt suffered a pro-
found and quick modification in 2010 following to the coming into force of a new regulation.
The implementation of this new regulation called REACH [2] began in June 2007. The appli-
cation with bitumen on 1st December 2010 had an accelerating effect on the elaboration of 
the warm mixes. At the experimental stage, the companies were forced to move to the indu-
strial stage while producing and laying the products at a maximum temperature of 200°C. 
This temperature corresponds to the maximum temperature of the use of the binder defined 
by the bitumen producers. The bitumen of direct distillation with the CAS number (unique 
registration number at the data bank of chemical abstract service) 8052-42-4 had the dead-
line of registration at the ECHA [3] on 30/11/2010. This registration in REACH, expressed on 
behalf of the Oil Companies by Europeans Unions EUROBITUME and CONCAWE, indicates via 
safety data sheets, the conditions of use and the use defined by the producers of bitumen, 
particularly the maximum temperatures to not exceed regarding health and safety rules. The 
safety data sheet of the bitumen commonly used for mastic asphalt systematically indicates 
a heating temperature up to 200°C or the temperature of the flash point reduced by 30°C, that 
means 190°C or 200°C depending on the source of bitumen.
The consequence of the bitumen registration in REACH was a production and laying of a ma-
stic asphalt at temperatures below 200°C. In March 2012 the French “Office des Asphaltes” 
which is the Union of mastic asphalt Industries in France decides to define again the termino-
logy of mastic asphalts while creating 3 classes of mastic asphalt form its general definition:
·· traditional mastic asphalt: mastic asphalt, produced, transported and laid at a temperature 
above 200°C;

·· low temperature mastic asphalt (BT): mastic asphalt, produced, transported and laid at a 
temperature between 180°C and 200°C;

·· very low temperature mastic asphalt (TBT): mastic asphalt, produced, transported and laid 
at temperatures below 180°C.

In the 3 cases the mixing characteristics are defined by the standard NF EN 13108-6. 

2	 EUROVIA – the VIASPHALT® BT

2.1	 Development and characteristics

For more than 10 years Eurovia has worked to decrease the temperatures of mastic asphalts. 
This step and the associated researches meet the environmental and health policies of the 
group. The research center of Eurovia elaborated a process allowing to decrease very signifi-
cantly the production and laying temperatures of these mastic asphalts for the most common 
applications. This temperature lowering has numerous advantages, on the technical level (im-
portant decrease of the shrinkage phenomenon), economical (low extra costs), environmental 
and health level (energy consumption and almost no more fumes while applying). 
The process is extremely innovative by its simplicity (unique additive), by the renewable cha-
racter of the additive (in comparison to those currently used in the profession), by a produc-
tion mode easily transposable in the batch plants. The decrease of the temperature between 
60°C and 70°C allow to produce the mastic asphalts at 170°C / 180°C. Regarding the nomenc-
lature of the office of mastic asphalts Eurovia carries out in the majority of the cases mastic 
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asphalts TBT. The process is subject to a trademark in Europe and in a number of countries 
all over the world. It contributed to the new product, the VIASPHALT® BT.
The principle is based on the use of an additive allowing to liquefy the mastic asphalt and 
to modify the pseudo viscosity of the mixture aggregates / bitumen at high temperatures (> 
100°C) without changing the performances of the mastic asphalt below 80°C, or to improve 
them for certain ones.
This additive coming from the agro-resource, thus renewable is characterized by a melting 
point of 90°C. Its production simplicity makes the supply reliable and regular, furthermore its 
packaging in thermo fusible bags or big bags and its handling is simple. Before 2010, several 
experimental jobsites were carried out in France in order to validate the process, to make 
sustainable innovation.

2.2	 VIASPHALT BT®, key benefits

2.2.1	 Mix design
The mix design is the same as for hot mixes, as a part of bitumen is replaced by an additive. 
The process is then simple but keeps all known difficulties of the mastic asphalt mix desi-
gn, workability; shear resistance (Fig.1). In the majority of the cases, the elaboration in the 
laboratory is not only the feasibility; validation and industrial adjustment are consequently 
necessary.

Figure 1	 Machine to measure the indentation according to the standards EN 12697-20 and EN 12697-21

2.2.2	Technical characteristics
They are maintained or improved for certain regarding the traditional mastic asphalt. A par-
ticular characteristic of VIASPHALT BT is its lower shrinkage sensitivity. This one measured in 
the laboratory following the operation mode used in France allows us to verify this excellent 
behaviour, as shown on Table 1.
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Table 1 	  Comparative shrinkage measurements

Traditional mastic asphalt (footpath) Viasphalt® BT (footpath)
Shrinkage [mm] 0.20 0.07

2.2.3	Economical
Whatever the process used to decrease the temperature of mastic asphalts, systematically 
there is an extra cost non-negligible. With an increase of 15% in comparison to the traditional 
mastic asphalt, the VIASPHALT® BT is very competitive on the market of the low temperature 
mastic asphalt.
Note that the reduction of energy consumption in production does not present an economical 
advantage, as this one is largely absorbed by the cost of the additive. This is a very important 
point for the development of the process, adding of the additive is carried out by a thermo 
fusible bag or by an automated system in the asked quantity (see Fig. 2). The production is 
possible on every batch plant without changing significantly the production conditions

Figure 2	 Automated feeding of the additive (Plant CIFA Mitry-Mory, France)

3	 Situation in 2013, EUROVIA, France and abroad

In France, the production of mastic asphalts BT and TBT covers at least 80% of the tonnages 
carried out by the companies that are members of the office of the mastic asphalts. Since 
December 2010, Eurovia has laid low temperature mastic asphalts for the quasi totality of its 
mastic asphalt activity. (~98%). There are still some jobsites carried out with hot mixes on 
request of the client. These jobsites concern generally the waterproofing on bridges, sector in 
which the mastic asphalts BT show satisfied results. However there are still some reticences 
on behalf of certain clients because of a lack of technical information. The same for the most 
jobsites with clear or colored mastic asphalts based on a clear binder that are still carried out 
with the traditional process.
In other countries mainly in Europe, there are less feedback and communications on the 
use and development of these new mastic asphalts. Eurovia distributes its process within 
its subsidiaries. The first jobsites were carried out in the Czech Republic, in Prague in 2012.
In order to develop this process in the Czech Republic in the subsidiary EUROVIA CZ, the com-
pany had to use all its know-how from France on low temperature mastic asphalts. Thus, the 
first step of this technology transfer was to choose carefully the components and to establish 
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a mix design with the cooperation between the laboratories of Mérignac and Prague. The 
second step was to launch a first satisfactory industrial production (see Fig.3).

Figure 3	 Resurfacing TRAMWAY (PRAGUE 2012)

In 2013, the subsidiary TEGRA in Croatia carried out its first experimentation. A similar de-
ployment was undertaken by entities of the company to take full advantage of the experi-
ence gained in France. The application fields sighted by the Croatian subsidiary are bicycle 
paths or footpaths, roads with light traffic and parking spaces in commercial areas. The same 
requirements regarding indentation are expected in Croatia. However, the technical export is 
complex, the regulation REACH is not always followed and the extra cost of production seems 
sometimes too high in comparison to the traditional mastic asphalts.

4	 Technical report after two years of production

In the region of Paris, since 01/12/2010, Eurovia has produced and laid about 45,000 tons of 
“warm” mastic asphalt. Regarding the terminology of the office of mastic asphalts of March 
2012, the big majority was carried out in TBT that means below 180°C. For the transport, the 
horizontal and vertical pug mills are now systematically calibrated in order to guarantee the 
announced temperatures. Furthermore the maximum heating temperature is fixed at 190°C, 
there is no action possible on the temperature to catch up a lack of workability and there is 
no scope of action to adapt production, transport and laying hazards.
The conditions of production, storage and putting in pug mills and transport became very 
precise and very qualified. The complexity caused by the decrease of the temperature and the 
important increase of the viscosity of the binder asked important industrial follow-up. One 
discovers then a difficulty to maintain the indentation level of the production up to the last 
ton of the pug mill, hence the difficulty to produce daily regular mastic asphalts. Difficulties 
that are the same in the past for traditional mastic asphalts but force of habit they were less 
often followed by all players of the mastic asphalts.
The traditional mastic asphalt afforded some flexibilities of use for its viscosity managed by 
the temperatures higher than 200°C and mechanical resistances favored by the oxidation of 
the bitumen at a high temperature. The warm mastic asphalts kept these performances by the 
use of an adapted additive but the technology is more complex. On the 45,000 produced tons, 
beyond the follow-up of CE marking, 10% of the production and laying were subject to a high 
level control in the laboratory and on the jobsite (workability, indentation, complete analyses). 
The efforts of the follow-up, the adjustments allow today to guarantee the mastic asphalts 
BT or TBT responding on different fundamental criteria; indentation, workability, aspect and 
the laying facility, compliance with thicknesses, all, in an urban environment with a quasi-
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disappearance of fumes (see Fig.4). With a temperature lowering by 60°C the fumes quantity 
is divided by a factor of 32.

 

Figure 4	 Jobsite VIASPHALT BT in Paris and temperature measurement 

5	 Health and environmental reports

The environmental report is very positive. Since 2010, Eurovia followed the impact of this pro-
duction of low temperature mastic asphalt on atmospheric emissions. The main production 
plant of the group provided all figures, tonnage and energy consumption. The evaluations of the 
data in 2011 and 2012 were compared to 2010 (about 90% of hot mastic asphalt production).
The results are the following:
·· the reduction of the registered energy consumption on the level of dryer is 41% when pro-
ducing low temperature mastic asphalts;

·· the impacts on the emissions of greenhouse gas are about – 17 %;
·· the VIASPHALT BT creates a progress of a health point of view; the following observations 
are systematic:

·· decrease or elimination of fumes during application;
·· much less odor;
·· application comfort;
·· important reduction of the inconvenience for the residents.

6	 Perspectives

For Eurovia the perspectives are multiple. The first one is to follow its process, to develop it to 
further improve the whole production chain, from production to laying. Then, facing the slow 
evolution of the profession of mastic asphalt and its working conditions, EUROVIA would like 
to increase its action in the field of work hardness. Increase the activity of “low temperature 
asphalt” in Europe is an aim. This is an ambitious program highly depending on the behaviors 
and ways that will be implemented in the European Community. Overcome the administrative 
barriers will be more complex than the technical issue.
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Abstract

The increase in axle loads, heavy traffic, severe climate conditions and construction failures 
has led to the enhancement of bitumen properties. There is a wide range of applications of 
polymer modified bitumens, PmBs, in road construction. Polymer modification significantly 
influences the rheological characteristics of the binder; therefore the use of fundamental 
rheological testing methods is required rather than the empirical methods. 
This paper presents the polymer modification of road bitumen, BIT, with different contents 
of semi-crystalline thermoplastic copolymer ethylene- vinyl acetate, EVA, before and after 
thermo-oxidative ageing. The effects of EVA on the conventional, rheological and thermal 
properties of the modified bitumens were studied. The rheological characteristics of the EVA 
PmBs were analyzed by a dynamic shear rheometer, DSR. The primary viscoelastic functions 
were determined in dependence as a function of the frequency at temperatures in BIT use. 
The master curves were designed at a reference temperature of 30°C.
The results indicated that the thermoplastic copolymer EVA improves the viscoelastic proper-
ties of PmBs. EVA PmBs increase stiffness and elasticity at high service temperatures and low 
loading frequencies. The increased stiffness compared to the conventional bitumen enhances 
the performance characteristics of the modified bitumen and provides better protection aga-
inst increased traffic loads and adverse climate conditions. The process of ageing increased 
the complex modulus and phase angle, and reduced temperature susceptibility. These chan-
ges were mainly due to the chemical processes, such as degradation reactions, oxidation as 
well as secondary processes of cross-linking which take place during the ageing of BIT and 
EVA PmBs. PmBs modified with EVA significantly reduce the permanent deformation under 
loads compared to the unmodified bitumen.

Keywords:	polymer modified bitumen, rheological properties, thermal properties, thermo-
oxidative ageing, permanent deformation

1	 Introduction

Bitumen has been widely used for road paving applications [1]. Although it is added in a very 
low concentration (5 wt. %), bitumen controls the final properties and the performance of the 
asphalt mixture, since it is the only deformable component and forms a continuous matrix 
[2]. From a material engineer’s point of view, bitumen can be classified as a thermoplastic 
material with thermally reversible properties [3]. Thus, at high temperatures, bitumen melts 
and solidifies so that asphalt mixtures can sustain the stress brought on by traffic. Two main 
limitations that were observed in pavements, yielding poor road performance, are directly 
associated to the bitumen matrix that surrounds the mineral aggregates at high and low 
temperatures. The first problem, permanent deformation (rutting), occurs at service tempe-
ratures higher than 40°C, leading to ruts in the direction of travel, and can be related to the 
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viscosity of the bitumen matrix. The second appears at lower temperatures (below 0°C) and 
can produce cracking of the road pavement, as a result of the brittle fracture of the bituminous 
component of the asphalt [2, 4]. Presently, the tightening of binder specifications, in order to 
get longer repairing periods and the reduction of the total cost of road maintenance, factors 
such as increased traffic, heavier loads, etc., have led to the development of new bituminous 
materials. The performance of road surface can be improved by modifying the bitumen with 
polymers, PmB [5-8]. One of the important modifiers of bitumen, which belong to the plasto-
mers, is semi-crystalline copolymers ethylene vinyl acetate, EVA. This type of polymer is easily 
dispersed in and has good compatibility with generally available bitumens, as well as being 
thermally stable at normal mixing and handling temperatures [8, 9].
The aim of this paper is to study the effects of EVA, as a modifier of BIT in regard to the visco-
elastic properties. Rheological characterization was carried out at different temperatures and 
frequencies before and after thermo-oxidative ageing. The frequency dependence of rheolo-
gical parameters is shown by producing rheological master curves at reference temperatures 
of 30°C using the time-temperature superposition principle.

2	 Experiment

2.1	 Materials

The bitumen used in this paper was the 70/100 penetration grade base bitumen, INA Refinery 
Croatia, Rijeka. The polymer used as a modifier is a semi-crystalline copolymer, ethylene vinyl 
acetate, EVA, commercial grade Elvax 265, containing 28 wt. % of vinyl acetate with a melt 
index of 6, manufactured by DuPont, USA.

2.2	 Sample preparation

EVA PmBs was prepared by melt blending with a high shear mixer, Silverson L4R. The EVA 
copolymer was mixed with the bitumen by using a preparation method developed in the la-
boratory to maximize the rheological properties and to minimize bitumen degradation. 500 
g of bitumen was added to the container and heated to 160°C and continuously stirred for 
about 2h to obtain homogeneity and then was poured into 1 L aluminum cans. The cans of 
bitumen were then heated to 180-185°C and stirred for 10 min before adding a polymer. Upon 
reaching 180°C, a weighed amount of polymer was slowly added to the bitumen. The EVA 
contents used were 3, 4, 5 and 7 % by weight of blend. Mixing then continued at 180°C for 4h 
to produce homogeneous mixtures. After completion, the EVA PmBs were removed from the 
aluminum cans and divided into small containers covered with aluminum foil and stored for 
further testing at ambient temperature.

3	 Measurements

3.1	 Conventional tests 

The traditional, conventional tests, such as penetration (HRN EN 1426), softening point (HRN 
EN 1427) and elastic recovery (HRN EN 13398), were first conducted for bitumen and EVA PmBs 
samples according to standards. 

3.2	 Rheological measurements

The rheological properties of neat bitumen and EVA modified bitumen were measured by a 
dynamic shear rheometer (DSR), MCR 301, Anton Paar. The tests were conducted over a range 
of temperatures and loading frequencies in order to provide a complete characterization of 
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the viscoelastic properties of the binder [7, 8, 10, 11]. The DSR tests were performed under 
controlled strain loading conditions using frequency sweep tests. The frequency sweep was 
applied over the range from 0.1 to 100 rad/s at temperatures between -5°C and 60 °C. The 
strain was kept low enough so that all tests were performed within the linear viscoelastic 
range (LVE) [10, 12]. The tests at temperatures between -5°C and 30°C were carried out with a 
parallel plate testing geometry of 8 mm diameter and 2 mm gap, and from 30°C to 60°C were 
done with a parallel plate testing geometry of 25 mm diameter and 1 mm gap. To provide a 
more profound insight into rheological properties, the critical temperature without permanent 
deformation (rutting) was determined according to the SHRP [9, 12, 13]. The critical SHRP 
temperature, TC/°C, is the temperature at which G*/sin δ ≥1 kPa before ageing and G*/sin δ 
≥ 2.2 kPa after ageing at a frequency of 10 rad/s. The critical temperature was determined 
automatically by the DSR software.

3.3	 Ageing procedure

Thermo-oxidative ageing of base bitumen and EVA PmBs was performed using the Rolling 
Thin Film Oven Test, RTFOT, according to ASTM D 2872. The bitumen and PmBs were exposed 
to elevated temperatures (163°C) to simulate the conditions during the production, mixing 
and laying of asphalt mixtures. 

3.4	 Differential scanning calorimetry, DSC

In an attempt to quantify the ageing mechanism associated with RTFOT ageing of the EVA 
PmBs, DSC thermal behavior was studied with a Mettler Toledo DSC 822e in a nitrogen atmos-
phere at a heating rate of 10°C/min. In the first heating and cooling scans, the samples were 
heated from 25°C to 150°C and held at that temperature for 10 min in order to eliminate any pre-
vious thermal history. Then, the samples were cooled with liquid nitrogen from 150°C to -120°C. 

4	 Results and discussion

The DSC studies have been carried out to understand the thermal behavior of the EVA PmBs 
before and after RTFOT ageing and the results are presented in Table 1. Changes of the super 
molecular structure with the addition of the EVA polymer were followed. As the content of the 
EVA polymer increased the increase of the crystal structure was obtained, visible through the 
increment of melting enthalpy. After ageing, temperatures associated with the fusion of the EVA 
PmBs shifted toward lower values. Also, the melting enthalpy was reduced, indicating the distor-
tion of the crystal structure and degradation of EVA PmBs after thermo-oxidative ageing [8-10]. 

Table 1 	  DSC parameters of EVA PmBs before and after RTFOT

Samples Conditions Temperature Fusion Range [°C] ΔHm [J/g] Tm [°C]
EVA-3 Unaged 

RTFOT
40.4-82.8 
41.3-82.0

1.78 
1.05

64.9 
64.5

EVA-4 Unaged 
RTFOT

39.7-82.1 
42.3-80.9

2.68 
2.32

65.9 
65.4

EVA-5 Unaged 
RTFOT

34.9-89.5 
35.3-90.2

5.21 
4.98

66.8 
65.2

EVA-7 Unaged 
RTFOT

30.5-87.6 
31.9-79.8

7.24 
5.46

67.6 
59.8

The frequency dependence of the rheological viscoelastic parameters, master curves of com-
plex modulus, G*, complex viscosity, η*, and phase angle,δ, for BIT and EVA PmBs before 
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and after thermo-oxidative ageing are presented in Figure 1 to 3. The figures indicate that 
improved viscoelastic properties of EVA PmB can be observed over a wide frequency range. 
The curves of G*/f and η*/f show different behavioral trends at high and low frequencies. 
All EVA PmBs show a similar shifting of the complex modulus master curves towards higher 
values as the polymer content increases, particularly at low frequencies. At low frequencies, 
the differences in G*/f and η*/f curves are more evident in all EVA PmBs, which means the 
EVA modification has a stronger influence at lower frequencies. The complex viscosity ma-
ster curves continuously decrease with the increase in frequency. The curve of η*/f develops 
higher values at lower frequencies, but it remains similar to that of unmodified BIT from in-
termediate to high frequencies. EVA PmBs shows an apparent increase in complex viscosity 
with increasing polymer content (Figure 2). It is evident that the η* BIT value approaches a 
constant value of 104 Pas at low frequencies. The BIT shows viscous behavior, the phase angle 
approaches 90°C at low frequencies (Figure 3) [7-10]. The values of phase angle master curves 
decrease with EVA modification. We can see evidence of a breakdown of time-temperature 
equivalence from the master curves of phase angle for EVA PmBs, particularly at intermediate 
and low frequencies and with a high content of added EVA (Figure 3). The breakdown of the 
smoothness of the master curve can be attributed to the structural changes of EVA with tem-
perature which is evident from the DSC measurements (Table 1) [10]. The crystalline portions 
(packed polyethylene segments) of the EVA polymers may melt and networks weaken at a 
temperature of about 50°C [6, 9, 10]. The discontinuous “waves” on the phase angle master 
curve are more evident for highly modified, semi-crystalline EVA PmBs. The PmB with a 3 wt. 
% EVA polymer shows good master curves with small “branching” at temperatures of 50°C and 
60°C, which is related to the start of semi- crystalline EVA polymer melting, as confirmed by 
the DSC measurement (Table 1). Despite the complex picture of phase angle master curve of 
EVA PmBs, the modification contributes to the decrease of the phase angle and the presence 
of a slight phase angle plateau. Lower δ and plateau formation mean that PmBs have better 
elastic behavior [7, 8, 10]. The changes in rheological master curves of EVA PmBs are noted 
after ageing under RTFOT conditions. The values of G* and η* increase after ageing, which is 
more evident at very low frequencies (Figure 1 and 2). This is related to the higher stiffness, 
which is a consequence of the oxidation process of BIT which is evident from the micropho-
tography [12]. As the content of EVA increases the influence of ageing is reduced. After ageing 
the values of δ decrease, indicating lower elasticity (Figure 3) [3, 7, 9]. Discontinuous “waves” 
and “branching” on the phase angle master curves are reduced after ageing. This is more 
evident as the content of the EVA polymer increases. This is related to the destruction of the 
crystal structure of EVA PmB, as can be seen from the results of DSC (Table 1) and from the 
microphotography [12]. The crystal structure is disrupted and leads to a phase angle towards 
higher values, indicating the viscous behavior after ageing (Figure 3).

Figure 1	 Complex modulus master curves for BIT and EVA PmBs
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Figure 2	 Complex viscosity master curves for BIT and EVA PmBs

Figure 3	 Phase angle master curves for BIT and EVA PmBs

Better rheological properties of EVA PmBs and better resistance to temperature can also be 
noted from the conventional tests results. The EVA addition in BIT increases the softening 
point value and the elastic behavior of the bitumen without a significant decrease of the pene-
tration value. The best compromise between softening point, elastic recovery and penetration 
value, before and after RTFOT is reached by the EVA PmBs modified with 5 wt. % EVA polymer. 
These changes are in agreement with the changes in rheological properties of EVA PmBs.

Figure 4	 The relationships between the softening point, penetration and elastic recovery for BIT and EVA 
PmBs; before and after RTFOT

Critical SHRP temperature, TC/°C, values for permanent deformation (rutting) are presented 
in Table 2. The critical temperatures of EVA PmBs are higher than that of the base bitumen. 
EVA PmBs with higher polymer contents have higher critical temperatures. This means better 
temperature resistance to permanent deformation, i.e. rutting [7, 8, 13].
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Table 2 	  The critical SHRP temperature

SHRP Samples
BIT 70/100 EVA-3 EVA-4 EVA-5 EVA-7

TC,before RTFOT/°C where G*/sin≥1 kPa 65.1 86.0 93.5 91.1 85.9
TC,after RTFOT/°C where G*/sin≥2.2 kPa 64.4 91.9 95.9 92.1 89.4
TC/°C 64.0 82.0 88.0 88.0 82.0

5	 Conclusions

The rheological properties of road bitumen are improved with EVA polymer modification as 
proven by the rheological master curves of G*, h*, d and by resistance to permanent de-
formation. EVA PmBs have better temperature resistance to permanent deformation under 
traffic frequencies than BIT which means better properties when used in road construction 
at high temperatures. The phase angle master curves have “branching” and “waves” due to 
the structural changes of EVA with temperature. After ageing the penetration values and the 
elasticity of EVA PmBs are decreased, while the softening point temperature is increased. 
This indicates that thermo-oxidative degradation is present. The rheological changes of EVA 
PmBs that occur after ageing are linked to a chemical change of the copolymer due to fusion 
of the crystallites. This leads to the reduction of discontinuous “branching” and “waves” on 
the phase angle master curve and an increase in viscous behavior after ageing. 

References
[1]	 Carera, V., García-Morales, M., Gallegos, C. & Pérez-Lepe, A.: Bitumen chemical foaming for asphalt 

paving applications, Industrial & Engineering Chemistry Research, 49, pp. 8538-8543, 2010.

[2]	 Adedeji, A., Grunfelder, T., Bates, F. S., Macosko, C. W., Stroup-Gardiner, M. & Newcomb, D. E.: 
Asphalt modified by SBS triblock copolymer: structures and properties, Polymer Engineering and 
Science, 36, pp. 1707-1723, 1996.

[3]	 Carreau, P. J., Bousmina, M. & Bonniot F.: The viscoelastic properties of polymer modified asphalts, 
The Canadian Journal of Chemical Engineering, 78, pp. 495-502, 2000.

[4]	 Navarro, F. J., Partal, P., Martinez-Boza, F. J., Valencia, C. & Gallegos, C.: Rheological characteristics of 
groundtyre rubber-modified bitumens, Chemical Engineering Journal, 89, pp. 53-61, 2002.

[5]	 Kalantar, Z. N, Karim, M. R. & Mahrez, A.: A review of using waste and virgin polymer in pavement, 
Construction and Building Materials, 33, pp. 55-62, 2012.

[6]	 Polacco, G., Stastna, J., Vlachovicova, Z., Biondi, D. & Zanzotto, L.:Temporary Networks in Polymer-
Modified Asphalts, Polymer Engineering and Science, 44, pp. 2185-2193, 2004.

[7]	 Bulatović, O. V., Rek, V., Marković, J. K.: Polymer Modified Bitumen, Materials Research Innovations, 16, pp. 1-6, 2012.

[8]	 Bulatović, V. O., Rek, V. & Marković, K. J.: Effect of polymer modifiers on the bitumen properties, 
Journal of Elastomers and Plastic, DOI: 10.1177/0095244312469964, 2013.

[9]	 McNally, T.: Polymer modified bitumen, Woodhead, UK, 2011.

[10]	Airey, G. D.: Rheological characteristics of Polymer Modified and Aged Bitumens, Doctoral Thesis, 
Nottingham, 1997.

[11]	 Mezger, T. G.: The Rheology Handbook, Vincentz Network, Hannover, Germany, 2006.

[12]	Bulatović, V. O., Rek, V. & Marković, K. J.: Rheological properties and stability of ethylene vinyl acetate 
polymer-modified bitumen, Polymer Engineering and Science, DOI: 10.1002/pen.23462, 2013.

[13]	 Nejad, F. M., Aghajani, P., Modarres, A. & Firoozifar, H.: Investigating the properties of crumb rubber modified 
using classic and SHRP testing method, Construction and Building Materials, 26, pp. 481-489, 2012.



Road Pavements 431

Assessment of an appropriate modifier 
content in modified bitumen 
based on the multiple stress creep recovery test
Jan B. Król, Piotr Radziszewski, Karol J. Kowalski, Michał Sarnowski
Warsaw University of Technology, The Faculty of Civil Engineering, Poland

Abstract

Construction of a durable bituminous pavements requires high quality materials such as 
bituminous binders with extended viscoelastic properties. The main objective of this paper 
was to compare and analyse high temperature viscoelastic properties of polymer modified 
bitumen (PMB) in order to assess appropriate modifier content. In this paper, there is descri-
bed multiple stress creep recovery (MSCR) procedure in accordance to Superpave PG specifi-
cation. Using the MSCR procedure, comparison with a traditional PG criteria was discussed. 
PG criteria and MSCR procedure were used to asses properties of polymer modified bitumens 
produced in Europe and to classified them in accordance to European standards. Additionally, 
new MSCR procedure was used to verify properties of binders used for construction of high 
traffic load pavements. Based on a conventional tests (penetration, softening point, elastic 
recovery and Fraass breaking point) as well as recovery and non-recoverable creep compli-
ance obtained from MSCR test, amount of an appropriate modifier content was analysed. 
It was concluded, that although bituminous binders complies with European specification 
requirements, they are significantly different in terms of their rheological properties due to 
the modifier content. It was found, that polymer modified bitumen within the same hardness 
group exhibit different high temperature properties. This work confirmed poor correlation 
between elastic recovery in ductility test versus recovery from MSCR test.

Keywords:	 polymer modified bitumen (PMB), multiple stress creep recovery (MSCR), modification

1	 Introduction

Superpave specification was developed by the Strategic Highway Research Program (SHRP) 
in the United States about 20 years ago. Research phase was launched in 1987, lasted 5 ye-
ars and costs about 150 million dollars. Implementation stage of the program began in 1993 
and up to now the requirements of Superpave are subjected to verification and changes [1]. 
The Superpave specification is using climatic zones to determine the performance grade of 
asphalt binders. Binders should comply the requirements for specific climate zone and at 
the same time, Superpave specification does not impose requirements on the composition 
and origin of the binders. Manufacturers of asphalt binders in the United States in order to 
increase the functional scope of the use of binders commonly modifies asphalt binders.
Superpave requirements in the original assumption were developed taking into account the 
average traffic speed and load. For heavy and/or slow traffic Superpave recommends incre-
asing upper PG (performance grade) to the next level. As the result of this recommendation, 
manufacturers stiffer the binder by high polymer level modification. It hence increases the 
costs and raise the technological temperature of binder application.

28–30 April 2014, Split, Croatia
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The second major issue arriving when increasing PG is the lack of “sensibility of the test met-
hod” on the type of modification. In the United States for the purpose of stiffening binders and 
raise the type of PG, different types of modifiers (not polymer type) were started to be used. It 
has led to meet Superpave requirements, but it not improved pavement properties. The value 
of the parameter G*/sinδ is overwhelmingly dependent on the stiffness modulus value and in 
much lesser extent depends on the value of the phase angle. While the properties of bitumen 
modified with elastomers (e.g. SBS type) advantages over traditional road bitumens in an 
increase of the elasticity (that is not dependent on the stiffness of the binders), it is strongly 
dependent on the value of phase angle [2].
In response to the verification of the requirements of Superpave to adapt them to changing 
material modification trends and with take into account the nature of the traffic, the new Su-
perpave requirements introduced the test method of multiple stress creep recovery (MSCR) [3].

2	 Materials and testing methods 

2.1	 Materials

Binder samples used in this study were obtained from asphalt plants located in north-east, 
central, south and south-west parts of Poland. Two types of polymer modified bitumens PmB 
25/55-60 (five samples) and PmB 45/80-55 (five samples) from two binder producers, were 
acquired. Each sample was obtained according to EN 58 (Bitumen and Bituminous Binders 
– Sampling Bituminous Binders) specification during binder unloading when transported to 
the asphalt mixture plant. Modified binders produced in Poland are obtained from Russian 
crude oil and modified with SBS polymer. It has to be noted, that according to the European 
requirements, bituminous producers providing PmB does not have to characterize content of 
the polymer used for modification (typical value of the SBS content in Polish market is about 
3-5%).

2.2	 Conventional testing methods

All binders in this study were tested with conventional classification test such as penetrati-
on at 25°C according to EN 1426, softening point according to EN 1427 and elastic recovery 
according to EN 13398. Additionally, samples were tested using dynamic shear rheometer 
according to EN 14770 and bending beam rheometer according to EN 14771 in order to analyze 
rheological properties and for the PG classification. Properties of polymer modified bitumen 
were obtained for non-aged as well as short-term (RTFO – Rolling Thin Film Oven) and long-
term (PAV – Pressure Ageing Vessel) aged samples in accordance to Superpave classification. 
Properties of modified binders were evaluated according to EN 14023:2010 specifications 
(with Polish normative appendix NA). Test results obtained from BBR (bending beam rheome-
ter) and DSR (dynamic share rheometer) apparatus were evaluated according to the US spe-
cifications (ASTM D6373 Standard Specification for Performance Graded Bituminous Binder).

2.3	 Multiple stress creep recovery test method (MSCR)

Multiple stress creep recovery (MSCR) procedure allows to characterize high-temperature pro-
perties of bitumen and is used to designate the upper range of functional PG according to the 
AASHTO MP 19 [4]. This test shall be carried out in dynamic shear rheometer (DSR), using the 
measuring system parallel plates with a diameter of 25 mm and 1 mm gap in accordance to 
the procedure described in the AASHTO TP 70 [5]. The test procedure requires the repeated 
shear load per one second at constant stress applied to the bitumen sample after RTFO. Each 
load cycle is followed by a 9-second relaxation of material. Single cycle lasts 10 seconds and 
is repeated ten times on the 0.1 kPa and 3,2 kPa stress level. In each cycle of creep and re-
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laxation, the strain change is recorded in the first and tenth of a second. Deformation analysis 
during the cycle can be separated for the elastic deformation (recoverable) and permanent 
deformation (non-recoverable). The result of the MSCR test is the percentage average elastic 
recovery R, calculated according to the formula (1) and (2) and non-recoverable creep compli-
ance Jnr calculated according to the formula (3) and (4).

	 	 (1)

 
	 	 (2)

 
	 	 (3)

 
	 	 (4)

where:

τ	 stress;
N	 number of cycles;
ε1	 strain increment after the first second cycle (at the end of the phase of creep);
ε10	 strain increment after the 10 second cycle (at the end of the relaxation phase).

The average percentage of elastic deformation R specifies the elastic properties of binders [6], 
and non-recoverable creep compliance Jnr specifies the permanent deformation sensitivity of 
the material. The increasing of Jnr value affects decrease resistance to permanent deformation 
[7, 8]. The requirements of AASHTO MP 19 [4] bring additional classification within a single 
performance grade. Standard sets four classes depending on traffic load (ESAL) includes: 
standard – S, high – H, very high – V and extremely high – E (see table 1) [6].

Table 1 	  The requirements of resistance to permanent deformation of asphalt binders according to AASHTO MP 19

Classes of traffic load
Traffic 
characteristics

Standard 
S

High 
H

Very high 
V

Extremely high 
E

<70km/h 
<10 mln ESAL

20÷70 km/h 
10÷30 mln ESAL

>20 km/h  
>30 mln ESAL

<20 km/h  
>30 mln ESAL 

Requirement  
(binder after RTFOT)

Jnr3,2 ≤ 4,0 
[kPa–1]

Jnr3,2 ≤ 2,0 
[kPa–1]

Jnr3,2 ≤ 1,0 
[kPa–1]

Jnr3,2 ≤ 0,5 
[kPa–1]

3	 Tests results

During this study basic classification and advanced rheological test were conducted on diffe-
rent samples of modified binders to compare the repeatability of properties of binders from 
Polish market. Results of binder penetration tests conducted at 25°C, softening point tem-
perature by R&B method, Fraass breaking point and elastic recovery are shown in Table 2 for 
25/55-60 and 45/80-55 polymer modified bitumen.
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Table 2 	  Basic properties of polymer modified bitumen

Sample of 
PMB binder

Penetration at 
25°C [0,1mm]

Softening point 
temperature by R&B [°C]

Fraass breaking 
temperature [°C]

Recovery 
elastic [%]

25/55-60_1 33 64,8 -11 68
25/55-60_2 36 66,2 -16 82
25/55-60_3 25 69,6 -17 75
25/55-60_4 32 59,4 -10 81
25/55-60_5 41 60,8 -22 76
min value 25 59,4 -22 68
max value 41 69,6 -10 82
SD 5,47 3,72 4,35 5,30
45/80-55_1 46 58,0 -14 77
45/80-55_2 49 56,2 -11 79
45/80-55_3 53 62,0 -18 84
45/80-55_4 46 56,4 -11 62
45/80-55_5 56 62,0 -15 86
min value 46 56,2 -18 62
max value 56 62,0 -11 86
SD 3,67 2,62 2,64 8,63

It can be noticed, that for the same binder type (25/55-60 or 45/80-55) results of penetration 
and softening point are diversified but except one case for 25/55-60 sample, binders met 
requirements (table 3).

Table 3 	  Requirements of polymer modified bitumen in according to PN-EN 14023:2010 (Appendix NA)

PMB type Requirements
Penetration at 
25°C [0,1mm]

Softening point 
temperature by R&B [°C]

Fraass breaking 
temperature [°C]

Recovery elastic [%]

25/55-60 25/55 ≥ 60 ≤ -10 ≥ 50
45/80-55 45/80 ≥ 55 ≤ -12 ≥ 50

For analysed binders large diversification of test results was recognized in Fraass breaking 
point with a differences of up to 10°C and in elastic recovery over 20%. According to the Polish 
specifications (Appendix NA for EN 14023), for the polymer modified bitumen the required 
values are: 50% for elastic recovery and -10°C or -12°C for breaking point for PMB 25/55-60 
and PMB 45/80-55 respectively. This fact shows significant differences between similar types 
of binders.

3.1	 Assessment of the PG gradation 

Based on the G*/sinδ value and Superpave requirements, upper limit of the performance 
grade temperature has been determined for polymer modified bitumen based on the original 
and RTFO aged binder. In accordance to Superpave requirements, the critical temperature of 
PMBs were determined using BBR apparatus based on the stiffness modulus and m parame-
ter on PAV aged samples. PG gradation of tested polymer modified bitumen containing low 
and high temperature limit are shown in Figure 1.
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Figure 1	 Performance gradation of tested polymer modified bitumen

Based on the PG gradation of tested binders it can be concluded, that all modified bitumens 
shown upper limit of the performance grade temperature above 70°C. Higher temperature 
(about 82°C) were obtained for PMB 25/55-60. High upper limit of the performance grade 
temperature, determined using DSR apparatus, indicate high rutting resistance.
Based on the conducted analysis of low BBR temperature, it was concluded that PMBs does 
not exhibit favorable low temperature properties, especially when compared with the typical 
critical winter pavement temperatures in Poland (from 28°C to -34°C).

3.2	 Assessment of multiple stress creep recovery and elastic recovery

Large diversification of test results of polymer modified bitumens both in classification tests 
according to European Standards and obtained a significant stiffness of binder on the basis 
of assessments by PG grade, demonstrates difficulties in the proper evaluation of the polymer 
modified bitumen and, in particular, the contents of the polymer. The MSCR test method 
allows the assessment of appropriate level of polymer modification of bitumen based on the 
elastic recovery R with respect to the non-recoverable creep compliance Jnr of the binders and 
to the traffic load. Figures 2 and 3 shows test results for PMB 25/55-60 and PMB 45/80-55, res-
pectively, depending on the elastic recovery and the Jnr parameter from MSCR test with 3,2 kPa 
stress level. A straight line with dots in figures presents the empirical curve for proper polymer 
content in bitumen. Results located over the curve indicate the correct amount of polymer.

Figure 2	 Dependence of elastic recovery R and the Jnr parameter from MSCR with 3,2 kPa stress level for PMB 25/55-60
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On the basis of an analysis of the test results obtained from MSCR test, some of the modified 
binders are located below the curve. For PMB 45/80-55 sixty percent of tested binders are 
located below the reference curve, which proves that they contain insufficient amount of 
polymer. Analysis of the results of non-recoverable creep compliance Jnr shows higher stiffne-
ss of the binder from group PMB 25/55-60. For most of these binders non-recoverable creep 
compliance not exceeded 0.6 kPa-1 value. It can be noticed, that in spite of the insufficient 
level of polymer modification, most binders complies the requirements of the EN standards 
and there is possible to evaluate the PG grade according to Superpave (AASHTO M 320-09 
Performance-Graded Asphalt Binder).

Figure 3	 Relationship between elastic recovery R and the Jnr parameter from MSCR with 3,2 kPa stress level 
for PMB 45/80-55

Figure 4	 Relationship between elastic recovery from ductility and elastic recovery from MSCR

In order to compare methods used to evaluate elasticity of modified binder, in Figure 4 there is 
presented correlation between elastic recovery from ductility and elastic recovery from MSCR 
test. Based on the results presented in Figure 4, no correlation can be observed for both the 
64°C and 70°C tests temperature (R2 < 0,35).
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4	 Conclusions

Based on the tests conducted and analysis of the polymer modified bitumen produced in 
Poland, the following conclusions can be drawn:
1	 The bituminous binders exhibit large diversification of test results, but, except few cases, 

meet all of the current European requirements.
2	 Based on the stiffness modulus and m parameter obtained from BBR and on the G*/sinδ 

parameter from DSR tests, it can be noticed that all bituminous binders demonstrate very 
good performance in high temperature with limited resistance to low thermal cracking.

3	 All of the tested modified binders exhibit over 50% value of the ductility elastic recovery, 
but only half of tested modified binders exhibit relevant polymer content in accordance 
to MSCR test method.

4	 According to some reports [9,10] published in recent years about difficulties in the 
application of the polymer modified bitumen and not sufficient quality, it seems 
necessary to incorporate an additional assessment by MSCR methods. Multiple Stress 
Creep Recovery method allows for assessment of appropriate amount of elastomer used 
for modification and to eliminate binder with weak elastic properties.
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Abstract

The paper presents the results of a laboratory investigation aimed at evaluating the effects of 
filler on the rheological properties of bituminous mastics. More specifically, the mechanical 
behaviour of mixtures made with bitumen and inorganic aggregate is analyzed: selected fines 
from Municipal Solid Waste Incinerator (MSWI) ashes were used. The interaction between 
binder and aggregate determines a change in the rheological behaviour. Experimental data 
show a viscoelastic behaviour in the usual operating temperatures range and in a dynamic 
stress configuration characterized by high strains. It can also be observed that the thermal 
susceptibility of the mastic markedly depends on the content of filler, which is responsible for 
the variations of stiffness and resilience, measured in terms of complex modulus and phase 
angle. In order to examine the rheological effect of inorganic filler, tests were performed with 
the objective of checking the mastic behaviour at the edge of the linear viscoelastic region. 
Above the linear viscoelastic threshold, the bituminous mastic is significantly sensitive to the 
presence of filler and a statistically robust protocol is required. The experimental data were 
obtained by means of a dynamic shear rheometer (DSR) and synthesized with a viscoelastic 
model. For the interpretation of the results, master curves of the main performance indices 
were calculated, being related to the filler content. As expected, the results confirm that ar-
tificial aggregate from MSW incinerators can be used in order to improve mastic properties.

Keywords:	bituminous mastics, inorganic aggregate, marginal material, rheology

1	 Introduction

In recent years, marginal and industrial waste materials have been widely used in various ci-
vil and industrial engineering sectors. These materials have demonstrated a good capacity 
of integration with the traditional materials and an ability to substitute aggregates of natural 
origin, contributing to a saving of natural aggregates extracted from quarries, and therefore 
to environmental conservation. In particular, the diffusion of incinerators has made residues 
available from the combustion of municipal solid waste (MSW) in the form of slags, which are 
worthwhile studying for their use in road pavements [1-8]. The MSW slags, at one time disposed 
of in dumps, cannot be used as they are, because they often contain unsuitable elements (metal 
residues like nails, bolts, cutlery) and tend to release substances (heavy metals or very fine 
particles) that are potentially polluting for soils and groundwater. The material may also contain 
components incompatible with the bitumen under the electro-chemical profile, which impede 
the mixing or performances of the asphalt concretes. The slags are therefore utilizable only after 
a selection process. It should be remembered that the major strong point of this waste material 
is its low cost. For this reason, economic fractionation methods or selection processes (vitrifi-
cation) of the aggregate should be used to provide a suitable aggregate for use in construction.
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In this paper it was decided to use only the finest fraction (the filler, D < 0.075 mm) of the MSW 
slags to study the variation of the mechanical properties of the bitumen and the interaction 
with the filler. The hot mixing of these two elements, filler and bitumen, gives a semisolid 
mastic, which influences the performances of the asphalts produced. In particular, it was de-
monstrated that the presence of the filler in the bitumen improves the durability of the mix, 
mechanical resistance and pavement performances: an increase of the filler content increases 
the stiffness of the mastic; instead, a reduction of the bitumen content reduces the stability of 
the compound. Although there are some studies that demonstrate a reduction of the principal 
physical-mechanical characteristics of the mixtures containing marginal materials of industrial 
origin, compared to analogous mixes with conventional materials, recent studies have evi-
denced the improvements obtainable with the use of filler from MSW slags [5-8]; starting from 
these, based on the study of the mechanical behaviour of the mastics in the linear viscoelastic 
field (LVE), it was decided to extend the characterization to the limits of this region, i.e. to the 
conditions in which the material is subjected to high strain levels, when the normal models 
start to lose their efficacy. With this aim, a dynamic shear rheometer (DSR) was used to support 
the dynamic analysis (DMA), in a sinusoidal oscillatory regime, of these materials and to de-
termine the principal rheological properties (complex modulus, phase angle) of the bitumen.
The use of a DSR for the characterization of mastics has long been debated, because, in the 
past, the material drove the instrument to its operative and mechanical limits. In this research 
an instrument was used that could support the necessary regimes of force and strain [9-13, 
15]. Moreover, the quantity of filler added to the bitumen, the dimensions of the filler (maxi-
mum nominal diameter) and the states of torsion reached are compatible with the current 
technical standard and are well within the working limits of the instrument. The results of the 
analyses conducted during this study have identified the effects of the rate of filler on the 
mechanical behaviour and consistency of the mastic. 

2	 Experimental programme and research setup

The aim of this study is to evaluate the improvement in the mechanical properties of bitumen 
with the addition of filler, seeking the optimal content of the latter, which allows the perfor-
mances to be optimized at the limit of the LVE field. The performances of the bitumen and 
mastic were analyzed using a dynamic shear rheometer (DSR), in particularly delicate condi-
tions that are intensified with the increase in the rate of filler. The empirical characteristics of 
the binders and mastics were analyzed first in order to classify and select them. In the next 
phase, after having determined the limits of the LVE field, laboratory tests for the rheological 
characterization of the bitumen and mastics were conducted in controlled conditions, varying 
the rate of filler.

2.1	 Materials 

Different types of traditional bitumen were used, with variable origin (all from Italy) and per-
formances. The bitumen specimens were prepared and stored according to the European 
standard EN 58. The binders were chosen on the basis of their physical-mechanical charac-
teristics: modified bitumens were excluded and those not in line with the prescriptions of 
the current European standards. The slags from MSW combustion, collected from a North-
East Italy plant, were heated in an oven at a temperature of 105 °C to eliminate the residual 
moisture. Samples were then sieved and the fraction passing through a 0.075 mm diameter 
sieve was collected. The mastics prepared for the tests contained the following quantities of 
filler: 25%, 50%, 75% and 100% of the mastic weight. These values are in line with the typical 
prescriptions for asphalt mixes for road use, and are consistent with the traditional types and 
with research conducted in this field [14]. In order to guarantee that the standards defined by 
the project protocol were met, all the preparation and mixing phases were monitored using 
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an infrared NEC Thermo Tracer TS9260 camera (T-IR). The test were entirely performed at the 
Road Laboratory of the University of Padua.

2.2	 Empirical Analysis

The following tests were performed: penetration at 25 °C (EN 1426), softening point (R&B) 
temperature (EN 1427), Fraass breaking point (EN 12593), dynamic viscosity at 135 °C (EN 
13702), mass-loss on heating – LOH (EN 12607/1), penetration at 25 °C after LOH (EN 1426). 
The initial empirical analysis identified three classes of penetration: 35/50, 50/70 and 70/100 
mm/10; a summary of the first two tests for the bitumens and relative mastics is presented.

2.3	 Dynamic and Rheological Analysis

The tests, conducted with an AntonPaar MCR 302 DSR, were done in sinusoidal oscillatory regi-
me, varying the frequency (f) and temperature. Two geometries are usually used in this type of 
test, which have a diameter of 8 mm and 25 mm. However, the preliminary tests demonstrated 
a discrepancy between the results obtained in the two cases. For this reason it was decided 
to use the two testing plate geometries (Table 1), again in accordance with the prescriptions 
in the technical standard. The gap depends on the geometry and amount of material tested 
(Table 1). The tests were repeated 3 times for each type of material and the results were then 
averaged. The tests (in frequency sweep) were conducted in accordance with the prescriptions 
indicated in the standard EN 14770: the bitumen, or mastic, was poured onto the lower plate 
of the DSR at a temperature of 130 °C (±10°C). The value of normal force was fixed: during the 
descent of the upper plate (< 0.5 N), to avoid the mastic suffering a pre-stress due to excess 
material; during the trimming phase; during the test (Nf = 0 N), to maintain the contact between 
plate and bitumen; during the conditioning phases. The limit of the linear viscoelastic field 
was determined for all the materials with separate tests, in amplitude sweep: strain limit was 
determined on the average of five specimens and for all temperatures (e.g. 1% to 5%). 

Table 1 	  Test conditions and spindle geometry 

Testing 
geometry

Diameter 
[mm]

Gap width 
[mm]

Temperature 
[°C]

Step Temp.
ΔT [°C]

Reduced 
Frequency [Hz]

PP08 8 2 10 to 35 5 0.016 to 16
PP20 20 1 30 to 80 5 0.015 to 16

For the construction of the isothermal curves of the complex modulus (G*) and the phase angle 
(δ), different tests were done, in frequency sweep, with gradual 5 °C temperature increases (ΔT), 
on three identical specimens. The spindle compliance condition was verified directly on the cur-
ves in frequency sweep, conducting the tests with both the geometries at temperatures of 30 and 
35 °C. The reproduction of the master curves of the complex modulus |G*| and phase angle δ is at 
the arbitrary reference temperature of 25 °C. The single isothermal curves represent the response 
of the material to a loading cycle in frequency sweep. These were shifted utilizing a polynomial 
factor present in the literature [14]. In this connection the principle of time-temperature superpo-
sition (TTS) is considered valid and the materials are considered “thermo-rheologically simple”: 
an increase in the temperature reduces the resting times of the structural processes associated 
to the strain and flow. If this reduction is the same for all the times of the resting spectrum, an 
increase of the temperature determines in the diagram log(|G*|)-log(f) a horizontal shift of the 
response G(f) towards shorter times and without substantial vertical movements [15]. All the 
materials are represented with the respective average model curve, between 1.0E-05 and 1.0E+02 
Hz; the lines relative to the extremities of the curve differ according to the maximum (min torque) 
and minimum temperature (max torque) reachable with the tests in frequency sweep.
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3	 Results and discussion

The master curves presented in this paper were calculated with reference to a model proposed 
in previous studies [11, 12, 14, 15] and suitable to represent these materials. The analytical 
formulation, although not simple, is suited to the programming of iterative cycles that allow 
a well-defined curve to be reached with five parameters (Gg, R, k, w, δ∞). For the modelling, 
as suggested by the authors, it was initially decided to set the maximum value of the com-
plex modulus at 1 GPa. Nevertheless, with the analysis procedure and available data, it was 
observed that the model adhered better to the experimental data if the first constraint was 
eliminated. Although the optimization of the model is at an initial stage, for the presentation 
of the results of this study it was decided to add another degree of freedom, also freeing the 
constraint of the minimum value of the complex modulus (Gf→0≠0).

3.1	 Unaged unmodified bitumen pen 35/50

Between types available, for this class of penetration, two bitumens were evaluated as being 
suitable: 35/50Li and 35/50TO. The empirical profile shows that the mastic is more consistent 
and less sensitive to the temperature of the original bitumen (Table 2). Although the bitumen 
is the originator of the mechanical behaviour of the mastic, the influence of the filler content 
is clear on the two bitumens and shows in a different way. The values of the complex modulus 
are comparable on average and increase with the filler content, the bitumen 35/50TO acquires 
greater stiffness with the same added filler. The phase angle and, therefore, the resilience 
of the mastic do not present similarities: in the first case (35/50Li) the resilience tends to 
diminish with the addition of filler; in the second case (35/50TO) the comparison with the 
original bitumen depends on the test frequency (figures are omitted due to lack of space).

Table 2 	  Bit. 35/50. Softening point temperature [°C] and penetration [mm/10]

Property/mastic 0% Filler 25% Filler 50% Filler 75% Filler 100% Filler
Sign Li TO Li TO Li TO Li TO Li TO
Soft. Point [°C] 47 48 50 49 52 52 58 57 64 65
Pen. [0.1 mm] 37 39 39 34 30 28 25 23 22 23

3.2	 Unaged unmodified bitumen pen 50/70

Three bitumens were examined (50/70Ve, 50/70Li, 50/70TO) that respected the indications 
in the standard. The expectations about the effect of the filler content were confirmed, for 
all the empirical tests. Although the bitumens belong to the same class, the filler produces 
a different evolution of the values of penetration and softening temperature (Table 3), more 
marked with respect to the class 35/50 pen. 

Table 3 	  Bit. 50/70. Softening point temperature [°C] and penetration [mm/10]

Mastic Property 0% Filler 25% Filler 50% Filler 75% Filler 100% Filler
Sign Ve Li TO Ve Li TO Ve Li TO Ve Li TO Ve Li TO
Soft. [°C] 53 45 49 54 47 50 54 49 52 60 54 57 65 60 64
Pen. [0.1 mm] 68 65 54 57 53 48 42 43 36 32 37 34 24 29 27

In all three cases examined an increase of the stiffness is observed, in agreement with the 
increase in filler content, while the resilience of the mastic reduces. The cause-effect ratio 
between bitumen and filler is not comparable. In the first case (50/70Ve) the filler determines 
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a shift of the stiffness towards higher levels of G*; the phase angle remains relatively low 
(δ<80°) and it is not possible to predict the position of the lower horizontal asymptote: as the 
temperature rises the mastic loses its resilience, shown by the original bitumen, therefore the 
value of δ∞ cannot be assumed constant and equal to 0°.
The results obtained from the tests on the bitumens 50/70Li and 50/70TO, and relative ma-
stics, are congruent with the expectations as regards the stiffness (G*). Nevertheless, the 
relationship between loss of resilience and filler is strongly influenced by the original bitu-
men: the 50/70Li appears to be less sensitive than the others; while the 50/70TO appears 
to be unaffected by the filler at low rates (25% and 50%) to then clearly lose resilience with 
higher rates (75% and 100%). In this phase tests were not done at temperatures lower than 10 
°C, so it is not possible to make precise predictions on the position of the value of the glass 
modulus. The comparison between the moduli of the three bitumens shows that the 50/70Ve 
evolves with a lower gradient and towards a lower glass asymptote.

3.3	 Unaged unmodified bitumen pen 70/100

The selection of the bitumens produced three samples: 70/100Ve, 70/100Li and 70/100TO. It 
is not possible to identify a connection between filler content and sensitivity of the bitumen 
to the variation of the temperature. The ratio is not linear and reflects the dominance of the 
filler (e.g. 75-100%). Although there are slight differences (see Table 4, penetration at 25% 
and softening point at 75% filler content), empirically the three bitumens are assimilable. This 
analogy is completely lost observing the results of the tests with the DSR: both the stiffness 
and resilience have different evolutions with respect to the loading frequency. The bitumen 
70/100Ve is the most sensitive to the filler content: it was originally, under the same conditi-
ons, the least rigid and most resilient. The derived mastics show a clear reduction of the resili-
ence, to the point that it is reasonable to assume a lower horizontal asymptote at around 45°.

Table 4 	  Bit. 70/100. Softening point temperature [°C] and penetration [mm/10]

Mastic Property 0% Filler 25% Filler 50% Filler 75% Filler 100% Filler
Sign Ve Li TO Ve Li TO Ve Li TO Ve Li TO Ve Li TO
Soft. [°C] 46 44 46 48 47 47 50 49 49 56 52 52 61 60 60
Pen. [0.1 mm] 72 75 75 62 67 60 42 49 49 41 40 40 34 31 32

Table 5 	  Stiffening and melting effects of filler content

An important result obtained from the tests regards the operative limits of the mastic produ-
ced with this filler: the greatest effects on the phase angle are located beyond the frequency 
of 1 Hz and become increasingly more marked. Table 5 shows that all the bitumens only un-
dergo an effective increase of the performances if the rate is above 50% in weight; however, 
in all the cases, the increased stiffness is limited within same order of magnitude. While the 
bitumen 35/50TO shows anomalous behaviour at low rates, in general all the other binders 
establish an effective bond with the filler with stiffness increments that increase with the 
frequency. 
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4	 Conclusions 

A campaign of tests has been formulated for the characterization of unmodified and unaged 
bitumens that has confirmed the weakness of the empirical tests in the comparison with the 
results of the DSR, in particular as regards the resilience of the mastic.
As expected, the bitumen tends to show Newtonian type behaviour at high temperatures 
(G0→0, Tmax=80 °C), unlike the mastic. In this particular region of the viscoelastic behaviour, 
the mastic supplies performances that initially depend on the original bitumen. As the rate of 
filler increases, this tends to compensate for limits of the initial bitumen, taking stiffness and 
resilience to comparable levels, unconnected with the penetration class of the original bitu-
men. At low temperatures, the complex modulus seems to be far removed from the threshold 
of 1 GPa, for all penetration classes. This classification does not reflect the physical-chemical 
interaction between the two elements following the mixing, and it is not simple to predict the 
effects on the loss of resilience. The complex modulus increases significantly with the filler 
content, therefore this material supplies stiffness to the original bitumen. On the other hand, 
the resilience is lowered, especially at the extreme limits of the frequencies and temperatu-
res. The greatest benefits are therefore found in the interval of central frequencies, between 
0.001 and 1 Hz, where the phase angle results as practically independent of the filler. The 
domination of the filler, as expected, appears at the extremes of the investigated frequency 
interval, especially the upper one, i.e. where the instrumental limits of the test configuration 
are reached. The influence of the stiffness of the material on the results of the test with the 
DSR should be taken into account: it is reasonable to suppose that the instrument and test 
configuration play an important role, that there will be errors that increase in intensity with 
the increase of the filler content, complexity of the mastic and approaching the operative 
limits of the instrument (max and min torque). The tested mastics are classified as thermo-
rheologically complex materials, so it is reasonable to hypothesize that ageing will produce 
more marked effects on the filler bitumen interaction. The model used to construct the master 
curves allows a simple and efficient calculation, but tends to fail for mastics with high percen-
tages of filler. It seems that there is a strong physical-chemical interaction between the two 
materials: the aggregate dominates the bitumen if dosed at above 50% and can no longer be 
considered as a solid dispersed phase. 
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Effect of bitumen origin on behavior of cold 
recycled mixes using foamed bitumen technique
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Abstract

Within the European research project COREPASOL supported by a group of countries associa-
ted in the Conference of European Directors of Roads, the effect of distilled bitumen gained 
from different locations on the characteristics (indirect tensile strength, water susceptibility 
and stiffness) of cold recycled asphalt mixtures has been assessed as a partial task. In the 
first step, the optimum foaming water was evaluated for each bituminous sample by optimi-
zing the relationship between the expansion rate and the half-time. For the optimized foaming 
water content, one cold recycled mix design with different foamed bituminous binders has 
been used. The behavior of all experimental mixes has been tested by indirect tensile strength 
test done after 7 and 14 days for cured specimens, whereas the curing procedure respected 
Czech technical specification TP208. In parallel, stiffness testing has been done for each mix 
variant and a group of specimens has been water soaked between 7th and 14th day. These 
specimens were used for water susceptibility testing. After the first set of tests has been done, 
two foaming agents were used for selected bitumen represented by additives provided by 
Iterchimica and MeadWestVaco. For bitumen doped by such agents, the foam characteristics 
were evaluated again with a distinctive improvement in both foam characteristics particularly 
for one of the agents. Also this foamed bitumen has been later used for cold recycled mix 
laboratory production and testing. This paper presents the results obtained and findings with 
recommendations.

Keywords:	cold recycling mixes, foamed bitumen, foaming agent, indirect tensile strength, 
stiffness modulus, water susceptibility

1	 Introduction

Foamed bitumen lends itself to use as a binder for stabilizing various grain materials, inclu-
ding asphalt materials from the original, reclaimed asphalt pavement (RAP). Energy savings, 
sustainable road construction development and conservative use of material particularly in 
relation to the bituminous binder are the most important issues in the road building indu-
stry. The aspects represent a very strong incentive to use foamed bitumen technology all 
over the world, both from the economic and the environmental aspects [1]. Foamed bitumen 
technology can no longer be considered a real innovation. The technology of controlled fo-
amed bitumen production was patented as early as in 1956 by Professor L. H. Csaniy of the 
Engineering Experiment Station of Iowa State University, originally as an improved binder for 
soil stabilisation in the construction of American military roads on the Pacific islands using 
solely volcanic ashes. After several years, the technology was abandoned; subsequently it 
was bought by Mobil Oil Australia that designed a fundamental improvement with which the 
technology has survived to this day. The mix spread significantly primarily in Australia already 
in the 1970’s as a consequence of the oil crisis and skyrocketing prices of oil products which 
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resulted in a search for alternative and economically viable technologies for road building and 
reconstruction. Until 1993, the method was covered by a patent and any interested parties 
could only buy the licence for the technological method from Mobil Oil. When the patent on 
the technological method expired the technology for bitumen foam production rapidly spread 
in a number of countries. From the perspective of technical development of foamed bitumen 
technology application, particularly in the field of cold recycling, this expansion was most 
supported by company Wirtgen. Besides, alternatives which can be classified today as warm 
asphalt mixes with applicability in traditional mixing plants (applications known from Norway, 
Great Britain or USA) have also found their use. With respect to the fact that the technology 
has gradually found its way into pavement reconstruction in a number of industrial countries, 
the myth according to which any technology using foamed bitumen can only be used to build 
pavements solely in developing countries has finally been destroyed.
At present, there is a broad range of design methods for foamed bitumen mixes. Each of them 
differs in the mineral component grain size, filler type and content, water content in the mix, 
as well as the purely experimental issues related to the test specimen sizes, type of mixing, 
test specimen compaction and curing. The design procedures for foamed bitumen mixes also 
strongly depend on the type and quality of the reclaimed aggregate since different countries 
have different pavement compositions from the point of view of the mix contents traditionally 
used [2] and the structure components themselves. 
In general, any bituminous binder which comes into contact with water when hot starts foa-
ming and increases its volume several fold. However, this is not desired in most cases. The 
principle of foamed bitumen production is pumping air (under the pressure of approx. 10 bar) 
and water (1-5 %-wt. under the temperature of 15-25°C) under the pressure of 4-5 bar into the 
hot bitumen binder (50/70 – 160/220 applying temperature of 170-190°C). In contact with 
the hot bituminous binder, water immediately changes to steam. This is gradually captured 
and closed in minute bitumen foam bubbles; once it has transformed into steam the foam 
expands and increases in volume several fold. In this state, it is dosed into the aggregate. The 
entire foaming process takes place in an expansion chamber where the hot bituminous binder 
is fed and the steam and air added through jets. Subsequently, the resulting mix is pressure-
pumped into the aggregate. When the foaming is maximal the bituminous binder bubbles 
gradually collapse; their surface attempts to adhere closely primarily to the fine aggregate 
particles which generates bitumen binder droplets that subsequently join one another and 
create a thin bitumen film; this coats the larger aggregate particles. Here, it is necessary to 
mention the effect of thermal susceptibility of the bituminous binder, or sudden changes of 
bitumen viscosity in contact with cold water during the foaming process which affects the 
foaming capacity and quality of the foam produced that must be taken into consideration. 
Thermal susceptibility can be defined as a change of bitumen viscosity depending on tem-
perature changes [3]. In comparison to a bituminous binder or emulsion, foamed bitumen 
has much greater surface and different surface tension which allows sufficient coating of 
particularly the fine aggregate particles with a smaller quantity of bitumen. In this regard, the 
content of fine particles in the mix design is important as the mix operates on the principle of 
coating the particles with the foam and the created mastic thus created subsequently binds 
the larger aggregate grains together. A part of the foam is naturally caught on the surface of 
larger aggregate grains. 
In general, the foamed bitumen quality is expressed as the proportion of the maximum bitu-
men foam volume achieved and the volume of the original bitumen binder when foamed, that 
is, the expansion ratio (ER). With superior quality foamed bitumen, the expansion ratio should 
be at least 8-15. Another quality parameter for foamed bitumen is defined as the half life time 
(t½) which is the time (in seconds) during which the maximum volume of the bitumen foam 
is reduced by 50 %. The longer the half life time, the better quality of bitumen foam; half life 
time of over 15 seconds is considered superior quality (as a standard, t½ should be between 
8 and 15 seconds). The half life time expresses bitumen foam stability and is indirectly pro-
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portionate to the expansion ratio. Both parameters mentioned depend, to a certain degree, on 
the type and origin of the bituminous binder, hot bitumen temperature as well as the quantity 
of pressurised air added and the pressure under which water is injected in the hot bitumen. 
The intensity and effectiveness of the foaming effect might be influenced by regulation of 
basic physical conditions like temperature, humidity and pressure [1, 4]. From the point of 
view of sufficiently homogeneous mixes, the size and arrangement of the mixing device (e.g. 
the injection zone size, mixing apparatus type, optimum aggregate composition, or optimal 
proportion of fine particles) is also important, on top of the expansion ratio. 
In this regard, this paper aims to evaluate the effect of bituminous binders obtained from 
various locations and by various producers with different parameters (effects of the origin of 
crude oil) and of foaming additives on the properties of foamed bitumen and cold recycling 
mixes. The production, test methods and cold recycling mix assessments were carried out 
according to the Czech technical specifications TP 208 [5]; indirect tensile strength was mo-
nitored for 7 and 14 days’ curing under predefined conditions in test specimens of 150 mm 
diameter compressed by static pressure. Other parameters examined were water susceptibi-
lity and stiffness modulus determined by the IT-CY method under EN 12697-26.

2	 Materials and test methods applied 

Within the framework of assessing the effect of bituminous binders and foaming additives on 
cold recycling mixes, bituminous binders from different locations and by different producers 
were selected. A set of test methods according to [5] was defined for the test mix assessment 
as such. From the perspective of the composition of the recycled mix aggregate skeleton, 
sorted reclaimed asphalt material of fraction 0/22 from the Středokluky mixing plant was 
used; extraction with determination of the content of soluble binder and a grading analysis 
indicated in Fig. 1. were performed. The binder content was detected as 5.6 %-wt. The opti-
mal moisture content of the cold recycling mix for the composition as specified below was 
determined according to [7].

Figure 1	 Granularity of reclaimed material 0/22 Středokluky

Bituminous binders of 70/100 and 160/220 penetration grade which are traditionally used 
in the Czech Republic were utilised in mix design and production. Three representatives of 
distilled bitumen 70/100 and two representatives of distilled bitumen 160/220 were asse-
ssed. In the case of the former group, the bituminous binders were based on Russian crude 
oil (Russian Blend); in the case of some other bitumen variants, there was a blend of several 
sorts of oil with a significant representation of North Sea raw material (Mittelplatte crude 
oil). The EM mark with some binders means “fit for emulsifying”; the crucial factor is the salt 
content and neutralising number of these binders. This is usually different for each sort of 
crude oil. Bitumen 160/220 was compared to the binder allegedly based on Venezuelan crude 
oil which, from the perspective of bitumen exploitation rate and quality of the resulting dis-
tilled bitumen, is among the best. Only the characteristics of softening point and penetration 
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under 25°C were examined for all of the assessed bituminous binders always two samples 
for penetration and four rings for softening point. Additive A (Iterchimica; Iterfoam) is used 
as a foaming thixotropic agent. The additive is of a dark, oily colour and from the chemical 
perspective it is a combination of different amine compounds. In the case of additive B (Me-
adWestVaco; Evotherm), the additive is an oily liquid of amber colour, based on derivatives 
of fatty acid amines. The additive is intended for applications in the field of low temperature 
asphalt mixes. Its application as a potential foaming agent constituted an assumption, not 
verified as yet, with respect to improving the surface activity (which is improved by this addi-
tive). The producer declares production and laying temperature reduction for the asphalt mix 
by 30-45°C. The additive has volume weight of 970 kg/m3 and flash point CoC over 204°C, [8, 
9]. The value of penetration and softening point was determined for each binder, see Table 1.

Table 1 	  Selected properties of the bitumen binders applied 

Binder Characteristic
Penetration under 25°C [0,1 mm] Softening point [°C]

Azalt 70/100 (Total) 83 46,8
Aqualt 160/220 EM (Total) 156 41,6
Aqualt 70/100 EM (Total) 79 47,4
70/100 EM 86 46,2
160/220 EM (Nynas) 165 40,8

The next step was optimising the foamed bitumen primarily from the perspective of the pa-
rameters it must meet. For the sake of good coating of the reclaimed material in the mix, 
the quantity of water applied to the foam should be optimised to keep the expansion ratio 
≥ 8 and the half life time ≥ 6 s in compliance with the recommendations according to [4] for 
aggregate of temperature ≤ 25ºC. The expansion ratios and half life times of experimentally 
assessed foamed bitumen variants depending on used and examined bituminous binders 
are indicated in Fig. 2. What is rather interesting is the increased half life time of the foamed 
bitumen with foaming additive A while the half life time is ten-fold higher, thus allowing a 
longer mixing time. Contrastingly, and contrary to the expectations, additive B deteriorates 
slightly the quality of the foam, nevertheless not being primarily indicated as a foaming agent. 
The poor quality of the foam with the additive resulted in abandoning its application in cold 
recycling mixes in the future. The values of optimal quantities of water added to the bitumen 
according to the aforementioned parameters are indicated in Table 2. 

Table 2 	  Quantity of water added to the bitumen during foam production 

Bituminous Binder Optimum added water [% of bitumen]
Azalt 70/100 (Total) 3,8
Aqualt 160/220 EM (Total) 1,8
Aqualt 70/100 EM (Total) 2,4
70/100 (Vialit) 1,1
160/220 (Nyanäs) 3,0
Azalt 70/100 (Total) + 0,4% additive A 3,8
Azalt 70/100 (Total) + 0,6% additive A 3,8
Azalt 70/100 (Total) + 0,4% additive B not defined
Azalt 70/100 (Total) + 0,6% additive B not defined
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Figure 2	 Foamed bitumen parameters (Expansion ratio and half life time)

Foamed bitumen was injected in the mix under the temperature of 170°C by means of the 
Wirtgen WLB10S laboratory equipment. The mix as such was mixed using a twin-shaft com-
pulsory mixing unit Wirtgen WLM 30. The recycled mix obtained was subsequently put in 
cylindrical moulds and compacted by static pressure of 5.0 MPa. Technical conditions for 
cold recycling mixes [5] stipulate test specimen preparation by cylindrical moulds with 150±1 
mm diameter and 200-300 mm height. The basic volumetric parameters were determined for 
the test specimens prepared, as well as the indirect tensile strength under [5] and stiffness 
modulus by means of a non-destructive test by repetitive indirect tensile stress under 15°C 
according to [6] and water susceptibility. Specimens were tested after 7, 14 days’ dry curing 
under 20 ± 2°C and after 14 days of exposure to air and water. 
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3	 Discussion of the results 

The summary results of the parameters examined in the recycled mixes are indicated in Fig. 
3. For indirect tensile strength and each period of curing at least four specimens were tested. 
Cold recycling mixes with bituminous binders of higher penetration gradation demonstrate 
slightly lower indirect tensile strength values from the point of view of final tensile strengths 
and, at the same time, dry curing of the test specimens. However, the trend is not too obvious 
and might be affected, with respect to the void contents achieved, by a lack of homogeneity 
in the reclaimed material. In contrast, the mixes containing higher penetration value bitumi-
nous binders are less susceptible to water. This indication might support the theory of supe-
rior binder coating of the aggregate. The stiffness modulus values copy the trend mentioned 
within the framework of indirect tensile strength. It should be stated that all mixes meet the 
requirements for foamed bitumen-bound recycled mixes given by [5]. The foaming agent exa-
mined did not manifest itself, i.e. it failed to affect the parameters examined and, therefore, 
we can only consider its application from the point of view of the possible extended mixing 
time which could positively influence the quality of mix coating. 

Figure 3	 Parameters examined (ITS and stiffness modulus) of cold recycling mixes
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4	 Conclusion 

The objectives of researching the relationship between bitumen properties and the characteri-
stics of the resulting foam depending on the strength and deformation parameters of recycles 
mixes achieved with respect to the aforementioned test results are well understandable wit-
hin the framework of the attempt to unify the design and production regulations within the 
European COREPASOL project. The difference in inputs in individual countries can be rather 
big according to the assessments obtained. The study emphasises the assessment of the 
effect of the bitumen origin on the cold recycling mix properties while the existing current 
results concerning the issue can be summarised as inconclusive at least.
From the results gained by the research it is obvious that bituminous binders of different pe-
netration and origin usually have similar problem of satisfactory expansion ratio but very low 
half-life time. This finding corresponds very well with the practical site experience and affects 
the quality of material coating during cold recycling application. At the same time it could 
be shown that addition already of 0.4 % of a suitable foaming agent results in a distinctive 
increase in half-life showing very stable foamed bitumen. If these results are compared to cold 
recycled mix strength results, however, the water sensitivity of the mix with foam containing 
foaming agent was increased and even the strength after 7 days curing reached rather a lower 
value. The theoretical but hardly accountable reason could be a longer time period necessary 
for settlement of the bitumen coating. 
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Abstract

Since several years research in the field of crumb rubber modified bitumen (CRMB) is again 
an important area of interest. This fact is driven by restrictions for land-filling of old tires and 
their energetic use as a solid fuel e.g. in cement production. At the same time some experts 
expect that the use of higher content of crumb rubber in bitumen can further decrease the 
noise reducing potential if used in suitable acoustic asphalt mixes. Last but not least using 
crumb rubber as a modifier creates on the market binder which would fill the application gap 
between distilled bitumen and PMBs. Within the research done at Czech Technical University 
in Prague different types of micro-pulverized rubber has been used together with chemical 
catalysts suitable for temporary devulcanization of the rubber. Further for improving the ho-
mogeneity and storage stability of the CRMB additional additives have been tested and their 
effects compared. For the bitumen samples traditional as well as performance-based tests 
have been done. Within the traditional test softening point, penetration and elastic recovery 
test should be stressed out. For performance-based testing dynamic shear rheometer has 
been used for running frequency sweeps for temperatures between 20 and 60°C. At the same 
time multiple stress creep recovery test has been done for test temperature of 60°C. Dynamic 
viscosity has been assessed as well. Paper summarizes gained findings and recommenda-
tions made for most suitable combinations of bitumen – CR content – catalyst and additive. 

Keywords:	crumb rubber modified bitumen, pulverized rubber, chemical catalysts, 
penetration, complex shear modulus, storage stability, elastic recovery

1	 Introduction

As stated in many reports and studies it is assumed that the yearly waste production of old 
tires worldwide reaches more than 110 mil. tires of different type and composition. This might 
represent more than 7,000 kT of used rubber most of it coming from EU countries and North 
America. In many regions and countries different regulations or legal standards have been 
set how to deal with the waste of old tires. In the developed countries it is since several years 
forbidden put the tires on landfills (in some parts of USA slashed tires can be land filled) and 
other solutions are preferred. If following the European waste management strategy the most 
preferred solution is recycling and reuse. One area, which is for several decades understood 
as a potential field of crumb rubber utilization, are asphalt pavements and especially modi-
fication of bituminous binders.
Generally two technical directions are know – dry process during which crumb rubber is added 
directly to the asphalt mixture as a modifier and substitute to part of the finer aggregates 
and wet process where the bitumen is modified. The focus of this paper follows the second 
process which might fill the gap between distilled bitumen and polymer modified bitumen 
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(in performance and price). Nevertheless one of the crucial issues related to this type of bitu-
men modification is the homogeneity of the final crumb rubber modified binder (CRmB). Of 
course it is possible to produce this type of bitumen directly on an asphalt mixing plant and 
there are various solutions of bitumen blenders which are applied for such production. The 
question always prevails if this is the most suitable solution. If CRmB is produced industrially 
in refinery or a bitumen manufacturing plant quality control should be better and producer 
has to declare the properties of final product. In case of EU producer is responsible also for 
all necessary steps related to REACH directive. The target then is to get a binder which can be 
transported for longer distances and ideally can be stored on a mixing plant for a few days. 
I.e. homogeneous storable bitumen is required, which is usually not easy to reach because 
of very strong sulphur bridges in the rubber. Several approaches can be found worldwide ba-
sed e.g. on polyphosporic acid or macrocyclic polymers. Usually the additive itself is not the 
solutions and the composite material crumb rubber-bitumen-additive works only for limited 
rubber content. At the same time successful techniques applied in this area practically usually 
are not able to be used as binders for bituminous emulsion production because of undiluted 
rubber particles in the bitumen composite which would most probably clog the nozzles on 
a spraying bar. 
Based on this knowledge this paper focuses on two issues. Using special type of disintegra-
tion technique for producing grinded rubber with particles <1.0 mm in different grading inclu-
ding the assessment of effect of such rubber on bitumen performance and analyzing selected 
types of catalysts and additives which might help to produce a storage stable product. The 
process of high speed grinding (disintegration) is described e.g. in [1].

2	 Assessed crumb rubber modified binder variants 

The assessment of the group of experimental bituminous binders modified by crumb rubber 
(CRmB) involved an application of finely pulverised rubber of three grading (granularity) le-
vels. At the same time, the effects of several catalysts were checked; these meant special 
organic solutions on an anhydrous basis the chemical composition and pH of which vary 
and are know-how protected. Catalyst K2 is neutral, i.e. with pH=7, catalyst K3 has a slightly 
acidic nature with pH=5. Both catalysts are based on a combination of methane, (CH2)n and 
SO2 compounds bond in a complex hydrocarbon chain. Simultaneously, an original Czech 
additive, Polyol was applied; according to the information available, this is a by-product of an 
innovative chemical recycling method for polyurethane. Last but not least, additive commer-
cially known as Vestenamer was used which is sufficiently well established from the ROAD+ 
technology. This additive is a mix of linear and macro-cyclical polymers, chemically termed 
trans-polyoctenamer (TOR). This is applied together with crumb rubber by a content not excee-
ding 5 % and then mixed in the bitumen. Variations of experimentally tested crumb rubber 
modified binders further discussed in this paper are summarized in Table 1.
The choice for the basic bituminous binder was the standard distilled bitumen, 50/70, for 
which standard ČSN EN 12591 defines the interval for the softening point as 46-54°C and the 
penetration interval of 50-70 dmm. Such basic criteria allow an approximate assessment of 
the effect of the combination of the crumb rubber and individual chemical additives applied 
on the individual characteristics. Simultaneously, the requirements stipulated by German 
regulations for standardised binders of the GmB (CRmB) type can be used where GmB 25/55-
50 or 25/55-55 appears to be the most appropriate for further assessment. The threshold 
parameters are summarized in Table 2. 
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Table 1 	  Assessed experimentally designed CRmB variants 

Bitumen variant Additives Pulverized rubber Bitumen composition
CR-L7_2 – 15 %; 0,8 – 1,0 mm 50/70 + 15% CR
CR-L7_2_K2 @150 Catalyst K2 15 %; 0,8 – 1,0 mm 50/70 + 15%CR + 5%K2@150°C
CR-L7_2_K2 @170 Catalyst K2 @170°C 15 %; 0,8 – 1,0 mm 50/70 + 15%CR + 5% K2 @170°C
CR-L7_2_K3 @150 Catalyst K3 15 %; 0,8 – 1,0 mm 50/70 + 15%CR + 5%K3@150°C
CR-L7_2_K3_P Catalyst K3 + Polyol 15 %; 0,8 – 1,0 mm 50/70 + 15%CR + 5%K3 + 1%Polyol
CR-L7_2_K4 @150 Catalyst K4 15 %; 0,8 – 1,0 mm 50/70 + 15%CR + 5%K4@150°C
CR-L7_2_K4 @170 Catalyst K4 15 %; 0,8 – 1,0 mm 50/70 + 15%CR + 5%K4@170°C
CR-L7_2_K4_P Catalyst K4 + Polyol 15 %; 0,8 – 1,0 mm 50/70 + 15%CR + 5%K4 + 1%Polyol
CR-L7_2_V Vestenamer 15 %; 0,8 – 1,0 mm 50/70 + 15%CR + Vestenamer (4:100)
CR-L8_2_K4 @150 Catalyst K4 15 %; 0,5 – 0,8 mm 50/70 + 15%CR + 5%K4@150°C
CR-L9_2_K4 @150 Catalyst K4 15 %; 0,1 – 0,3 mm 50/70 + 15%CR + 5%K4@150°C

Table 2 	  Target values of German specifications for terminal blended CRmBs

Characteristic Unit GmB 25/55-50 GmB 25/55-55
Penetration dmm 25-55 25-55
Softening point °C >50 >55
Elastic recovery % >50 >50
Complex shear modulus G* @ 60°C, 1,59 Hz, 2 mm gap Pa ≥ 6000 ≥ 8000
Phase angle δ @ 60°C, 1,59 Hz, 2 mm gap ° <65 <65

3	 Selected test methods

Standard empirical testing and test methods were selected to assess selected functional 
characteristics within the evaluation of the impact of the micro-pulverised rubber. Empirical 
characteristics:
·· softening point determination by means of the ring and ball method (EN 1427);
·· determination of needle penetration under 25°C (EN 1426);
·· determination of elastic recovery under 25°C (EN 13397);
·· storage stability test; 72±1 h and temperature of 180°C (EN 13399).

Functional characteristics:
·· determination of the complex shear modulus G* and phase angle δ under 60°C and under 
40°C;

·· frequency sweep for G* and δ with subsequent plotting of the master curve for the reference 
temperature of 20°C;

·· dynamic viscosity determination (EN 13302).

The elastic recovery determination followed the EN 13397 technical standard. The principle 
of the test is extending the sample in a water bath under 25°C to the bitumen fibre length of 
20.0 cm and subsequent observation of the sample shrinking for 30 minutes while the fibre 
is cut off at the beginning. The test provides the recovery value expressed as a percentage. 
The measurement of dynamic viscosity is based on the degree of the sample’s resistance to 
the stress caused under the selected angular velocity. A defined torsion stress is applied to 
the sample to obtain the relative resistance to spindle revolution. The measurement is taken 
under various test temperature. The condition is important primarily with modified bitumi-
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nous binders or in cases where bituminous binders are improved or modified by various 
additives. In accordance with the findings and recommendations of the U.S. SHRP program, 
measurements for distilled binders should be taken for the temperature of 135°C which is 
considered a suitable representative for the determination of workability level of the sample 
in question. The standard stipulates a rotational spindle viscometer as the measuring appa-
ratus and ranges for the shear rate (1 – 104 s-1) and dynamic viscosity (10-2 – 103 Pa∙s) under 
temperatures ranging from 40°C to 200°C. The temperature regulation equipment must be 
capable of regulation with the precision of ± 0.5°C.
The determination of complex shear modulus G* and phase angle δ of bituminous binders 
using the dynamic shear rheometer (DSR) is governed by technical standard EN 14770. Simul-
taneously with the measurement of dynamic shear, the viscose and elastic behaviour of the 
binder can also be examined through the determination of the complex shear modulus and 
phase angles under varying temperatures and frequencies which, together, cover a broad 
spectrum of possible conditions to which the bituminous binder might be exposed. 
The determination of G* and δ in the oscillation test is usually carried out for a temperature 
range of 20-100°C. A specific stress frequency or a pre-defined frequency spectrum is selec-
ted. To obtain relevant results, the linear area of visco-elastic behaviour must be defined, i.e. 
in the regime where the test is conducted with controlled stress; the constant shear stress 
for the test must be specified. In this case, we used the previous findings of the CTU Faculty 
of Civil Engineering, for bituminous binders 50/70 and 70/100. The shear stress of τ=2000 
Pa is considered safe and appropriate. 
Additionally using the time-temperature superposition principle – TTS, the values obtained 
from measurements under various temperatures and load frequencies may be summarised 
(transposed) in a single characteristic known as master curve for the selected reference tem-
peratures which, in the case of the results presented below, amounted to 20°C.
Measurements taken under invariable shear stress within the interval of the selected stress 
frequency called the “frequency sweep“(FS) form a common test. The test is intended for ve-
rification of the bituminous binder behaviour under varying temperatures and frequencies, or 
stress durations. The test frequencies were chosen from a range of 0.1 – 10 Hz for the binders 
examined. According to the previous findings and conclusions of the U.S. SHRP, the value of 
1.59 Hz is very important since, according to the Van der Poel’s nomograph, it corresponds 
with the shear effect of traffic load at 90 km/h, or load duration of 0.13 s.

4	 Experimental results and discussion 

The results are further divided into several logical groups which assess either the effect of the 
catalyst or the additive applied, or the influence of the pulverised rubber or the temperature 
chosen for the production of the CRmB binder.

4.1	 Influence of chemical catalyst applied in pulverized rubber 

Samples of experimentally prepared CRmB binders with the application of different catalysts 
were compared, namely versions K2, K3 and K4 to the quantity of 5 %-wt. together with pul-
verised rubber to the quantity of 15 %-wt. in the bitumen. The individual binder variants were 
prepared under processing temperature of 150°C. Bituminous binder 50/70 modified by 15 
%-wt. of crumb rubber is used as the reference sample. 
Out of the three catalysts tested, catalyst K4 affects the tested parameters best. Catalysts K2 
and K3 cause slightly less significant decrease of the bituminous binder penetration where 
they fail to meet the requirements for 50/70; however, they meet the requirements for GmB 
binders. Analogously, from the perspective of the softening point, catalysts K2 and K3 result 
in higher values while the use of catalyst K4 in combination with 15 % rubber basically remains 
unchanged. All three binders meet the requirement for GmB 25/55-50. The option with catalyst 
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K2 achieved the best results in the storage stability test where the difference between the lower 
and upper softening point is 4.5°C. The elastic recovery results demonstrate a poorer effect 
of catalyst K4 where the value only amounts to about 12 %. In general, none of the binders 
assessed meets the requirement stipulated in the German regulations for GmB binders.
The dynamic viscosity test with a focus on 20 rpm (the reference velocity considered by the 
American standards) shows a positive impact of catalyst K4 under both 150°C and 135°C. It is 
obvious that particularly catalyst K3 significantly increases the dynamic viscosity value prima-
rily under 135°C. The overall course of the viscosity (flow curve) in the thermal range of 100°C 
to 150°C demonstrates the best results for the option with catalyst K4 within the framework 
of CRmB binder comparison. 

Table 3 	  Empirical characteristics of assessed CRmB binders

Bitumen variant Penetration [0.1 mm] Softening point [°C] PI [-] Storage stability [°C] Elastic recovery [%]
CR-L7_2 79 49.7 -1.0 9.9 8.8
CR-L7_2_K2 @150 49 57.4 -0.1 4.5 30.3
CR-L7_2_K3 @150 47 58.8 0.4 7.9 34.2
CR-L7_2_K4 @150 54 51.4 0.1 8.2 11.9

Table 4 	  Dyamic viscosity values of assessed CRmB binders

Bitumen variant Dynamic viscosity @ 6.8 s-1 (20 rpm); [Pa∙s]
135°C 150°C

CR-L7_2 4.09 1.54
CR-L7_2_K2 @150 5.54 1.28
CR-L7_2_K3 @150 7.10 1.74
CR-L7_2_K4 @150 3.05 1.00

The complex shear modulus values under the two temperatures chosen and frequency of 1.59 
Hz are greatly affected primarily when catalyst K3 was applied, where CRmB binder reach 
noticeably higher values of G* than the bituminous binders versions with the remaining two 
catalysts or CRmB with no catalyst applied. In this context, we can note that the three versions 
achieve almost identical results.

Table 5 	  Complex shear modulus values for selected CRmB binders

Bitumen variant 60°C 40°C
Complex shear modulus G* [Pa]

CR-L7_2 3 309 66 742
CR-L7_2_K2@150 n.a. 73 377
CR-L7_2_K3@150 22 926 131 374
CR-L7_2_K4@150 1 480 48 300

From the perspective of the flow curves (see Figure 1), particularly a significant difference 
between the influence of catalysts K3 and K4 is obvious. At 130°C, the viscosity difference is 
double-fold, under 100°C the flow curve values differ even more. From the point of view of 
the above stated, the influence of catalyst K4 is either similar to low-viscosity additives or 
helps improve dissolution of the rubber particles in the CRmB binder composite. From the 
perspective of the course of dynamic viscosity, catalyst K2 appears neutral when compared 
to the no-catalyst CRmB version – no effect whatsoever.
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Figure 1	 Flow (viscosity) curves for CRmBs with different catalysts

The aforementioned assessment of the complex shear modulus for selected temperatures 
and frequencies is also obvious in the case of the master curves prepared. The CRmB option 
with catalyst K3 records higher stiffness within the entire frequency interval – even if the con-
version using the TTS principle is applied. The values of all binders assessed subsequently 
even out in the highest frequency interval, i.e. under 20°C and the 1-10 Hz spectrum. Based 
on this, we could infer that the CRmB binder with catalyst K3 will have the lowest thermal 
susceptibility value. In contrast to that, the course of the CRmB binder with catalyst K2 values 
in the smallest frequency interval (from 10-4 Hz) is interesting; the G* values decrease signi-
ficantly. This is supported by the phase angle course where the values fluctuate slightly. It 
should also be pointed out in relation to the course of the phase angle master curve that the 
only version of CRmB binder with catalyst K3 follows a non-standard course and reaches low 
values which indicate prevailing elastic behaviour in the interval of 10-5 – 10-1 Hz. The reason 
for such course is currently difficult to explain despite repeated measurement sessions. Such 
binder would nevertheless have excellent fatigue resistance.

Figure 2	 Complex shear modulus master curve for CRmBs with different catalysts
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Figure 3	 Phase angle master curve for CRmBs with different catalysts

4.2	 Influence of pulverized rubber grading (granularity)

In this group of assessed binders, three levels of pulverised rubber grading with the same 
catalyst (K4) are compared; the catalyst is always applied to the same quantity of 5 %-wt. of 
pulverised rubber. The same distilled bituminous binder is used for all three CRmB variants; 
the quantities of pulverised rubber in the binder are identical, i.e. 15 % by mass. Again, CRmB 
with bitumen 50/70 with 15 %-wt. pulverised rubber of 0.8-1.0 mm grading is chosen as the 
reference binder. 
Out of the three fractions of crumbed (pulverised) rubber applied, the binder with rubber of 
the 0.8-1.0 mm a 0.1-0.3 mm grading achieves the least effect on empirical properties. The 
0.5-0.8 mm grading caused a significant decrease of CRmB binder penetration; in this case 
the option fails to meet the requirements for GmB 25/55-50(55). In the remaining two cases, 
the requirements from the perspective of both penetration and the softening point are met. 
Contrastingly, the noticeable increase of the elastic recovery value is interesting in the case 
of CRmB with 0.5-0.8 mm pulverised rubber. When the three gradings are compared no clear 
trend can be detected. From the perspective of the storage stability test, the option with the 
least grading (finest rubber) where the difference between the upper and lower softening 
points is 4.6°C (acceptable from the point of view of the requirements for polymer-modified 
bitumen) records the best results. The elastic recovery results point to an inferior effect of the 
0.8-1.0 mm fraction. 
The dynamic viscosity test focusing on 20 rpm shows that binders with rubber of 0.1-0.3 mm 
and 0.8-1.0 mm grading scored better. Even in this case, slightly illogically, the medium gra-
ding applied stands out. The overall course of viscosity in the thermal range of 100°C to 150°C 
demonstrates poorer results for the option with 0.5-0.8 mm fraction applied. 
In the case of comparing the pulverised rubber grading effect on the complex shear modulus, 
the difference is obvious and the crumb rubber grading 0.5-0.8 mm achieves significantly 
better results. It should also be noted that for the options with rubber grading of 0.8-1.0 
mm the application of catalyst K2 results in complex modulus value decreasing by 30-50 %. 
Contrastingly, the CRmB version with catalyst K4 and rubber grading of 0.1-0.3 mm achieves 
values that are basically comparable to the reference CR-L7_2 option. 
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Table 6 	  Empirical characteristics of assessed CRmB binders

Bitumen variant Penetration [0.1 mm] Softening point [°C] PI [-] Storage stability [°C] Elastic recovery [%]
CR-L7_2 79 49.7 -0.1 9.9 8.8
CR-L7_2_K4 @150 54 51.4 -0.5 8.2 11.9
CR-L8_2_K4 @150 20 74.5 1.5 10.5 61.8
CR-L9_2_K4 @150 50 55.7 0.1 4.6 23.6

Table 7 	  Dyamic viscosity values of assessed CRmB binders

Bitumen variant Dynamic viscosity @ 6.8 s-1 (20 rpm); [Pa∙s]
135°C 150°C

CR-L7_2 4.09 1.54
CR-L7_2_K4 @150 3.05 1.00
CR-L8_2_K4 @150 13.75 4.50
CR-L9_2_K4 @150 2.06 1.03

Table 8 	  Complex shear modulus values for selected CRmB binders

Bitumen variant 60°C 40°C
Complex shear modulus G* [Pa]

CR-L7_2 3 309 66 742
CR-L7_2_K4@150 1 480 48 300
CR-L8_2_K4@150 81 200 555 000
CR-L9_2_K4@150 3 400 75 000

Figure 4	 Flow (viscosity) curves for CRmBs with pulverized rubber of different grading

The assessment of the dynamic viscosity flow curve courses for the selected shear rates 
shows a significant difference between the binder with rubber of 0.5-0.8 mm grading and 
the remaining two versions. At 100°C the viscosity increases basically six-fold; nevertheless, 
even at 140°C the difference in viscosity is almost quadruple. Analogously to the complex 
shear modulus, the reason for the change in CRmB binder behaviour if this specific pulverised 
rubber fraction is applied and if all other conditions of bituminous binder sample preparation 
and heating remain the same is interesting and difficult to explain.
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Similarly to the individual G* values determined for 40°C and 60°C, the master curve of CRmB 
with rubber of 0.5-0.8 mm grading reaches noticeably higher complex shear modulus values 
than the remaining fractions. In the field of very low frequencies (this corresponds with values 
of the complex shear modulus under higher temperatures), the difference even amounts to 
two orders. Only from the frequency of about 1.0 Hz the complex shear modulus values come 
closer together. At the same time, the curve for bituminous binders with rubber grading of 
0.5 to 0.8 mm is flatter which means lower thermal susceptibility of the bituminous binder 
which can be expressed through the slope of the master curve. When the two remaining bi-
tuminous binders are compared it is obvious that from the perspective of the complex shear 
modulus and the expected resistance to deformation effects, the CRmB binder version with 
the finest pulverised rubber grading records the lowest values. Based on this comparison of 
the characteristic, very fine pulverisation unfortunately appears to be less appropriate. This 
is subsequently supported by the phase angle values where the master curve of the same 
binder reaches the highest δ values and, therefore, the viscose component of the complex 
shear modulus prevails over a great proportion of the frequency interval; in comparison to 
binder CR-L8_2 we can conclude on a lower fatigue life expectation. The aforementioned 
bituminous binder with pulverised rubber of 0.5-0.8 mm, in contrary, demonstrates a rather 
elastic character.

Figure 5	 Complex shear modulus master curve for CRmBs with pulverized rubber of different grading

Figure 6	 Phase angle master curve for CRmBs with pulverized rubber of different grading
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The assessment of the course of master curves for the CRmB binders examined with the 
determination of the influence of the pulverised rubber grading, in accordance with the re-
maining results, it is obvious that the best values of the complex shear modulus by far are 
achieved by CRmB with rubber of 0.5-0.8 mm grading; for small frequencies, the differences 
are adequate to 1-2 decimal orders. At the same time, it is evident that this version of CRmB 
binder scores lowest on thermal susceptibility. Within the framework of the assessment of 
the remaining two versions, the binders are similar with minimum impact of the grading of 
the pulverised rubber applied. 
In the case of phase angle analysis, the qualitative parameters of CRmB binders with rubber 
of 0.5-0.8 mm grading are confirmed. Within almost the whole frequency interval, the binder 
demonstrates prevailingly elastic behaviour which predetermines its very good resistance 
to fatigue and, simultaneously and in combination with higher G* values, high resistance to 
permanent deformations.

5	 Conclusion 

The comparisons conducted and divided on the basis of the possible influences and compa-
risons of multiple CRmB binder versions reveal certain tendencies in some cases. From the 
perspective of crumb rubber granularity, it was rather surprisingly demonstrated that parti-
cularly fraction 0.8-1.0 mm is suitable for use within the framework of determining dynamic 
viscosity and empirical properties. Contrastingly, rheological properties are best affected by 
the 0.5-0.8 mm granularity, to a lesser degree even by the finer grading of 0.3-0.5 mm. Howe-
ver, in this case it is possible that the results are affected by the proportion of the granulate 
grading and the gap between oscillation plates in the test apparatus utilised. Due to that, 
for instance the German technical regulations concerning GmB binders stipulate a 2 mm gap 
even for the geometry of PP25 to eliminate any possible influence of undissolved rubber 
granulate particles. Not even the choice of a suitable catalyst is absolutely clear. Catalyst K4 
has a positive effect on viscosity and basic properties of bituminous binders; in contrast to 
that, catalyst K3 modifies elastic recovery and complex shear modulus. Catalyst K2 appears 
to be the most appropriate alternative to reduce the difference in softening points after the 
storage stability test. 
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Track-structure interaction analysis 
using FE modelling techniques

Philip Icke, Geoffrey Paice
LUSAS, UK

Abstract

With the growth in both High Speed and Light Rail infrastructure projects worldwide there is a 
general requirement for accurate modelling of the interaction of the track with respect to any 
supporting bridge structures, and in particular, to ensure that any interaction between the 
track and the bridge as a result of temperature and train loading is within specified design 
limits. To accurately assess track-structure interaction effects nonlinear analyses are requi-
red to investigate thermal loading on the bridge deck, thermal loading on the rail if any rail 
expansion devices are fitted, and vertical and longitudinal braking and/or acceleration loads 
associated with the trainsets. For a complete rail track assessment, dynamic effects caused 
by the passage of trains that affect the structure itself must also be considered. The paper will 
describe how rail track analysis for both high speed and general trainsets can be carried out 
according to the Union Internationale des Chemins de fer (International Union of Railways) 
UIC774-3 Code of Practice [1] and Eurocode 1 [2] with particular reference to LUSAS [3] Rail 
Track-Structure Interaction and Interactive Modal Dynamics analysis software applications. 
Automated modelling techniques and results and graphing capabilities will be described. 
Projects either built or under construction and on which the software has been used to good 
effect are described and cited. 

Keywords:	 track-structure interaction, bridge, train, rail, UIC774-3

1	 UIC774-3 Code of Practice / Eurocode 1

According to the UIC774-3 Code of Practice and its incorporation into the Eurocodes [2], the 
track-structure interaction effects should be evaluated in terms of the longitudinal reactions at 
supports, rail stresses induced by the temperature and train loading effects in addition to the 
absolute and relative displacements of the rails and deck. To accurately assess the behaviour 
these interaction effects should be evaluated through the use of a series of nonlinear analyses 
where all thermal and train loads are taken into account. Loading to consider will include:
·· thermal loading on the bridge deck;
·· thermal loading on the rail if any rail expansion devices are fitted;
·· vertical loads associated with the trainsets;
·· longitudinal braking and/or acceleration loads associated with the trainsets.

The interaction between the track and the bridge is approximated in the UIC774-3 Code of 
Practice by a bilinear relationship. The resistance of the track to the longitudinal displace-
ments for a particular track type is a function of both the relative displacement of the rail to the 
supporting structure and the loading applied to the track. Application of train loads increases 
the resistance of the track to the relative displacements where these train loads are present 
but is unchanged for all other locations.
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Figure 1	 Representation of structural system for evaluation of interaction effects to UIC-774-3

The values of displacement and resistance to use in these bilinear curves are governed by 
the track structure and maintenance procedures adopted and will be specified in the design 
specifications for the structure. Typical values are listed in the Code of Practice for ballast, 
frozen ballast and track without ballast for moderate to good maintenance. 
Figure 1 illustrates the structural system that needs to be considered for the interaction 
analysis. According to the UIC774-3 Code of Practice there is no requirement to consider a 
detailed model of the substructure (bearing-pier-foundation and bearing-abutment-founda-
tion systems) when ‘standard’ bridges are considered, instead this can be modelled simply 
through constraints and/or spring supports that approximate the horizontal flexibility due to 
pier translational, bending and rotational movement. However, Rail Track-Structure Interac-
tion analysis software does allow analyses to be carried out where the bearing and the pier/
abutment-foundation are explicitly modelled.

2	 Modelling with Rail Track Analysis Software

Rail Track-Structure Interaction analysis software provides the means to create a finite ele-
ment model, analyse it, and conduct a bridge/track interaction check in accordance with the 
UIC774-3 Code of Practice. It can be used for single deck structures as well as for long, multi-
decked, multiple span viaduct structures typical of the Gyeongbu high speed railway in South 
Korea, and on which it has been widely used.
Rail track and bridge interaction models are built automatically from data defined in a Micro-
soft Excel spreadsheet. This spreadsheet comprises a number of worksheets that relate to 
particular aspects of the modelling and cover: Number of Decks, Tracks and Embankment Len-
gths, Structure Definition, Geometric Properties, Material Properties, Interaction and Expan-
sion Joint Properties, and Loading to be used. The number of decks that can be analysed is 
effectively unlimited. Either one or two tracks can be modelled and for two tracks, one will 
take the braking load of a trainset and the other will take the acceleration load of a separate 
trainset. Lengths of the embankments to either side of the structure need to be sufficiently 
long to allow the trainset loading to be placed within the model and, according to the UIC774-3 
Code of Practice, should be at least 100 m. 
For each deck the modelling spreadsheet allows the definition of the left pier/abutment, up 
to eight internal piers and the right pier/abutment, each with their own support / bearing cha-
racteristics. These can include the physical modelling of the piers if specified. The geometric 
and material properties for the rail and deck components are defined on separate worksheets. 
Mass density is not used in the analysis but is provided to allow the separate solution with 
self-weight and for it to be combined with the thermal/train loading effects covered in these 
types of analyses. The main bilinear interaction effects for the track/bridge interaction are 
defined in the Interaction and Expansion Joints worksheet along with additional properties 
associated with the rail/track. These include the eccentricity between the rail/slab and the 
presence of any rail expansion joints. 
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The temperature effects in the rails for a continuously welded rail (CWR) track do not cause a 
displacement of the track and do not need to be considered (UIC774-3 Clause 1.4.2). For all 
other tracks the change in temperature of the bridge deck and rails relative to the reference 
temperature of the deck when the rail was fixed needs to be considered in accordance to the 
code of practice and design specifications. To achieve this, temperature values for the deck 
and for the rails are defined along with as many rail/train loads as required to completely 
describe the loading regime. 
Train loading is defined in terms of the type (braking, acceleration or vertical loading), track, 
position and magnitude. Complex loading patterns and parametric loading can be defined to 
investigate multiple positions of the trainsets with minimum effort. At model creation time 
a user-specified element length (in accordance with the limitations in UIC774-3) is used to 
define the embankment and bridge features of the model with all of the analyses generated 
automatically.

3	 Analysis

When running an analysis, deck and rail track temperature loading can be considered in iso-
lation for subsequent analysis of multiple rail configurations, or a full analysis can be carried 
out considering the combined temperature in the deck and rail track plus trainset loading. 
Because the response of the ballast and/or track restraining clips is nonlinear a nonlinear 
analysis is always needed. During an analysis the Track-Structure Interaction analysis softwa-
re automatically updates the material properties associated with the track/structure interface 
based upon the position of the train or trains – a key requirement to get accurate results. For 
a ‘total’ rail track/interaction assessment, dynamic effects caused by the passage of trains 
that affect the structure itself could also be considered.

4	 Results viewing / processing

Results are produced in Microsoft Excel spreadsheet format or a propriety software results 
format. Separate worksheets within the results spreadsheet contain results for specific areas 
of interest. These worksheets include:
·· raw results data in summary, graph and tabular form for each track and deck component;
·· envelopes of raw track and deck data in summary, graph and tabular form for combinations 
of temperature and trainset rail loading;

·· tables of railbed and bridge displacements;
·· tables of longitudinal reactions;
·· tables of rail stress values.

Figure 2	 Envelope of axial stresses in a rail track from temperature loading

The tabular results provide summaries to allow the quick determination of which analysis is 
causing the worst effects for each of the checks that need to be carried out to the UIC774-3 
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Code of Practice which include: Relative Displacement between Rails and Deck; Longitudinal 
Relative Displacement between Ends of Decks (axial, end rotation and total effects); Vertical 
Relative Displacement between Ends of Decks; Longitudinal Reactions; and Axial Rail Stress. 
A sample results summary table and envelope of relative railbed plus track / deck longitudinal 
displacements in a rail track is shown in Figure 2.

5	 Key values for checking to UIC774-3

5.1	 Peak relative railbed displacement 

For a continuously welded rail (CWR) track the typical criteria to be met for the relative railbed 
displacements is quoted in Clause 1.5.3 of UIC774-3 which states that: “The maximum permi-
ssible displacement between rail and deck or embankment under braking and/or acceleration 
forces is 4mm.”. To permit checking of these criteria railbed displacements are included in a 
Track results worksheet. These are output in the form of the maximum and minimum values 
which are reported in the summaries at the top of the sets of results, the values over the 
structure graphed in the top chart and the individual values along the length of the track in 
tabular form. Summary tables are also created which indicate which track and location is 
associated with the peak value.

5.2	 Peak longitudinal reactions at the abutments

These are provided in a Longitudinal Reactions Check worksheet and show both the position 
at which the trainset(s) is/are when the peak longitudinal reaction occurred as well as the 
peak reaction and where it occurs.

5.3	 Peak axial rail stresses

For a continuously welded rail track with UIC 60 rails the typical criteria to be met for the rail 
stress are quoted in Clause 1.5.2 of UIC774-3 which states that “The maximum permissible 
additional compressive rail stress is 72 N/mm2” and “The maximum permissible additional 
tensile rail stress is 92 N/mm2.” These criteria rail axial stress values are also included in the 
Track results and summary worksheets and are of the same form as presented for the relative 
railbed displacements.

6	 ‘Simplified’ and ‘Complete’ UIC 774-3 analysis methods

For a computer analysis, according to UIC 774-3 (Clause 1.7) two different methods of analysis 
can be used, each giving a different level of accuracy. These are termed ‘simplified’ analysis 
and ‘complete’ analysis. Simplified analysis considers the temperature, and the longitudinal 
and vertical train effects separately and permits them to be combined to get a total effect. 
Simplified analysis is actually quite conservative because it assumes that superposition of 
results is valid for sets of nonlinear analyses when it is not – it is only really valid for linear 
analysis. As a result combining ‘simplified’ analysis results can lead to an over-estimate of 
the rail stresses. Complete simultaneous analysis considers the temperature and longitudinal 
and vertical train effects simultaneously. As a result there are accuracy benefits in using Rail 
Track-Structure Interaction analysis software to carry out a complete simultaneous analysis, 
rather than using software that combines results from simplified analyses.
To illustrate the differences obtained, rail stress results due to braking and acceleration on 
the two tracks crossing Hwashil viaduct on the Gyeongbu line in South Korea are shown in 
Table 1. A simplified analysis carried out in LUSAS considered the temperature and the longi-
tudinal and vertical train effects separately before combining them to get a total effect. Then, 



Rail Vehicle-Track Interaction 471
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

a ‘complete’ simultaneous analysis was carried out for the same viaduct using the Rail Track-
Structure Interaction analysis software option. The ratio of the ‘Simplified’ to the ‘Complete’ 
analysis shows the over-estimate involved. The key issue with the separate analysis approach 
is the ability for the track resistance to be overestimated by the combination of the two nonli-
near analyses and potentially cause the rail stresses to be overestimated also. A study of the 
Hwasil viaduct by Lee et al [4] showed similar results.

Table 1 	  Comparison of peak compressive rail stresses for Hwashil viaduct for ‘Simplified’ and ‘Complete’ 
UIC774-3 analysis methods

Trainset Loading Type ‘Simplified’ : Separate 
Nonlinear Analysis 
Of Thermal And Train 
Loading [N/mm2]

‘Complete’: Nonlinear 
Thermal And Train 
Loading With Material 
Change [N/mm2]

Over-Prediction Ratio 
‘Simplified’ / ‘Complete’

Track 1 (Braking) 94.99 79.08 1.2
Track 2 (Accelerating) 103.66 92.58 1.12

Comparison of the results for the separate and complete analyses shows that the peak com-
pressive stress for the separate analysis is 1.2 times that of the complete analysis for track 1 
and 1.12 times that for track 2. It should be noted however that from other studies undertaken 
(that are outside the scope of this paper) the separate analysis method can give an apparent 
increase in track resistance of up to 1.6 times that of the loaded track due to the combination 
of the nonlinear results. One overall conclusion is obvious from the analyses: when a combi-
ned thermal and train loading from a separate analysis gives interaction forces that exceed 
the stated yield resistance then the separate analysis method will potentially over predict the 
rail stresses unless the loaded track yield surface is reduced by the mobilised track resistance 
over the extent of the train loading.

7	 Rail Track Analysis in practice

7.1	 High speed rail

In addition to reported uses on all bridges on the Gyeongbu High Speed Railway 2nd phase 
(between Daegu and Busan), Saman Engineering Corporation used Rail Track Analysis softwa-
re for preliminary design work on the Honam High Speed Railway on behalf of its client the 
Korea Rail Network Authority. This high speed railway, when complete, will link South Korea’s 
capital city, Seoul, with Mokpo, a southern port city in South Jeolla Province. 

Figure 3	 Compressive stress in the rails from temperature and braking loading for Mangyeong River Crossing, 
Honam High Speed Railway, South Korea.



Rail Vehicle-Track Interaction472
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

The Mangyeong River crossing, one of many structures on the new route, has a length of 1,875 
m and comprises a total of 50 spans of varying length and construction type. Three steel box 
framed spans of 60/75/60 metres over the river are flanked by steel girders of 50 m span, 
and then by various numbers of 35 m and 30 m pre-stressed concrete box section spans for 
the remainder of the crossing’s length. Saman carried out a rail track/structure interaction 
analysis to evaluate axial stresses in the rails due to acceleration and braking forces caused 
by passing trains. Induced track displacements relative to the bridge deck were checked and 
found to be within the specified design limits.

7.2	 Light rail

The Dallas Area Rapid Transit (DART) light rail system in the United States is a good example 
of the use of Rail Track Analysis on a light rail project. DART, as a whole, currently compri-
ses 85 miles (137 km) between its four lines – Red, Blue, Green and Orange. US Consultant 
Gannett Fleming was responsible for the design of 7 new structures along a 4.75 mile (8 km) 
extension to the Blue route, which was completed in December 2012. The longest of these, a 
causeway bridge over Rowlett Creek, is a 28 span, 2,565 foot (782 m) long, pre-cast concrete 
beam structure. This, and the 11 span, 1054 foot (321 m) long KCS bridge consisting of both 
precast concrete beams and a long-span steel through girder were both analysed using Rail 
Track Analysis software to assess track-structure interaction effects and verify key values were 
within acceptable limits.

Figure 4	 Rail Track Analysis Model for KCS Bridge, DART Blue Line extension, USA.

8	 Dynamic analysis

For a ‘total’ rail track/structure analysis assessment, and depending upon the requirements 
of a design code, dynamic effects caused by the passage of trains across a structure may also 
need to be considered. This could take the form of analysing the response of the structure 
over time based on contributions of a number of natural frequencies (time response) or the 
response of the structure to dynamic loading at known frequencies (forced response). Using 
linear Interactive Modal Dynamic superposition techniques, rapid solutions to moving load 
analyses of trainsets over time at varying speeds can be achieved with output such as time 
histories and peak summaries, secondary response spectra, and animated visualisations 
being obtained. Alternatively step-by-step dynamics (full transient analysis) could be done to 
examine the response of the complete structure over time taking all effects (including nonli-
near effects) into account. Eurocode EN 1991-2:2003 Eurocode 1: Actions on structures – Part 
2: Traffic loads on bridges [2] provides good guidance via a flowchart for determining when a 
static or dynamic analysis should be undertaken. 

9	 Conclusion

The use of Rail Track-Structure Interaction analysis software has many benefits over manual 
methods. Automated model building guarantees correctly-built models compared to manu-
al model creation that may require extensive checking along with the project time savings 
associated with this. The material properties associated with the track/structure interface are 
automatically updated according to the position of the passing train or trains for all analyses. 



Rail Vehicle-Track Interaction 473
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

Results are automatically provided in summary, tabular or graphical formats for all or selected 
parts of the track/bridge model. Overall it provides a faster assessment of thermal and / or 
train loading track interaction effects on multi-span structures to the UIC774-3 Code of Prac-
tice than all other known methods. 
Eurocode EN 1991-2:2003 Eurocode 1: Actions on structures – Part 2: Traffic loads on bridges 
encompasses significant elements of the UIC 774-3 modelling approach when evaluating the 
combined response of the structure and track to variable actions. For a UIC60 rail, the limiting 
design criteria are the same as those specified in the International Union of Railways Code UIC 
774-3 meaning that Rail Track-Structure Interaction analysis software can be directly employed 
to meet Eurocode requirements.
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Vibration problems at switches
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Abstract

In principle, any rolling load generates vibrations. When passing switches, there is an incre-
ase of vibration emission caused by railway traffic. Especially at high speeds and high axle 
loads, significant vertical forces occur due to dynamic loads at the tips of rigid frogs. Addi-
tionally, wheels striking the check rails induce jerky horizontal forces. In switches with mo-
vable frogs, compared to types with rigid frogs, the gap at the frog is closed. On the basis of 
numerous measurements on simple switches with rigid or movable frogs, the differences of 
the vibrations are investigated and compared with literature references. The measurements 
of the selected switches show that, especially within the frequency range of 30 Hz and poor 
track quality, trains passing a switch generate a significant increase of vibration emissions. 
Furthermore, the vibration gain between switch and open track decreases with the distance 
from the switch to the observer. In one measurement, all regional trains passed a switch 
with rigid frog with changing directions. Independent from the direction of travelling, these 
regional trains caused similar vibrations. Movable frogs, however, are suitable for vibration 
reduction: They amplify the vibration emissions less than switches with rigid frogs. 

Keywords:	vibration, switch, rigid frog, movable frog, vibration gain 

1	 Introduction

In civil engineering, vibrations and, in connection, protection against them, have been playing 
an increasingly important role over the last years. The increasing occurrence of noise immi-
ssion reducing facilities (e. g. noise barriers or noise control windows) leads to a stronger 
perception of vibration immissions. 
In principle, any rolling load generates vibrations. Vibrations are introduced into the ground 
and following spread out as vibrations. With the vibration propagation, the frequencies are 
altered and the vibrations are damped additionally. The vibration excitation including radia-
tion is called emission and the vibration propagation is called transmission. Foundations of 
buildings are excited to oscillate by vibrations. The vibrations are generally significantly re-
duced by the effect of coupling. Via the foundations, the walls and ceilings are also activated 
to oscillate. The self-oscillation behavior leads to a significant gain of vibrations at ceilings. 
The entry of the vibrations into the structure of buildings and their perception by people is 
called immission. Fig. 1 shows the variation of vibration propagation due to rail traffic and the 
decrease of vibration velocity with increasing distance. 
In the ideal half-space, two types of waves occur by an excitation at the surface. On one hand 
there are body waves, which spherically propagate in three dimensions, and on the other 
hand there are surface waves that mainly propagate horizontally with limited depth. Body 
waves are divided into primary waves and secondary waves, surface waves are divided into 
Rayleigh waves and Love waves. Primary waves oscillate in propagation direction. Secondary 
waves and Love waves oscillate transversely to the propagation direction. Rayleigh waves 
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include both longitudinal and transverse motions. Rayleigh waves, which are very similar to 
water waves, assume the greatest part of the energy transfer for the vibration propagation in 
the ground, caused by rail traffic. 

Figure 1	 Vibration propagation

Trains in motion generally resemble a line source. When passing switches, there is an increase 
of vibration emission caused by railway traffic. Especially at high speeds and high axle loads, 
significant vertical forces occur due to dynamic loads at the tips of rigid frogs. Additionally, 
wheels striking the check rails induce jerky horizontal forces. These vertical and horizontal 
forces are similar to a point source. 
Vibrations are damped during their propagation. A differentiation can be made between mate-
rial damping and geometrical damping. The energy loss in the material damping is caused by 
internal friction. The reduction of the geometric damping is caused by the fact that the intro-
duced energy is distributed across an increasingly larger area. Table 1 shows the propagation 
in the ideal half-space for geometric damping. The greatest reduction occurs by body waves 
at point sources, while surface waves at line sources move unchanged. 

Table 1 	  Propagation in the ideal half-space for geometric damping [1]

Type of wave Reduction for point sources Reduction for line sources
Body wave at the surface

v v
r
r

= 0
0 2*( ) v v

r
r

= 0
0 1*( )

Surface wave
v v

r
r

= 0
0 0 5*( ) , v v

r
r

= 0
0 0*( )

where:

v	 vibration velocity in distance to the source;
v0	 vibration velocity in reference distance to the source;
r0	 reference distance to the source;
r	 distance to the source;
exp.	 damping exponent for geometric damping.
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2	 Measurement of vibrations

2.1	 Measuring system

For vibration measurements, the measurement instrument MR 2002 by Syscom was used. 
Frequencies between 1 and 315 Hz with amplitudes between 0.0001 mm/s and 115 mm/s 
could be measured.

2.2	 Measurement points

For the location of measurement points, special emphasis was put on the following points: 
Switches in the area of flat and open terrain were selected. Embankments and incisions, bu-
ildings or other barriers would affect the results and the measurements would be difficult to 
compare. Furthermore, it had to be considered that only one simple switch is located in the 
area of the chosen measurement. Switches in the immediate vicinity would affect the results 
of the measurements.
Only double track lines were selected. The gain factor is calculated by the vibrations from the 
track with a switch divided by the track without a switch. In addition, it was important that 
there are no joint clearances in the area of the measurement points. Joint clearances would 
also affect the results.

2.3	 Vibration analysis

For the analysis, only trains in similar velocity ranges were evaluated. For this reason speed 
normalizations could be avoided. Fig. 2 shows a typical time signal without the influence of a 
switch. Fig. 3 shows a signal with the influence of a switch. The vibration velocity is plotted in 
mm/s on the vertical axis and the horizontal axis represents the time in seconds.

Figure 2	 Typical time signal without the influence of a switch

Figure 3	 Typical time signal with the influence of a switch
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3	 Results of measurements

3.1	 Results of rigid frogs

In one measurement, all regional trains passed a switch with rigid frog with changing directi-
ons. Therefore, a comparison of the vibrations in relation to the direction of travel was possible. 
Fig. 4 indicates the functions of regional trains in movement direction towards the start of the 
switch or towards the end of the switch. These regional trains caused similar vibrations inde-
pendent from the direction of travelling. Fig. 5 shows a summary of all results for rigid frogs, 
divided into sections < 25 m, 25 m – 40 m and > 40 m distance at right angles to the track axis.

Figure 4	 Third octave band spectrum – different directions

Figure 5	 Gain functions – different sections

For the generation of the gain function for the section < 25 m, results of measurements series 
with good and poor track quality were available. The gain function for this range agrees well 
with the functions from the literature (see Section 4). The unexpectedly large gains and the 
small decrease in gain with increasing distance for the sections ≥ 25 m can be traced back to 
the poor track quality in the area of these measurements. The measurements of the selected 
switches show that, especially within the frequency range of 30 Hz and poor track quality, 
trains passing a switch generate a significant increase of vibration emissions.
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3.2	 Results of movable frogs

For the measurements with movable frogs, the distance from the switch to the measurement 
instrument was selected with approximately 16 m. The investigated switches have a spring-
mounted sideways movable frog tip. In one measurement, long-distance trains drove across a 
switch with a movable frog with different speeds. The rapid trains drove at speeds of approxi-
mately 180 km/h and the slower ones passed at approximately 90 km/h. Fig. 6 shows a com-
parison of the gain function of these long-distance trains. Interestingly, for fast trains the gain 
function is lower than for slow trains in several third octave band frequencies between 6 Hz 
and 125 Hz. Only the range of 10 Hz, 12 Hz, 50 Hz and 125 Hz show higher gains for fast trains.

Figure 6	 Gain functions – different velocities

Figure 7	 Gain functions – different types

Fig. 7 shows a comparison of the gain function of rigid frogs with movable frogs for distances 
of approximately 16 m. The gain function with movable frogs is lower than that with rigid frogs 
in the entire relevant frequency range, with the largest improvements in the third octave band 
frequencies of 12 Hz, 25 Hz and 63 Hz. According to the analysis of this work, movable frogs 
are suitable for vibration reduction. They amplify the vibration emissions less than switches 
with rigid frogs. 
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4	 Comparison with literature

This chapter provides information on data in the literature of the influence of switches. It sho-
uld be noted that the data in the literature varies significantly. Furthermore, the influence of 
switches is sometimes expressed in decibels and not in factors. With Eq. (1) one can convert 
decibels into factors.

	 	 (1)

where:

a	 factor;
b	 base (value 10 for sound);
x	 decibels.

Fig. 8 shows several functions from the literature for switches with rigid frogs and distan-
ces < 25 m. For comparison, the red function with rhombuses from Fig. 5 is also shown.

Figure 8	 Gain functions – section 1: < 25 m – comparison with literature

The violet function with squares shows the influence of a switch in Morges, Switzerland [1]. 
This gain function is usually lower than the red one of this investigation. The low factors may 
be associated with the fact that a short period between measurement and installation of the 
switch is available and the switch therefore has a very good condition. 
The green function with circles describes the influence of frog gaps [2]. The gains are in the 
upper frequency range above the defined function of this work. The maximum gain occurs at 
a factor of 5.6 in the range of 60 Hz. High frequencies are rapidly attenuated with increasing 
distance. Therefore, it can be assumed that this gain function applies directly to the area of 
the wheel-rail-interaction or, for short distances, to the gap of the switch.
The gain function of a switch model from Switzerland applies to distances of 8 m [3]. This brown 
function with triangles results from numerous measurements. The results of these individual me-
asurements vary greatly. This brown function is in numerous frequency ranges high which can be 
attributed to the short distance between switch and measurement instrument. The blue function 
with straight lines shows a switch model from Austria [4]. In addition to numerous measurements 
from switches with rigid frogs, a switch on a slab track was also taken into account for the determi-
nation of this function. In a large frequency range, this gain function is lower than the function of 
this investigation. In the third octave band of 63 Hz the factor is well above the factor for section 1.

a b
x

= 20
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5	 Conclusion

The measurements of the selected switches show that, especially within the frequency range 
of 30 Hz and poor track quality, trains passing a switch generate a significant increase of vi-
bration emissions. Movable frogs, however, are suitable for vibration reduction: They amplify 
the vibration emissions less than switches with rigid frogs.
The investigations carried out allow for a more precise model for vibration predictions with 
respect to the distance from the affected object and also from the frequency dependence of 
the vibration gain.
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Abstract

The turnouts are one of the key points of the railway routes. In particular, turnouts in the main 
tracks are passed relatively high speed. This paper is focused on measurement and analysis 
of dynamic effects on railway turnouts. The main rail turnouts which are passed in speed of 
160 km/h-1 and with different wear condition were selected. Attention was focused mainly on 
the crossing panel of the turnout, where the highest dynamic impacts occur. The turnout was 
measured twice: before and after frog repair by welding. The point of the paper is comparison 
of the crossing part of turnout in term of dynamic behaviour and assessment of influence of 
the transition geometry (wearing depth) on dynamic effects. Because dynamic impact from 
the wheel sets during the transition from the wing rail to the nose of the crossing depending 
on the quality of the transition geometry and also on the overall stiffness of the rail super-
structure, the appropriate methodology of the measurement was designed. The methodology 
is designed for in situ measurement in condition of full operation and consists of two parts. 
Measuring of vibration and measuring of shifts of the bearers in the crossing panel. Piezoe-
lectric vibration acceleration sensors (the accelerometers) were attached to plastic handles 
and glued to the cleaned surface of the measured structure. Three-axis accelerometer B&K 
4524 B001 was placed at the foot of the wing rail, five accelerometers B&K 4507 B001 were 
placed at the bearer and one accelerometer B&K 4507 B004 was placed at the measuring 
bar embedded in the ballast. Shifts of the bearers ware measured by inductive displacement 
sensors HBM WA-10 T which were attached through magnetic holders to special frames. Fra-
mes are made of two steel bars embedded in the structural layers of subgrade and steel 
cross members connecting the two poles. This method created referential zero-point shift. For 
evaluation of measured data were used time analysis, frequency analysis using the amplitude 
spectrum and time-frequency analysis.

Keywords:	 turnout, crossing panel, vibration measurement, measuring of shifts,  
frequency analysis, time-frequency analysis

1	 Introduction

The switches and crossings are the main parts of railway lines. Although the length of tracks 
with switches and crossings is relatively short, the maintenance of switches and crossings are 
approximately same expensive as maintenance of rest of the plain line. It is due to complica-
ted force action when a train is passing the crossing and as well due to the maintenance of 
many different parts which crossing is built of. Except that the maintenance of the crossings 
carries expensive direct costs, it also carries non direct costs when repaired, for example: 
delay of trains, costs for alternative transport and so on. It’s very important to plan the regular 
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maintenance of these parts very carefully. If regular maintenance is not done in time, the price 
for immediate repair is increasing very fast.
There is no complex methodics for measuring and evaluation of the dynamic effects on ra-
ilway crossing in Czech Republic so far. Authors have been continuously working on solving 
this issue. They study development of the measuring methods and analysis of the dynamic 
effects as well, so it would be possible to plan repairs and the maintenance of crossings on 
time and with minimum costs. In this paper we are concerned with comparison of the dynamic 
behaviour of the railway crossing before and after repair of the frog by welding.

2	 Description of the problem

Continuous demand on the bearing capacity leads to higher rigidity of construction layers 
and subgrade. The concrete sleepers are mainly used nowadays. Compare to wood sleepers 
their bending stiffness is much higher but on the other hand they are less plastic. All these 
aspects lead to higher stresses in the ballast, which change its shape under increased load 
and thus change geometric parameters of the track. Uneven support of the sleeper is then 
created and dynamic effects are increased which leads to faster degradation of the ballast. 
In the crossings, mentioned problems are combined with change in stiffness of the track 
and dynamic action when the wheels are passing from the wing rail to the crossing nose or 
vice versa.
Combination of these factors cause the fact that the most stressed point of crossing con-
struction is the frog part where the wheel is crossing from the wing rail to the crossing nose. 
On this place the dynamic impact occurs and its magnitude is influenced by quality of the 
transition geometry (from the wing rail to the crossing nose). This impact is carried through 
the sleeper to the ballast, which is for this reason extremely stressed. This extensive load 
causes abrasion between gravel and sleeper. Whole process results in degradation of shape 
of the ballast under the sleeper, which leads to insufficient support of the crossing. If the 
crossing is not properly supported it collapses transition geometry and degradation process 
speeds up.

2.1	 Possible solution of the problem in practice

Planning of the maintenance and repairs of crossings in Czech Republic is mainly based on 
the visual control and basic geometric measurements directly in situ. Most of the time there is 
no defect prevention and later it’s necessary to deal with damage which is more complicated 
and more expensive as well. Repair of damage is mostly done by frog welding, underlaying 
base plates and tamping of construction. Unfortunately these repairs have only short time 
effect and defects are detected again, sometimes developing even faster.
The aim of author’s team is to complete present system of geometric observation and wear 
measurement for new element of monitoring which would be measurement of dynamic 
effects. Thanks to this new approach it would be possible to evaluate influence of repair works 
on dynamic effects. With long-term measurement of dynamic effects it would be possible to 
schedule regular maintenance better and prevent defects. This could not only save financial 
funds but also increase safety and fluency of the railway traffic.

3	 Methodology of the measurement

The methodology of the measurement has two parts. The first part is focused on dynamic be-
haviour of construction and follows up transmission of the vibration from rail to sleeper and 
to ballast. The second part is designed to follow up construction movement under the load.
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3.1	 Vibration spreading in the crossings

Probably the most interesting thing from point of analysis and evaluation is following up the 
vibration acceleration transmission from the frog through the sleeper to the ballast when vi-
bration is caused by the wheel sets. It’s considered that small part of vibration is absorbed by 
the rail (frog) and rail pad, another part of the vibration is absorbed by the bearer and the rest 
of the vibration is transmitted to the ballast. Authors use piezoelectric vibration acceleration 
sensors (designation A) for measuring values of the dynamic effects.
The sensors are placed in such a manner that it’s possible to follow up spread of vibration 
energy through the whole system. Three-axis accelerometer placed on flange of the wing rail 
is detecting magnitude of dynamic impact, which is placed on frog (A4Z, A5X, A6Y). Vertical 
dynamic impact posed on frog (A4Z) is detected in vertical direction, respectively the part which 
is transmitted to flange of the wing rail. The other sensors are one-axis sensors and are pla-
ced on such positions to best detect spreading of dynamic impact from the frog through the 
sleeper and into the ballast. Position of the sensors is as follow: A3Z – on bearer nearest to 
the crossing nose; A0Z – on the measure bar embedded to the ballast close to crossing nose.
The vibration transmissions through the bearer under crossing nose: A1Z – on head in stra-
ight direction; A2Z – on line of the track in straight direction; A3Z – on bearer nearest to the 
crossing nose; A7Z – on line of the track in curve direction; A8Z – on head in curve direction.
Thanks to the described methodology of the measurement it’s possible to obtain complex 
information about how dynamic impacts are transfer in close proximity of the frog and into 
the ballast.

3.2	 Measuring of moving behaviour of the construction

Moving behaviour in place of the frog is followed up by the induction sensors (designation S) 
which measure vertical displacement of the bearers.
The sensors S0, S1, S4, S7 are placed on single bearers along the crossing as close as possi-
ble to wing rail. Measurements from these sensors help us to imagine bending curve which 
occurs along the crossing. Maximum displacement is expected to be directly under the cro-
ssing nose.
Vertical displacements of the most loaded bearer (most likely under the crossing nose) are 
measured by following sensors: S2, S6 – placed on the head; S3 – placed in the line of the 
track in straight direction; S4 – placed nearest to the crossing nose; S5 – placed in the line 
of the track in curve direction.
The sensors of vertical displacements (S0, S1, S2, S3, S4, S5, S6, S7) are attached to steel 
beam with special magnetic holder. The frame consists of two steel rods with diameter 20 
mm and length 70 cm. The rods are hammered to the ballast to depth of 65 cm. The axial 
distance from one another is 60 cm. The steel beam is attached to steel rods. The length of 
steel beam is 70 cm.
If trains are passing mostly through straight direction and curve direction is not that busy it 
could happen that bearers are lifting upward when a train is crossing. Thanks to position of 
the sensors these changes could be detected.

4	 Mathematical apparatus

When dynamic action from railway traffic is measured in-situ it’s necessary to describe and 
evaluate stochastic signal. This is rather difficult. In order to get necessary information and 
compare the dynamic action on each construction we can evaluate stochastic signal from 
three different perspectives. First perspective is time scale. We will calculate surface under 
the curve of moving RMS (RMS stands for Root Mean Square). Thanks to this time perspective 
it’s possible to determine total dynamic action on construction. If we compare area under 
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curve of moving RMS with area under curve of moving maximum amplitude we get a value 
called Crest Factor. Crest Factor represents dynamics of the signals.
For detailed analysis of the dynamic actions above described method is not sufficient because 
frequency composition is not known. For this reason it’s useful to transform signal from time 
scale to frequency scale. For this transformation we use Fourier transformation method. In 
frequency scale it’s possible to determine which parts of signal are the strongest ones. For 
detailed analysis it’s useful to use third perspective, which evaluate signal from time-frequ-
ency scale [3]. With this perspective we can see not only frequency composition but also its 
occurrence in time.

4.1	 The Welch method

The Welch method is certain modification of the Fast Fourier Transformation. Digital signal 
x[n] (n=0,1,2,…, N-1) is divided into K segments each of them with length M (xi[m], i=0,1,..., 
k-1, m=0,1,...,M-1). Segments are either placed in row one by one then N=K∙M or they overlap. 
Each segment is weight by function w[m]. After transformation and following calculations pe-
riodograms components Sj[k] are created. These components put together represent approxi-
mate spectral density S[k]. This estimation is described by following formulas. Component of 
periodograms is determined by formula [1].

	 	 (1)

where:

	 	 (2)

 
is vector’s standard of window function, w[m] is window function. Resultant estimation is 
done by averaged component periodogram.

 
	 	 (3)

4.2	 Short Time Furier Transform (STFT)

STFT provides compromise between time and frequency signal representation [2]. Its integral 
definition is:

	 	 (4)

where:

g	 window function;
‘*’	 complex conjunction;
t’	 time displacement of window;
x(t)	 time representation of signal;
STFTx

(ω)(t’,f)	 time-frequency representation [2].
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5	 Description of measuring location and measured crossing

The chosen crossing was the fix common crossing of turnout number 59 in station head of 
the railway station Chocen. The turnout track system: rails 60E1 on concrete bearers, faste-
ning system Vossloh SKL 24 and ballast. Trains run in trailing direction. Turnout crossing 
angle is 1:14 and radius 760 m. The crossing of the turnout was measured twice: the first 
time before repair and the second time after repair of frog by welding, half a year later with 
previously mentioned methodics. The following measurements have been completed in full 
operation: construction moving behaviour, acceleration of vibration, geometry of transition 
by very accurate levelling and measuring with laser device for the measurement of cross 
sections of frogs.

6	 Evaluation of measured data

Due to scope of our paper we are only interested in transmission of vibration from wing rail 
(A4Z) through bearer (A3Z) to the ballast (A0Z) and moving behaviour of bearers along the 
frog. Equally 20 trains were measured before and after repair of frog. From many graphs and 
tables we choose those which best represent results of our analysis.

6.1	 Evaluation of vertical displacement of sleepers

From each train maximal vertical displacements were measured. Maximal vertical displace-
ments were used to create bending curves along frog. Then, from all measured trains the 
envelope curve of maximal and minimal vertical displacements was created and finally the 
average displacement curve was created as well. This analysis was done before and after re-
pair. Sensor S0 was placed two bearers in front of the crossing nose of the frog, sensor S1 was 
placed one bearer in front of the crossing nose, sensor S4 under crossing nose and sensor S7 
one bearer behind the crossing nose. The figure 1 shows the fact that vertical displacements 
after repair are greater than displacement before repair. It’s obvious that the repair doesn’t 
stop the development of the vertical displacements. Dash line on figure 1 represent displace-
ment before repair and full line represent displacement after repair. It’s interesting that the 
maximal displacement is not under crossing nose of the frog as it was in previous analyses 
we have conducted on other crossings. It’s actually shifted to the next bearer.

6.2	 Evaluation of transmission of vibrations in construction

The evaluation of acceleration of the vibration is divided into three different perspectives. 
First perspective is time area, where we represent evaluation with Crest Factor, which is ratio 
between maximal amplitude and RMS. This factor is calculated as an area under curve of 
moving maximum amplitude and moving RMS which are compared. The table 1 represents the 
measurements from selected trains and their comparison before and after repair. The table 1 
shows the fact that dynamics of the signals after repair are smaller than before repair. In other 
words we can see positive influence of repair on dynamic effects.
The second perspective is frequency area. Welch Method was used for all trains going over 
120 km/h. All graph results were put together and one average graph for each sensor was 
created. For each sensor we get average graph before and after repair. Figure 2 shows that 
from frequency point of view repaired crossing is slightly worse than unrepaired one. Decline 
in vibration was detected only for 50 Hz frequency; the other frequencies show worse or equ-
al results after repair. Significantly worse values after repair were measured for frequencies 
75 – 150 Hz on bearer (A3Z) and for 150 – 700 Hz on wing rail (A4Z). In figure 2, dashed line 
is used for frequency measured after repair and solid line is used for non-repaired crossing.
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Figure 1	 Vertical displacement curves along the crossing

Table 1 	  Evaluation with the Crest Factor

Train Crossing 59 Crossing 59 repaired
Speed 
[km/h]

AOZ A3Z A4Z Speed 
[km/h]

AOZ A3Z A4Z

Leo Express 157 4,38 2,78 2,81 156 4,64 3,31 3,09
163 49 4,34 3,52 8,48 51 2,53 2,09 3,07
RegioJet 363 137 5,57 3,67 4,21 139 5,09 3,09 3,10
Taurus 141 4,28 2,92 2,95 140 5,28 3,14 3,20
Pendolino 680 155 4,61 2,90 2,95 163 5,24 3,51 3,12
471 City Elefant 75 3,31 2,11 2,76 72 2,50 2,03 3,00
151 125 3,65 2,70 2,87 120 4,57 2,79 3,12

Figure 2	 The Welch method analysis

Time-frequency method can be used for confirmation of conclusions from frequency and time 
analysis. The advantage of this method is that it can display time and value of frequency action 
in one chart. As an example we present time-frequency graph calculated for signal detected on 
wing rail when Pendolino train passed the crossing. As we can see on figure 3 on horizontal axis 
is time and on vertical axis is frequency. The figure 3 shows the fact that the densest frequencies 
were detected in time when train wheel sets were passing measuring point. Maximum frequency 
range is from 400 – 550 Hz and 600 – 750 Hz, which correspond to the frequency analysis.
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Figure 3	 Time-frequency analysis with method STFT

7	 Conclusion and recommendation

From conducted measurements is obvious that it’s not efficient to repair the frog only by wel-
ding because dynamic actions are increasing even after repair. Detected signal magnitude 
degrees after repair (which is visible on Crest Factor) but overall dynamic actions are incre-
asing even after repair. This conclusion is supported by practical experience as well, where 
repair effect doesn’t last for a long time and defects are detected again. In this particular 
case it could be problem with track bed because vertical displacements under bearers are 
increasing. Ideal solution would be stabilization of track bed with combination of the ballast 
tamping and frog welding.
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Abstract

During the exploitation of railway vehicles, failures of elements of the suspension are very 
often. The fractures on the components of suspension are especially characteristics for freight 
wagons operating in extreme loading conditions. This causes a decreasing of the efficiency of 
rail transport and very often can cause a derailments with huge material damage and human 
victims. The task of this paper is to explore the possibilities for improvement of suspensi-
on behaviour through subsequent installation of rubber-metal elements of simple design. 
The methodology is based on the identification of causes of failures through numerical and 
experimental analysis of suspension behaviour. These research is basis for design of simple 
solutions of rubber-metal elements which can be subsequently installed in suspension of 
wagons. In this paper the proposed methodology is applied on the freight wagons for coal 
transportation whose suspension is based on laminated springs. Subsequent installation of 
rubber-metal elements is resulted with prevention of very frequent failures on elements of 
suspension. Besides, this solution enables reducing of maintenance costs, increasing the 
efficiency of transportation, and enables many other advantages.

Keywords:	rubber, suspension, railway vehicles, wagons, laminated spring

1	 Introduction

One of the most important parameters which determine the reliability and running safety of 
railway vehicles is functionality of the suspension. The malfunction of suspension causes very 
serious consequences and in many cases may cause derailment. For this reason, the design 
and reliability of suspension of railway vehicles has previously been the subject of many pa-
pers, including those concerning the detection of faults and analysis of failures [1–4]. The aim 
of all these researches was to indicate the potential problems and to give the motivation for 
improvements in existing or newly-designed solutions of suspension. Many studies show that 
failures of elements of the suspension are particularly frequent when the wagons are used in 
extreme operating conditions. One such system is, for example, the system of railway tran-
sportation of coal from mining basin ‘’Kolubara’’ to the thermal power plant ‘’Nikola Tesla’’ 
Obrenovac, Serbia. The transportation is based on the Fbd wagons and this line is among the 
most busiest industry railway lines in Europe. Because of this and because of some specifics 
in the design of suspension which is based on the laminated springs, the very frequent fractu-
res of spring leafs were caused derailments in many cases (one such case is shown in Fig. 1). 
The consequences of derailments were huge material damage and significant decreasing the 
efficiency of railway transportation. Such problems are very often on many loaded railway li-
nes for the transport of cargo. In these lines the suspension of freight wagons is usually based 
on the laminated springs. In the case of such problems, the logical way is to explore the failure 
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of laminated springs and to improve the suspension system. The main task of improving of 
suspension is to be economical and to allow quick implementation. The one of the main idea 
for solution the problem is subsequent installation the rubber-metal element in suspension. 
The motivation lie in the fact that rubber can significantly improve the behavior of suspension 
and dynamic characteristics of railway vehicles. This is confirmed by numerous studies [5–9].

Figure 1	 The derailment caused by the failure of the 
suspension system

Figure 2	 The scheme of suspension of Fbd wagon

2	 Analysis of failure of suspension

The typical scheme of suspension of freight wagon that is based on the laminated springs is 
similar to those for Fbd wagon shown in Fig. 2. The steel limiter is fixed for the underframe of 
wagon and has the task to limit the stroke of laminated spring. In extreme operating conditi-
ons at maximum loads there are intense dynamic rigid impacts of spring buckle in the steel 
limiter which is very unfavorable for the suspension and the underframe of wagon. 

Figure 3	 The Goodman-Smith diagram

In the case of Fbd wagons used in the thermal power plant ‘’Nikola Tesla’’, statistical analysis 
has shown that at the annual level, per one wagon there are almost 3 fractures on the ele-
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ments of the suspension system. In addition, it is found that the most dominant are the 
fractures of the laminated springs. The start of solving the problem should be experimental 
testings of laminated springs with the aim to analyzing and discovering the causes of failure 
of suspension. 
In the case of Fbd wagon, during the experimental tests, the behavior of laminated spring in 
the exploitation was recorded. The recorded data of vertical deflection of the spring buckle 
from exploitation were used to form a Goodman-Smith diagram and determine the lines of 
operating and the critical stresses of laminated spring (Fig. 3). The methodology with more 
details is shown in paper [10].
The spectrum of force amplitude or stress of laminated spring corresponds to the hard wor-
king regime. Based on the characteristics of laminated spring material the line of main dyna-
mic strength was formed (dashed line), where the characteristic values are given in Table 1.

Table 1 	  The characteristic values of Goodman-Smith diagram

Yield strength σT = 110÷125 kN/cm2

Dynamic strength during the alternating variable load σDn = 60÷70 kN/cm2

Dynamic strength during the DC variable load σDj = 110 kN/cm2

The extreme values of these data (σT, σDn) have low probability of occurrence, so in the further 
analysis the mean value of given areas are used. The critical stress of laminated spring (red 
line) was obtained by correction of main dynamic strength by the factor kA. This factor takes 
into account the quality of the laminated spring production, the conditions of exploitation, 
and uniformity of loading are random variables. On the other hand, loads during the exploi-
tation of laminated spring caused the stresses shown in Table 2 [11].

Table 2 	  The characteristic values of Goodman-Smith diagram

Medium dynamic stress in the laminated spring σsr = 55.38 kN/cm2

Maximal dynamic stress in the laminated spring σmax = 88.3 kN/cm2

Change of the operating stress of the laminated spring is linear and in the Goodman-Smith 
diagram it is represented by the line 2 which passes through the origin and the point K which 
has coordinates (σsr, σmax). In this case the line of operating stress of laminated spring cuts 
the line of critical stress. 
From analysis of diagram it is concluded that in the existing state of laminated spring the 
occurrence of fracture is very likely. It is also concluded that occurrence of maximal stresses 
mostly affected the fractures of main leafs of laminated springs. 
Therefore, the main reasons for the formation of fractures were primarily increased stresses 
and loads, and unreliable quality of laminated spring production. Increased loads arising 
not only due to overload of wagons, but also because of their uneven loading that cannot be 
accurately controlled. 

3	 Improvement of suspension 

Based on previous considerations and with respecting the existing design of the wagon, the 
special rubber-metal element for subsequent instalation in the suspension can be designed. 
The design of rubber-metal element for Fbd wagon is shown in Fig. 4. 
In this case, it is predicted that the life time of rubber-element must be minimal 5 years. This 
should enable the element to be replaced in frame of regular servicing of Fbd wagons. The 
element is very easy to install in existing wagons, between the laminated spring buckle and 
underframe, as shown in Fig. 5. 
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Figure 4	 The rubber-metal elastic element Figure 5	 The rubber-metal elastic element instaled in 
suspension

In order to determine the optimal characteristics of rubber, several samples of different ma-
nufacturers and stiffness are tested in exploitation conditions. The main aim was to find 
compromise between the laminated spring relieving, the life-time of rubber-metal element, 
and dynamic characteristics of the whole wagon (number of occurrences and the values of 
the stress amplitudes – deflection as a function of the path traveled). 
For the purpose of registering the mentioned dynamic sizes a special measuring system was 
designed. This measuring system is placed in the wagon and is based on the counter with 
the task to register the appearances and values of the amplitude of the laminated spring in a 
longer period of time during the exploitation of wagon. Analysis of results is shown that best 
solution is with rubber stiffness of 42 Shore. The diagram of optimal zone of stiffness formed 
on the basis of available space and deflection limitations is shown in Fig. 6. The diagram of 
stiffness of finaly adopted rubber-metal element obtained by laboratory experimental tests 
is shown in Fig. 7.

Figure 6	 The zone of optimal stiffness Figure 7	 The diagram of stiffness of finaly adopted 
rubber-metal element

Subsequent installation of designed rubber-metal element in the suspension should cause 
significant decrease of the stress amplitude, and therefore a new line of operating stress of 
laminated spring in Goodman-Smith diagram (blue line 3). This should result in significantly 
lower stress amplitudes, and hence sholuld reduces the extent of fatigue loading. Therefore, 
the blue line 3 on the Goodman-Smith diagram represents the compromise between the lami-
nated spring relieving and load of rubber-metal element, which provide a permanent dynamic 
strength of the laminated spring. 
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The designed rubber-metal elements are installed into the suspension of one Fbd wagon on 
which the experimental tests in exploitation were performed. The results of these tests are 
shown in the next chapter.

3.1	 FEM analysis of rubber-metal element

The method of finite element (FEM) has been used to analyze the stress distributions and 
deflection of the rubber-metal element. The nominal loading range used is 100 kN. The calcu-
lated deflection of rubber-metal element is shown in Fig. 8. The obtained results have shown 
that rubber-metal element satisfy the stress limitations. Also, the obtained deflections is 
matching with those obtained by the laboratory experimental tests (Fig. 7). The results of FEM 
analysis confirm that adopted design and dimensions of element and rubber stiffness are 
satisfactory from the point of allowed stress and projected deflection.

Figure 8	 The deflection of rubber-metal elastic element

4	 Exploitation tests

The exploitation tests of suspension with rubber-metal element was performed with the same 
measuring equipment and on the same track as previous test without it (Fig. 9). The change of 
measured deflection of rubber-metal element, as time function, for empty and laden wagon 
is shown in Fig. 10.

Figure 9	 The exploitation tests of deflection of rubber-metal element 
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Based on the analysis of recorded signals of behavior of suspension, the quality of the intro-
duced improvement was assessed. Characteristic loads of laminated spring with and without 
the rubber-metal element, in the static and dynamic conditions for laden wagon are given in 
Table 3.
From the Table 3 it is evident that the total static force on the one laminated spring Fu

st of fully 
laden wagon is lower for 48.4%. This means that part of the load is taken from the rubber-
metal element, and in this way, even in the static conditions, the laminated spring is relieved 
for almost 50%. As expected, this was even more pronounced in wagon running at dynamic 
loadings.

Figure 10	 The measured deflection of rubber-metal element in exploitation

Table 3 	  The effect of the introduced improvement

Force on the 
laminated spring

Without rubber-metal element [kN] With rubber-metal 
element [kN]

Relieving of laminated 
spring [%]

Static Fu
st 119 61.42 48.4

Maximal dynamic Fmax
d 157 68.06 56.6

Minimal dynamic Fmin
d 125 53.45 57.3

The percentage of relieving of the laminated spring in dynamic conditions is increased and 
ranged between 56.6% and 57.3%. During the tests, the maximal dynamic deflection of 
rubber-metal element for laden wagon is equal to zmax=12.2 mm (Fig. 10). 
Based on those obtained results, the rubber-metal elements were installed on over 400 wa-
gons for coal transportation to the thermal power plant “Nikola Tesla” Obrenovac. During the 
later years of operation of these wagons there were no frequent fractures of laminated springs 
or other elements of suspension system. The number of fractures was reduced by more than 
90%, where it should be noted that the rubber-metal elements are installed in the existing 
suspension systems. In mentioned period of 5 years there were no cases of debonding of 
rubber or any other defect of rubber-metal element. Of course, after this period, each element 
is replaced by new ones.

5	 Conclusion

The fractures on the components of suspension are especially characteristic for freight wa-
gons operating in extreme loading conditions. This causes a decreasing of the efficiency of 
rail transport and very often can cause a derailments with huge material damage and human 
victims. This this paper explore the possibilities for improvement of suspension behaviour 
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through subsequent installation of rubber-metal elements of simple design. The methodo-
logy is based on the identification of causes of failures through numerical and experimental 
analysis of behaviour of suspension. Respecting the existing design of the wagon, the special 
solution of the rubber-metal element which can be subsequently installed in suspension can 
be designed. In this paper, the proposed methodology is applied on the freight wagons Fbd 
for coal transportation. The results show that static load of laminated spring of laden wagon 
is reduced by about 50%, while the dynamic load is reduced by over 60%. The number of 
fractures was reduced by more than 90%, and reliability of transportation is significantly 
increased. These results show that advantages of subsequent installation of rubber-metal 
elements in suspension of railway vehicles are very large. The proposed methodology can be 
applied even on the wagons whose suspension is not based on the laminated springs, but 
is based on coil springs or other elastic elements. The proposed solution implies that with 
the minimum processing and reconstruction, the existing suspension can be improved to the 
satisfactory level of reliability. The most important advantages of subsequent installation of 
rubber-metal elements in suspension is reducing of maintenance costs, increasing the effici-
ency of transportation, improving the ride comfort and running stability, etc.
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Abstract

Sleeper anchors are used to increase lateral resistance of sleepers in continuous welded rail. 
Steel sleeper anchors are commonly used in the Czech Republic at present time. Chládek 
& Tintěra Pradubice company came up with the idea to use recycled plastic for the slee-
per anchors production. The advantage of recycled plastic is less environmental impact and 
corrosion resistance. On the other hand problems with resistant to load were anticipated. 
This paper presents laboratory test of material of plastic anchors EVA V production. These 
tests were done during the developing of the plastic anchor shape. Similarly, in-situ tests 
were done on the trial test section to compare sleeper with plastic and steel anchors lateral 
resistance and sleepers without anchors lateral resistance are presented. For the supply of 
plastic sleeper anchors were parallel with the laboratory and in-situ tests compiled the tech-
nical specifications for control tests and where are listed all controllable conditions. These 
tests are described in this paper as well

Keywords:	sleeper anchors, continuous welded rail, tearing resistance, lateral resistance

1	 Introduction

Sleeper anchors are used to increase lateral resistance of sleepers in continuous welded rail. 
Steel sleeper anchors are commonly used in the Czech Republic at present time. Because 
plastic anchors are new product used in railway tracks and can affect the safety of operation 
to do many tests was necessary. Plastic anchors were primarily tested in the laboratory. In the 
laboratory was developed shape of sleeper anchors that was not problem with its production 
and ensure resistance to cyclic loading. After laboratory test plastic anchors were put into 
trial track section in the regional railway track with small radius curve. Plastic anchors in trial 
track section are monitored for a long time and also were made comparative tests of sleeper 
lateral resistance. For the supply of plastic sleeper anchors is necessary make technical spe-
cifications where all controllable conditions are listed. 

2	 Laboratory tests of plastic sleeper anchors and material properties

The Laboratory tests, aimed in evaluation of material properties and mechanical behaviour, 
were carried out in three stages. The EVA III design of plastic sleeper anchors was modified 
into the EVA V design after the first stage of laboratory tests. The design modifications include 
a new design of embedded steel parts without sharp corners and a new position of the casting 
point into the centre part of the sleeper anchor. Both modifications have improved anchor 
resistance against cycling loading as initial crack points were removed.
First of all the material from which plastic sleeper anchors are made was tested. The structure 
of the plastic sleeper anchor consists of the outer massive shell roughly 10 mm thick and the 
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inner relatively porous material as a consequence of the manufacture process. The samples 
for material tests were cut from the inner massive shell part of anchors. The objective of 
material tests was to measure basic mechanical properties – density, bending modulus and 
Charpy impact properties. Sensitivity to extreme temperatures – both low and high – was 
also inspected. Regarding the storage of sleeper anchors the flame resistance test was also 
carried out. The tests of material properties were performed in the Institute for testing and 
certification, a.s. Material properties were evaluated by following tests:
·· material density by EN ISO 1183-1;
·· bending behaviour by EN ISO 178;
·· Charpy impact properties by EN ISO 179-1/1eA;
·· Vicat softenenig temperature by EN ISO 306;
·· determination of resistance to low temperatures – Charpy impact properties by EN ISO 179-
1/1eA at temperature -10 °C;

·· ignitability of products subjected to direct impingement of flame by EN ISO 11925-2.

Test results are summed in the Table 1. All tests of mechanical behaviour of plastic sleeper 
anchors were performed in Institute of applied mechanics Brno, Ltd., see [2, 3, 4]. The static 
load test was the basic test by which the mechanical behaviour was evaluated. This test 
simulates extreme load acting on sleeper anchors in track. An ultimate force that an anchor 
can resist is the result of this test. The tests were always performed to anchor destruction.

Table 1 	  Results of laboratory tests – material properties 

Measured quantity Value Uncertainty
Density [g/cm3] 1,02 0,01
Bending strength [MPa] 16,5 3,5
Bending modulus [MPa] 845 37
Vicat softenenig temperature [°C] 52,2 0,1
Charpy impact properties [kJ/m2] 3,29 0,18
Charpy impact properties -10 °C [kJ/m2] 2,32 0,09

The static load tests were carried out in the special loading frame. A sleeper anchor was 
attached to the steel element modelling the sleeper cross section. The force was applied 
by speed 2 kN/s, maximum speed of deflection was 5 mm/s. The force-deflection diagram 
was being recorded during the test and the anchor screw connection was visually inspected. 
Required force, which an anchor shall resist, is 12 kN with respect to the fact that minimum 
increase of the lateral sleeper resistance with anchor is 10 kN.
Tested samples were different during the stages of laboratory testing of plastic sleeper 
anchors. The first stage of testing (EVA III type of anchors) was performed only with new 
anchors that had just been manufactured. The last stage of testing was performed for new 
anchors, for anchors removed from test track section after 7 month of performance and for 
anchors which were put for 7 month into a climate box in temperature -18 °C. Termovision 
images were taken for deeply frozen anchors before and after tests. The results of static tests 
(average value) in last stage were:
·· 21,4 kN for new anchors;
·· 24,2 kN for anchors removed from the track;
·· 22,4 kN for frozen anchors.
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Figure 1	 Assembly of static load test of sleeper anchor [2]

All results of the ultimate static force are significantly higher than required value 12 kN. Next 
important tests of plastic sleeper anchors were tests of resistance to cyclic loading, both 
regarding mechanical resistance and regarding abrasion. The parameters of the test of mecha-
nical resistance were determined in aim to express the real loading of anchors in track. The 
particular test parameters were determined in accordance to administrator requirements:
·· sin wave time course of applied force, min force in the cycle FZA, min = 4 kN, max force in the 
cycle FZA, max = 10 kN, the mean value FZA, mean = 7 kN;

·· number of cycles NZA = 2·106.

Figure 2	 Test of cycling load resistence [3] (red color – force in kN, black color – deflection in mm)

Durability of plastic material (any cracks) and behaviour of the screw connection, especially 
tightness and squeezing the plastic anchor, were being inspected during the test.
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The test to abrasion of plastic sleeper anchor was performed in the ballast box. The plastic 
anchor was loaded in vertical direction. The vertical displacement in loading cycles was deter-
mined in value 1 mm, which roughly corresponds with sleeper deflection under axle load. The 
ballast layer was checked every 12 hour to ensure full contact of the anchor and the ballast. 
The test parameters were:
·· amplitude of vertical displacement sZA = 1 mm;
·· number of cycles NZA = 2·106.

Figure 3	 Test of tearing resistance in ballast

The weight of anchor before and after the test was compared. The weight before test was 
4,3120 kg, the weight after the test was 4,3118 kg so the weight loss was very small. A visual 
inspection of the anchor surface was carried out as well. The anchor surface was intact with 
only minor scratches caused by aggregates after the test. Plastic sleeper anchors resistance 
to abrasion in ballast was stated.

Figure 4	 Plastic sleeper anchor after abrasion resistance test

Based on laboratory test results the use of plastic sleeper anchors EVA V in test track secti-
ons was approved. The test results were used for the declaration of material properties and 
mechanical parameters in the technical regulations of Railway Infrastructure Administration.
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3	 Technical specifications of EVA V plastic anchors

3.1	 Material for EVA V sleeper anchor production 

The EVA V type of sleeper anchor consists of a steel upper plate and an anchor segment. The 
anchor segment is made of material with a trademark of TRAPLAST which is manufactured by 
recycling of plastic waste. The surface layer of the anchor segment is comprised of not less 
than7mm thick compact material which creates a bearing shell. The sleeper anchors are used 
by mounting the upper plate and the anchor segment on sleeper then fixed by the use of two 
bolts and two self-locking nuts. Therefore there is a steel sheet in a flange of the anchor se-
gment. It ensures a required contact with the fasteners. The material of the sleeper anchor is 
environment friendly, resistant to mechanical, climatic, chemical and biological effects and 
heat resistance.

3.2	 Technical specifications

Supplier’s technical specifications are obligatory technical specifications for delivery of the 
plastic sleeper anchors which are binding for the Czech railways. These specifications concern 
workshop production, testing, quality verification, acceptance, supply and use. The scope 
and frequency of the tests are prescribed by the technical specifications. Sleeper anchors EVA 
V properties and material quality for this product are proved by initial type testing repeated 
type testing and control product testing. The initial type testing is a test which is carried out 
before a new product is launched. It has been proved that the anchors meet the design requ-
irements and parameters. The initial type tests of EVA V or its materials are: 
·· material properties for the anchor segment – bulk density, modulus of elasticity in bending, 
bending strength, heat resistance which is defined by softening temperature after Vicata, 
impact value after Charpy, fire-technical properties;

·· lateral resistance of a sleeper with anchor (see chapter 4.1);
·· ability of sleeper anchor to resist the loading required– static load test (see chapter 3.3);
·· sleeper anchor ability to resist epeated loading – fatigue test, abrasion test (see chapter 
3.5).

Repeated type testing is carried out if some changes, which could influence the properties of 
a sleeper anchor (for example in structure, material or shape), come to pass during large-scale 
production. The scope of the repeated type testing is determined by the user on the basis of 
changes proposed by the supplier. Control product tests are defined to verify continuously 
the quality of the product. These tests are ensured by the producer in scope and frequency 
according to the product management system or according to the inspection and test plans. 
Control product tests cover:
·· dimensions of sleeper anchor;
·· weight of sleeper anchor;
·· bulk density;
·· impact value after Charpy;
·· static load test.

Expected lifetime of the sleeper anchor EVA V is 40 years. An intensified corrosion of steel 
parts might be expected in case of aggressive environment effect – the lifetime of the sleeper 
anchor might be decreased. The fasteners and the steel upper plate are possible to be coated 
with anti-corrosive paint.
Sleeper anchors EVA V don’t require any maintenance. Regular control of fasteners is re-
commended especially in case of aggressive environment.
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3.3	 Static load test

Maximum force on limit loading capacity of the anchors is monitored during a static load test. 
Deformations of a trial sample depending on an acting force are monitored. The static load 
test is carried out in a loading frame on a model of sleeper anchor. A sleeper is replaced with a 
steel model. The shape of the model corresponds with the lateral cross section of the sleeper 
in the place of anchor. Bearing area of the sleeper’s model has a shape of a rectangle. The 
length of the bearing area corresponds with the width of an underneath surface of the sleeper. 
The width of the bearing area is 200 mm. Roughness of the bearing area which is in contact 
with the plastic anchor segment corresponds with roughness of the underneath surface of 
the sleeper. The biggest unevenness mustn’t be higher than 1 mm. The upper steel part surro-
unds the sleeper’s model and the anchor segment fits to the bearing area. For arrangement 
of the test see Figure 5. The test is carried out on three trial samples which are loaded until 
destruction. A loading rate is 2 kN/s.

Figure 5	 Static load test arrangement 

3.4	 Long-term fatigue test

Fatigue test examines the ability of the anchors to resist repeated loading. The fatigue test is 
carried out in a loading frame on the same model as the static load test (see Figure 5). One 
trial sample is loaded by a cyclic loading from 4 kN to 10 kN. The loading is introduced with 
a frequency range from 2 to 5 Hz. Number of load cycles is 2·106. Holding power of screw 
joints, lifetime of the plastic part and a squeezing of plastic are controlled visually during 
the fatigue test.

3.5	 Abrasion test

An abrasion test monitors the ability of plastic material of the anchor segment to be resistant 
to cyclic loading. The abrasion test is carried out on a model of a sleeper with a sleeper 
anchor in a ballast box. Crushed rock of fraction 31,5/63 is placed on a solid base – concrete 
or steel plate. Sleeper is substituted for a steel model. The bearing area of the steel model 
represents an underneath surface of the sleeper. It has a shape of a rectangle. Its longer side 
corresponds to a width of the underneath surface of the sleeper. Its shorter side has a length 
of 200 mm. Roughness of the bearing area which is in contact with the plastic anchor segment 
corresponds to roughness of the underneath surface of the sleeper. The biggest unevenness 
has to be less than 1 mm. For the test arrangements see Figure 3.
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Figure 6	 Abrasion test arrangement

The test is carried out on one trial sample. The Intensity of force is chosen according to the 
vertical movement of the sleeper anchor – maximum amplitude ±1 mm. The introduced loa-
ding has sinus course with frequency range from 2 to 5 Hz. Number of load cycles is 2∙106. 
Weight loss of the anchor segment is controlled and is determined from the weight before 
and after the abrasion test. Surface of the sleeper anchor is controlled visually after the test.

4	 Tests in trial test section

The trial test section was set up in regional track Svitavy – Polička in the Czech Republic. It 
is circle with radius 200 meters, cant 75 milimeters and 32 meters long transition curves. 
Superstructure consists of continuous welded rails S 49 on concrete sleepers with ribbed 
baseplates. The ballast bed is gravel fractions of 31.5 / 63. Ballast bed was changed only in 
the upper layer, from the underneath surface to the top sleeper, during the track reconstruc-
tion. Ballast bed under sleepers is very dirty. The shape of the ballast bed is prescribed with 
enlargement (1.75 m) and overcutting (0.1 m) on the outer side of the curve. There is sleeper 
anchor on every sleeper in circle. There are plastic sleeper anchors in first half of circle and 
steel sleeper anchors in the second half of circle. 

4.1	 Lateral resistance test

Measurement preparation starts by removing ballast behind sleepers head (rear in the direc-
tion of extrusion) in order to put the extrusion head. Next, remove the sleeper screw in the ba-
seplates of both rails. Both rails are lifted, but just to be pulled away the pads from sleepers. 
For the lifting of rails is necessary to loosen the sleeper screw and the neighboring sleepers 
as well. Extruder head is put on the end of sleeper and the device is aligned by supporting 
rod. Prepared extruder device is shown in Fig. 7. 
Displacements are measured against 1.5 meters long fixed frame above tested sleeper. The 
force is set into the system by hand operated hydraulic cylinders with pressure gauge. Mea-
surement is performed by shifting sleeper in 1 millimeter increments, and each shift values 
are assigned values read from the pressure gauge. Dependence shifting on the load power 
is gotten. After steady resistance sleeper, which are reflected by shifting sleeper without the 
increase the strength force decrease to zero.
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Figure 7	 Extruder device

During the test the lifting sleepers is undesirable. The test arrangement with disassembled 
sleeper screw and by minimum lifting the rails with baseplates, lifting sleeper is impossible. 
After the test is necessary to sleeper move back to the starting position – after unloading 
remain displaced. It is not possible to repeat the test on the same fret.

4.2	 Test in the trial test section

In-situ test were done in two stages – during reconstruction one day after continuous welded 
rail installation and after 8 month operation. In both stages were tested 10 sleepers – 5 with 
plastic sleeper anchors EVA V, 3 with steel sleeper anchors and 2 without any sleeper anchors 
for comparison. Sleepers without anchors are in transition curve because all sleepers in circle 
are with sleeper anchors.
Between the tested sleepers were always 3 sleepers. Rails were always released only at the 
measuring sleeper and the immediately adjacent sleepers, which was particularly advanta-
geous due to temperatures. Immediately after the test rails were clamped and then the work 
began to prepare for further examination. Rails have never been released on more than 3 
sleepers and could thus lead to changes in the clamping rail temperature.

4.3	 Test routine 

After installation extrusion system to tested sleeper was initiated by raising the pressure and 
ejecting sleepers. Shift sleeper was measured by two displacement sensors. The measured 
values of both sensors were averaged. The pressure was increased to a steady value. In the 
case where stabilization occurred the test was finished after 15 mm displacement.
Figure 8 was created by averaging the measured values for sleepers with plastic, steel and 
without any anchors in both testing stages. There are sleeper resistances similar in both sta-
ges of the measurement for both sleepers with EVA V plastic anchors and sleepers with steel 
anchors. To change the inclination of the curve occurs at a displacement of about 1 mm and 
a transverse resistance of 7-8 kN, respectively 9-10 kN. In the case of steel anchors there is a 
change of inclination at a slightly lower resistance value, but the increase in lateral resistance 
is more significant.
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Figure 8	 Lateral resistance comparison

5	 Conclusions 

Plastic sleeper anchors have been developing in several steps with both laboratory and in-
situ tests. The latest version plastic sleeper anchors EVA V is in trial operation in regional 
railway track Svitavy – Polička in the Czech Republic. On the basis of laboratory test and 
positive experience with trial test section seems using plastic sleeper anchors EVA V as good 
alternative steel sleeper anchors. Another advantage of the plastic anchor is the use of more 
environmentally friendly recycled plastic.
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Abstract

Head checking cracks as a special type of rail defects become more frequent recently on 
the high-speed railways. Partly similar defects were observed at the starting and stopping 
locations of the vehicles’ driving axle at urban tram stops. In these places fatigue defects 
are appearing parallel to the track on the rail’s running surface. These defects were first ob-
served by the author of the abstract in Budapest, along tram Line 49. The most significant 
defects were discovered on sections of that tram line, where only old carriages run without 
slip protection equipment. On those sections, where other types of the carriages also run, 
the defects were less frequent. Measurements of eventual defects were performed using Eddy 
current sensor, digital microscope, wheel mounted inertial sensor and high-speed camera. 
Measurements with Eddy current sensors were carried out on the running surface of rail. They 
did not show cracks but average depth of defects could be determined. Surface deformations 
were detected by a digital microscope and their dimensions were also measured. Images 
made by digital microscope (from “micro-slip”) showed similarity to the “comet-shaped” rail 
surface corrugation caused by high-intensity acceleration (“macro-slip”). Based on this fact, 
the author assumed that probably the slip plays an important role in the formation of defects. 
Slip values recorded by a high-speed camera during start and stop of tram carriages were 
found equivalent to the length of the defect under consideration. Further investigations were 
made to determine the exact value of the slip during the start and stop of the tram carriage 
under operating conditions. For that purpose, wheel- and vehicle-mounted accelerometers 
and the speed acquisition device of the tram carriage were used. Assessing the results of the 
experiments, it is concluded, that the wheel slip is responsible for the defects discovered, 
but further investigations are needed.

Keywords:	rolling contact fatigue defect, wheel slip, wheel-rail contact, special rail 
corrugation, micro-slip 

1	 Introduction

Some special defects were observed during a condition survey of Budapest tram lines carried 
out by the author. This condition survey was based on consultations with professionals of BKV 
(Budapest Public Transport Plc.) and photos taken during the perambulation of tram lines and 
the performed investigations. Fig. 1 shows some typical defects.
One of the observed defects was distinguished, in order to analyse its causes in detail. This 
defect is a special corrugated longitudinal one, attributable to rolling contact fatigue appea-
ring on the rail tread. Fig. 2 shows it in Sections 1.1.

28–30 April 2014, Split, Croatia
3rd International Conference on Road and Rail Infrastructure
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Figure 1	 Special rail corrugation and defects: a) The pitch of rail corrugations was cut by electromagnetic rail-
brake; b) “Winding-shaped” wear on the running surface, later broken; c) Special corrugated rail side 
wear of grooved head in curve

1.1	 Longitudinal defects appearing on the rail’s running surface

Defects apparently similar to head checking cracks (HC) were observed at starting and stop-
ping location of the driving axle at tram stops. At these locations fatigue type defects appe-
aring on the running surface are parallel to the track. It should be noted that longitudinal 
surface defects occur most frequently on the full width of rail head (Fig. 2c). However, the 
defect in other rail sections has a shape of corrugation (Fig. 2a). It shows similarity to the 
impact of unstable high-frequency bogie movement which can occur mainly on rails of high 
speed railways. The wheel probably slips at the moment of start and stop. This slip leads to 
the hardening of the rails’ running surface which results failures occurring on the rail tread 
due to cyclical fatigue load. This type of defects was first observed by the author in Budapest, 
along tram line 49. The most significant defects were discovered on sections of that tram line 
where only aged carriages run, without slip protection equipment. These defects appeared 
less frequently on sections where other types of tramcar also run.

Figure 2	 a) Corrugated shape of failure; c) Longitudinal fatigue defects on the whole cross-section of running 
surface
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It has to be noted, that both, TATRA and GANZ made rigid-axle articulated tramcars run on the 
studied tram line 49, but the latter type does not have slip protection equipment and torque 
control in the engine. Aiming to discover the characteristics of the defects, the following 
measurements were performed.

1.1.1	 Testing of rail surface deformation using Digital microscope
Images of digital microscope showed inelastic deformation (“micro-slip”). The microscope 
was controlled by a computer, which immediately recorded the photos taken with appropria-
te lateral overlap, so the microscopic pictures can be joined easily by using an appropriate 
software. Fig. 3c shows a panorama photo of the discovered defect. Surface deformation 
of the displayed microscopic failure (Fig. 3c) shows similarity to the “comet-shaped” rail 
surface macro corrugation caused by high-intensity acceleration, where the direction of the 
movement can be also determined easily (Fig. 3b).

Figure 3	 a) The longitudinal failures; b) macro “comet”- shaped defect on the rail running surface c) Panorama 
photo of digital microscope 

Geometric dimensions of a defect could be also determined from the pictures taken by a di-
gital microscope. The length of the observed failure is varying between 5 and 25 mm (Fig. 3c) 
and the dominant wavelength of the displayed wave-like defect shown in Fig. 2a is between 
0.10 and 0.30 m. A difference exceeding two orders of magnitude appears when this value 
is compared to the theoretical wavelength derived from the calculation based on Klingel’s 
formula [3] Eq. (1): 

	 	 (1)

where:

tgγe=0,05=1/20	 Equivalent Conicity = wheel profile cant (1:20);
e=1500 mm	 Nominal rolling radius distance;
ro=670 mm	 Nominal rolling diameter.
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This result can’t be explained by the traditional sinusoidal motion theory. It should be noted 
that Klingel’s theoretical wavelength refers to the motion of one single wheelset rather than 
the motion of the whole carriage. For the sake of the calculation, it was assumed, that the 
wheel and rail profile are to be in perfect condition and shape.

 
Although smaller values of wa-

velength can also occur if the profiles of the wheel and rail are worn out. Values of wavelength 
obtained from Klingel’s formula are actually falling between 1 and 40 meters.

1.1.2	 Detection of cracks in railhead by using Eddy current sensor
Eddy current sensor is used to detect and determine the depth of crack-like damage in the 
gauge corner of the rail. Devices applied for this measurement are continually improving, so 
cracks under the running surface can be detected in a reliable way up to a depth of 3-4 mm 
by using this technique, depending on the Eddy current excitation frequency. Determination 
of crack’s depth is very significant for traffic safety and for specifying the maintenance work 
to be carried out on the rails of high speed railways. Identical method was used by the author 
to discover cracks under the running surface near the observed defects.

	 Grooved Rail surface cross-section

Figure 4	 Testing result of two cross-sections by using Eddy current sensor 

Measurements were performed using Hocking Locator 2, a single frequency device. The Eddy 
current test method is based on the principle of magnetic induction. The primary magnetic 
field of the excitation coil (sensor) induces a secondary magnetic field in the rail. Measuring 
the changes of this magnetic field the location of sub-surface cracks and material failures can 
be determined. The sensor is moved with constant speed transversally on the rail’s running 
surface (the width of a rail head is measured in 20 seconds). This timebase mode crack de-
tection test was performed in those cross-sections, where the size of the defects was the 
greatest (Fig. 4a). In the time-base mode the Y component (depth) is represented against 
time. Near-surface cracks were not discovered by using Eddy current sensor.

1.1.3	 Investigation of tramcar wheels
The intensity of the use of sand to prevent slip by increasing friction can play a significant role 
in the appearance of the defects studied. In order to check the wheels of vehicles running on 
the tram line 49, the tram depot was visited in order to find out whether the sand poured under 
the wheels, could be the cause of these defects. However, it was stated, that no crack-causing 
matter has been poured on the running surface of the wheel other than some contaminations in 
the sand itself. No wears were observed on the wheel, unlike the rail heads, as described above. 
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2	 Wheel-slip testing

The results of these investigations (Sections 1.1.1 – 1.1.3) lead to the conclusion that the wheel 
micro slip (Section 1.1.1) can play a significant role in the appearance of the defect described 
above (Fig. 2), therefore the slip values were determined at the moment of start and stop of 
the tramcar, under operating conditions. The tests were performed on a back storage track of 
tram depot in Budapest under dry, cold weather and good adhesion condition. The tramcar 
used for the test runs on that line, where the observed failure is situated. (Section 1.1 refers to 
main parameters of the tested tramcar). Scale signs were marked up on the wheel and along 
the track before the measurements, therefore the slips become easily determinable by visual 
observation (Fig. 5).

Figure 5	 a) Regular scales marked on the wheel; b) the “0” scale-mark and the scale-marks placed alongside the track

2.1	 The process of testing at the moment of start and stop

Testing at the moment of start: The tramcar was started according to operating condition with 
different intensities of acceleration, and then it was run out without braking to end of the track 
until it stopped. It was slowly driven back to the starting position, using only electromagnetic 
rail brake to stop.
Testing at the moment of braked stop: The vehicle was started from the other (side) end of the 
track and it was coming towards the HS camera with maximum speed (30 km/h) according to 
the local conditions, and it stopped using the maximum intensity of the brake. The vehicle 
was stopped in the visual field of the HS camera.

2.1.1	 Test using visual observation and high speed camera (HS)
The position of the “0” scale-mark on the wheel related to the scale-marks placed alongside 
the track was read at the start location and also when the vehicle returned that same positi-
on (Fig. 5b). The slip value is the difference between the two readings. The test by using HS 
camera is in principle similar to that of the visual observation, but in that case the position of 
the “0” scale-mark is read by the HS camera. Time – distance data points of the wheel axle, 
and the time – arc-length data points of the angular displacement of the “0” scale-mark are 
determined by graphical analysis of the video recorded by the HS camera. Quadratic Least 
Square Regression was performed to data points where the correlation coefficient related to 
the set of all cases was higher than 80%.
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Figure 6	 a) Time – distance, and time–angular displacement functions in case of starting by high intensity 
acceleration; b) distance – slip diagram in case starting by various intensity acceleration 

Fig. 6a shows the parameters of the fitting curves in case of a start with high intensity acce-
leration (the Quadratic Regression Equation = ax2). The residual values (difference between 
the fitting curve and the actually observed values) are caused by imperfection of reading 
from scale-marks alongside the track. The slip value (Δs) is determined by the difference of 
fitting curve Eq. (2):

	 	 (2)

The measured and calculated slip values at the start reflected micro-slip that is directly pro-
portional to distance (Fig. 6b). This could be caused by the linear engine of the tramcar, which 
assures uniformly accelerated motion.

2.1.2	 Test using wheel – mounted accelerometer
Wheel slip testing can be improved by using wheel-mounted digital 3-axis accelerometer [2], 
ensuring continuous monitoring of the wheel motion (slip). This can significantly reduce the 
uncertainty of the previous methods (refer to Sections 2.1.1.). The accelerometers are mounted 
on the driving wheels and the free running wheels too. The longitudinal axis of the device is 
perpendicular to the wheel radius. The magnitude and the location of the slip can be deter-
mined from the measured acceleration value (Fig. 7). The process of starting and stopping 
corresponds to the descriptions in Sections 2.1. This methodology is worked out by the author 
in MATLAB software by analysing acceleration value of the accelerometers that are mounted 
on the wheels of bicycle.
The accelerometers are placed preferably in identical position on the wheels (they should be 
in equal phase – cophasal -) before starting. The magnitude of wheel slip can be determined 
from the “pre-start” and “post-stop” angle differences of the accelerometer positions by using 
accelerometer values (ax, ay) (Fig. 7). The directly measured acceleration data is distorted 
by noise, while that latter could be separated from the data by using linear-phase low-pass 
digital filter [4] in MATLAB. Fig. 8 illustrates the filtered signal and the acceleration, braking 
and coasting sections in case of a starting with low-intensity acceleration. The magnitude and 
location of the slip is determined from the phase shift of the measured accelerometer data 
read on different wheels. It can be noted that the calculation must be corrected, because of 
the difference between the accelerometer run circuit and the length of tread. Further tests with 
a properly equipped tramcar are planned to be performed in spring 2014.
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Figure 7	 Wheel slip testing by using 3-axis accelerometer 

Figure 8	 Centrifugal acceleration of powered and free running wheels
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3	 Summary

The most significant defects were discovered on those sections of the tram line stops, where 
the driving bogies stop. Surface deformations discovered (Fig. 3c) showed similarity to the 
“comet-shaped” rail surface macro corrugation, caused by high-intensity acceleration. Du-
ring wheel slip testing, the tramcar does not slip in a visually perceptible manner, but the 
detailed investigations showed micro-slip directly proportional to distance. Furthermore, the 
lengths of the defects were equal to the measured slip values at the moment of start. On the 
base of these facts it can be assumed, that probably the slip plays an important role in the 
formation of these defects. The uncertainty of the wheel slip testing is reduced by applying 
wheel-mounted digital 3-axis accelerometer, which ensures the continuous monitoring of the 
wheel motion. Although the measurement methodology has already been developed, actual 
measurements on the field are planned to be performed in spring 2014.

References
[1]	 Esveld, C.: Modern Railway Track, Second edition, TU-Delft, 2011.

[2]	 Gersdorf, B., Frese, U.: A Kalman Filter for Odometry using a Wheel Mounted Inertial Sensor, 10th 
International Conference on Informatics in Control, Automation and Robotics, Reykjavík, pp. 388 – 
395, 2013.

[3]	 Klingel, J.: Über den Lauf von Eisenbahnwagen auf gerader Bahn. Organ für die Fortschritte des 
Eisenbahnwesens, pp. 113–123, 1883.

[4]	 Simonyi, E.: Digitális szűrők (Digital Filters) Műszaki Könyvkiadó, Budapest (Hungarian Technical 
Press, Budapest), 1984.



6		 Structural Monitoring and Maintenance





Structural Monitoring and Maintenance 519

28–30 April 2014, Split, Croatia
3rd International Conference on Road and Rail Infrastructure

Bridge evaluation method using metrological 
methods in short and long-term measurements

Gert Gommola1, Peter Krempels2

1 Hottinger Baldwin Messtechnik GmbH, Darmstadt, Germany
2 DB route measurement – I.NPI 31(F) DB Netz AG

Abstract

Bridges are an essential component of the train and vehicle traffic network. Increasing traffic 
loads, the demand for faster transit speeds and the possible influences of weather effects 
drive the need to evaluate existing bridges that in some cases have been in use for decades. 
The existing construction documentation is not always sufficient to obtain reliable statements 
about e.g. the remaining useful life or changing utilization conditions. Suitable metrological 
methods combined with calculation models allow these tasks to be resolved.

Keywords:	bridges evaluation, metrological methods, short–term measurements,  
long–term monitoring

1	 Introduction

The Deutsche Bahn (DB) alone is responsible for approx. 28,000 railway bridges with diverse 
structural designs. Bridges age and fatigue differently depending on their construction. Even 
identically designed bridges evidence different behaviors as e.g. climatic conditions on site 
may vary. Deutsche Bahn generates calculation reviews at various levels, in compliance with 
Guideline 805 [1]. This frequently means a measured-value supported calculation review in the 
case of complex bridge structures [2]. The measured values, with which the calculation models 
are calibrated, are provided by short-term measurements with resulting loads from standard 
traffic or defined special loads. The real system behavior can be acquired easily by measure-
ments on the object. Short-term measurements highlight weak points and safety deficits. Long-
term measurements depict the behavior of the bridge under load collectives which include, 
e.g. in addition to traffic loads, wind forces, temperature fluctuations and other influences.

2	 Short–term measurements for measuring system behavior on bridges

Static or dynamic short-term measurements as per Module 805.0104 (DB) are classified as follows:
·· System measurements under defined operating loads for steel railway bridges;
·· Experimental load-bearing evaluation (concrete constructions with high non-linear load-
bearing behavior);

·· Special measurements to clarify the behavior of e.g. moving bridges.

A bridge under investigation is experimentally evaluated with both general train traffic loads and 
traffic with some extent significantly higher loads. The necessity of increased loading is often 
justified by the aim of obtaining a measurable construction reaction (strains, curvature, shifts, 
inclinations, accelerations, etc.). The loads however are only located in the elastic deformation 
behavior of the construction and are specified by the bridge evaluator/structural engineer. He 
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also defines the number and type of measurement points in the respective measurement cross-
sections and the type of dynamic load by e.g. defined crossings of vehicles at different speeds. 
In this method, the number of measurement points can lie between double figure and several 
hundred applications. The duration of the measurement is frequently limited to just hours (closing 
sections; provision of load testing vehicles; special wagons). This defines the requirements for the 
measurement technology through the dynamic and simultaneous acquisition of measured values. 

Figure 1	 Schematic representation of the applied loads during a system measurement

3	 Measuring the system behavior on the  
Fehmarnsund Bridge (Example Project) 

3.1	 Application and requirements

Arising from the discussion and the initial constructional proposals for the building of the 
Fehmarn Belt link (Fig. 2 – red arrow) from the Fehmarn Island (Germany) to Denmark, the 
Fehmarnsund Bridge (Fig. 3), which was built in 1963, was also subject to a new evaluation. 
This network arch bridge, located to the south of the planned Belt link (yellow arrow), will 
experience significantly greater use with a direct traffic connection, both in terms of traffic 
density and with regards to the forecast traffic load.

Figure 2	 Geographical location Figure 3	 Network arch bridge (since 
1962), Fehmarn Belt Bridge
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The system behavior measurements between 11 and 14 June 2010 were intended to determine 
whether the structure could meet these requirements. The assessment of the resulting measure-
ment results is not a part of this document. The basis of the assessment is the evaluation level 
4 of the Guideline 805 and the evaluation guideline of the Federal Highway Research Institute. 
Numerous measurements with various loads were necessary on the road and on the rail tracks 
for calibrating the complex calculation models. The measurement program was agreed with 
the structural engineer group of the DB-Projektbau [3]. 

3.2	 Measurement program

 

Figure 4	 Measurement locations and corresponding measurement sections

It was agreed with the structural engineers that two measurement locations (ML I and ML II), 
with corresponding measurement sections, should be defined (Fig. 4). ML I comprises two fi-
eld sections and a support section. ML II is located on the network arch bridge superstructure 
and has two measurement sections.

3.3	 Type and installation of the transducers

Sensors were installed at 251 locations representative of the bridge statics to acquire diverse 
bridge construction deformation parameters under cyclical stresses. The specified measuring 
points were installed in the period from April to June 2010. The specific number of measuring 
points was based on the use of strain gauges (SGs) in an SG full-bridge circuit. The strain to 
be measured as reaction to the applied loads is acquired in a full-bridge branch (component 
expansion + temperature expansion, Fig. 5). 
This quarter branch is connected with three passive SG to form the full bridge circuit. These 
passive SG do not experience any component expansion caused by applied loads like the SG 
in the quarter branch, but they acquire the resulting temperature expansions. 
This circuit type significantly minimizes the acquisition of temperature-dependent strains 
so that only component strains in correlation to traversing events are acquired. The SG full 
bridge circuit type enables electrical connection to the downstream measurement electro-
nics in a 6-wire circuit. Cable effects which could result in metrological errors, caused e.g. by 
temperature influences on long cables, are compensated for by the electronics here via two 
additional sense leads.



Structural Monitoring and Maintenance522
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

Figure 5	 	Strain gauge installation 

3.4	 Measurement data acquisition

Data acquisition systems were installed decentralized for measurement data acquisition, 
storage and transfer. Due to the dynamic acquisition of the measured values, the decentra-
lized installed data acquisition systems (HBM QuantumX and MGCplus) and the main con-
trol room (Fig. 6) were connected with fibre-optic cables for NTP data synchronization and 
controlling the measurement system. The dimensions of the measurement layout itself and 
the complexity of the measurement task can also be indicated by noting that the use of fibre-
optic cables replaced 60 km of electrical connection cables that would have otherwise been 
necessitated. 

Figure 6	 System architecture
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3.5	 Measurement implementation

Appropriate test loadings on the Fehmarnsund Bridge were implemented with locomotive 
units and additional heavy truck transports between 18:00 to 06:00 each night between 
11.06. to 14.06.2010.

3.5.1	 Quasi-static transits of heavy-load vehicles
Two heavy-load vehicles (Fig. 7) were used for transits in 4 different lanes (axis load 12t / 20t) 
at speeds v = 10 km/h and a vehicle distance of approx. 10 meters.

3.5.2	 Locomotive train transits
The locomotive unit (Fig. 8) comprised a group of 2 x BR232 and 8 x BR155. The total mass was 
123t with an average wheel set load of 22.5t for a BR 155 locomotive. The basic load position 
resulted in a vehicle mass of 6.276 t/m.

Figure 7	 Heavy transporter with 120t additional load Figure 8	 Load train comprising 10 locomotives

3.5.3	 Combined transits
In this part of the measurement program, combined transits of locomotive units and he-
avy transporters on the routes were implemented with different travel directions and load 
patterns.

3.5.4	 Dynamic measurements
Dynamic transits were implemented at maximum speeds for the locomotive units of approx. 
120 km/h and approx. 80 km/h for the heavy transporters. The measurements were triggered 
by light barriers positioned at suitable points.

3.5.5	 Measurement results (example)
Fig. 9 shows an example of the mechanical stresses acquired during parallel transits of loco-
motive units and heavy transporters during one of the implemented measurements.
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Figure 9	 Stress ratios on five field continuous girder – Field center of first field transverse beam Section 2 
(guide barrier) with parallel transit of locomotive unit and heavy transporter at measurement point 1 
to scale copied comparison (ICE standard traffic)

4	 Long–term monitoring on bridges 

Long-term measurements provide statements about the resulting stress collectives of a 
structure under the influence of standard traffic, in combination with all other physical influ-
encing factors on the structure that do not e.g. occur in short-term measurements. Structural 
health monitoring detects changes in time and helps to avoid accidents. The measurement 
data shows how structural components interact under real loads. The know-how thus obtai-
ned delivers important information for the maintenance of existing bridges and for the deve-
lopment of innovative construction methods. Monitoring is useful when the investment volu-
me only permits a limited number of new structures per time unit, where historical structures 
need to be maintained and continue to be used, and where special constructions require 
permanent monitoring.

Figure 10	 Permanent monitoring of resulting mechanical stresses on a DB auxiliary bridge, comparing stress 
of passenger and freigth trains
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Figure 11	 Typical design of a long-term monitoring system (data transfer) of the DB in cooperation with HBM

5	 Long–term monitoring for remaining life statements –  
Status and prospects

The basic requirement for measurement technology-supported statements about the remai-
ning service life of a construction (bridge) is the availability of reliable load data from the past.
In part, these can be calculated on the basis of available documents about train loads and 
the number of trains or projected using information available about loading situations with 
reference to defined time periods. If such data is not available, it is not possible to make sta-
tements about the remaining useful life! Challenges are not only posed by changing climatic 
conditions, but also with regards to protection against vandalism and theft, if future solutions 
are to have a direct influence on standard traffic and the utilization analysis of railway bridges.

Aim of existing pilot projects:
·· Long-term stability and durability of sensors and subsequent electronics;
·· (e.g. endurance strength/protection of sensors against weather, overvoltage protection, etc.);
·· Maintenance free overall system/secure remote data transfer;
·· Remote configuration and analysis option; 
·· Redundancy at measuring points/if necessary, different measurement principles/preven-
tion of false alarms;

·· Automatic restart after failure;
·· System power supply requirements in inaccessible areas (220V mains power supply; avai-
lability of data network, etc.);

·· Data pre-processing / compression (no GBs or TBs of raw data);
·· Protection against environmental influences vandalism (human and animal);
·· Determination of fewer, but more meaningful measurement points per bridge;
·· Safe data transmissions; possible data reduction;
·· Specification of limit values for warning and alarm stages;
·· Appropriate procedures when warning and alarm stages are reached.

There are series of approaches, particularly in the Asian region of installing long-term moni-
toring systems directly during construction (enormous mechanical stress) and/or as of the 
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commissioning of a new bridge. Knowledge about the loads to be expected, etc. is necessary 
here in order to e.g. install sensors at load-relevant points. In particular, experiences gained 
from the system measurements are the basis for the first long-term measurements installed 
by DB in order to e.g. drastically reduce the number of measurement points and to determine 
the appropriate system architecture. 
In contrast to short-term measurements (system measurements), long-term measurements 
also have increased requirements for e.g. the long-term stability of sensor components as 
well as secure data preprocessing and remote data transmission. The existing test projects 
very clearly show that there is still some need for expenditure in the sector of R&D as well 
as for further relevant long-term tests. There is also a need for further developments to be 
implemented by the measurement technology supplier, while the user (DB) also needs to set 
out appropriate specifications and standards. The standardization methods that currently 
exist and those which are in process of being created by the railway can also be guides in 
other sectors, e.g. in the sector of road bridges.

Acknowledgments

Particular thanks go to the personnel of the DB bridge measuring group (DB route measure-
ment – I.NPI 31(F) DB Netz AG (Head office Maintenance Bridge measurement and evaluation) 
in Magdeburg, for their constantly constructive cooperation and the provision of documents 
and photos for this article!

References
[1]	 Guideline 805 Tragsicherheit bestehender Eisenbahnbrücken DB Netz AG, August 2008

[2]	 Geißler, K.: Bewertung und Ertüchtigung stählerner Eisenbahnbrücken. Der Prüfingenieur 38, Issue 
04, Page 41 – 53. 2011 

[3]	 Krempels, P., Gommola, G.: MESSTECHNISCHE bestehender Messtechnische Ermittlung Des 
Systemverhaltens Der Fehmarnsundbrücke Als Grundlage Für Eine Realitätsnahe Bewertung 
(Bewertungsprofil Nach Richtlinie 805) 6. Symposium “Experimentelle Untersuchungen von 
Baukonstruktionen” TU Dresden 09.09.2011

[4]	 Quoos, V.: Dehnungsmessungen unter Verkehrslasten (Straße, Bahn) sowie bei Temperaturgang am 
Netzwerkbogen und am 5-feldrigen Nebentragwerk der Fehmarnsundbrücke	 Report 10/38, DB 
Netz AG, I.NPT 2(F), Magdeburg, December 2010

[5]	 Gommola, G.: Bridge Evaluation Using Metrology Methods for Short- and Long-Term Measurements 
Civil Structural Health Monitoring Workshop (CSHM-4)

[6]	 Geißler, K., Knaack, H.-U., Bolle, G., Marx, S.: Messtechnische Konzepte In Den Regelwerken Von 
Infrastrukturbetriebern – New Module 805.104 In Guideline 805 7 5. Symposium “Experimentelle 
Untersuchungen Von Baukonstruktionen” Schriftenreihe Konstruktiver Ingenieurbau Dresden, Issue 18



Structural Monitoring and Maintenance 527

28–30 April 2014, Split, Croatia
3rd International Conference on Road and Rail Infrastructure

Evaluation and management of seismic 
endangerment of Ring Road Thessaloniki

C. Antoniadis, Α. Triantafyllidis, Α. Anastasiadis, Pitsiava – M. Latinopoulou
School of Civil Engineering Aristotle University of Thessaloniki, Greece

Abstract

The current paper presents the study that was implemented in the framework of a diploma 
thesis in the school of Civil Engineering of the Aristotle University of Thessaloniki aiming at 
evaluating and managing the seismic risk of the internal Ring Road of Thessaloniki in Greece, 
focusing on the bridges along it. To achieve this, the study includes the following steps: i) the 
assessment of the seismic hazard of the area, ii) the examination of the structural vulnerabi-
lity of the bridges and iii) the redirection of traffic in the adjacent urban road network after the 
occurrence of seismic faults on some of the examined bridges. Towards this direction firstly, 
some general meanings are presented related to the seismic risk of everyday life activities’ 
networks and the factors which influence them, namely the seismic hazard of the area, the 
structural vulnerability and the importance of the element under consideration, specializing 
in road networks. Secondly, the available methods for classification and creation of vulnerabi-
lity curves of bridges at international and national level are described in detail. The geological 
and geotechnical aspects of the study area are given and in combination with the available 
soil simulants, the seismic response of the soil in the area around the bridges for a certain 
earthquake scenario is calculated. The earthquake scenario is calculated with an average 
period of reintroduction Tm=475 years and maximum acceleration on rocky background equal 
to 0.25g. Based on the method FEMA-NIBS (HAZUS), the corresponding vulnerability curves 
for all the bridges along the inner Ring Road are notified that are likely to experience higher 
levels of damage in the case of the examined earthquake scenario. With the results presen-
ted above, scenarios of traffic rearrangement are presented, in case of a possible blockade 
of roads due to repair works in two of these bridges. To this end, the best alternative route 
of the road network in the area is identified and the new distances and timing of such routes 
are evaluated. Finally, the conclusions drawn from the present thesis work are summarized.

Keywords:	vulnerability curves, seismic risk, Ring Road of Thessaloniki, soil stimulants, 
traffic rearrangement

1	 Introduction

Earthquakes are a very common natural phenomenon, particularly in Greece, and affect the 
operation of networks to a great extent. Despite this, however, these networks often comprise 
elements lacking seismic design, thus presenting a high probability of failure. In this light, 
earthquake engineering of utility networks – which aims at the assessment and management 
of the networks’ seismic risk – is a most timely issue and a strategic field of activity under 
continuous development. The hazards deriving from Greece’s high seismicity have not surpri-
singly raised many concerns. For this reason, it is imperative that seismic design be applied 
to all infrastructures and elements exposed to the natural phenomenon in order to reduce 
risk; this is primarily important for existing vulnerable structures. The necessary prerequisite 
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before taking action is to create and deploy an appropriate methodology for the assessment 
of seismic losses on the basis of which earthquake scenarios can be applied in order to rank 
priority policies in terms of preseismic and metaseismic design for the protection of areas. 
Given the exorbitant cost of applying overall reinforcement to all existing structures, attention 
has been focused on the logic of selective intervention based on the results of seismic risk 
assessment studies. Such studies are particularly important and imperative when they relate 
to utility networks and infrastructures. 
The scope of this paper is to assess the seismic risk of bridges along the Thessaloniki Inner 
Ring Road and the redistribution of traffic to the adjacent urban road network in the event 
of a failure due to earthquake. This is undoubtedly an effort which due to the nature of the 
investigation, entails a great degree of uncertainty. Perhaps it would be more plausible to 
describe the objective as a prediction of the degree of losses on the elements under risk, i.e. 
whatever can potentially be exposed to the impact of a seismic excitation. As concerns the 
redistribution of traffic, the objective is to determine the optimum routes in terms of capacity 
within the congested urban road network of the area under investigation

2	 Measurement instruments

In the context of investigating the seismic response of the area along the Thessaloniki Ring 
Road, two series of one-dimensional seismic ground response analyses were performed for 
the earthquake scenario with a mean recurrence interval of Tm = 475 years and maximum 
acceleration on the rocky subsoil equal to 0.25g. The first series of analyses was performed 
using EERA software, by means of nine (9) ground sections with a thickness range of 2 – 75 
m and one (1) seismic excitation (Kozani ’95). Respectively, the second series of analyses 
was performed using STRATA software, by means of seventeen (17) ground sections with a 
thickness range of 2 – 143 m and five (5) seismic excitations, namely: a) KOZ95-T, b) THE78 D, 
c) UMB 98 855-Υ, d) MONT 79, e) WWT-180, [1].

Table 1 	  Parameters of seismic excitations used in the one-dimensional ground response analyses

Fid Name Earthquake Country Date Focal 
Depth 
(km)

Mw Station Name Building 
type

Geology Epicentral 
Distance 
R (km)

PGA (g)

1 855-Y Umbria-Marche Italy 5/4/1998 10 4.8 Cubbio-Piene Free-field Rock 18 0.235

2 MONT_T Montenegro Yugoslavia 15/4/1979 12 6.9 Herceg Novi-
O.S.D.Pav.Sch

Free-field Rock 65 0.256

3 WWT180 N.Palm Springs USA 8/7/1986 11 6.2 5072 
Whitewater 
Trout Farm

Free-field Rock 6 0.492

4 Koz95-T Kozani Greece 13/5/1995 14 6.5 Prefecture 
Kozani

Free-field Rock 17 0.142

5 Thes78_Dec Thessaloniki Greece 20/6/1978 6 6.2 THE_6-City Free-field Rock 29 0.074

The series of ground sections along the Ring Road is illustrated in Figure 1. As concerns inve-
stigation of the bridges’ structural vulnerability, the vulnerability curves have been calculated 
on the basis of the following lognormal distribution function according to FEMA-NIBS 2003:

 	 (1)

The Bridge Damage Index (BDI) and Link Damage Index (LDI) were then applied (Table 2) to 
quantify bridge damage – and the respective network served by the bridge–to the most ad-
verse level which would require redirection of traffic along its network, [2].
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Figure 1	 Spatial arrangement of ground sections

Table 2 	  BDI (Bridge Damage Index) – LDI (Link Damage Index) and traffic flow capacity

Bridge damage level BDI (Bridge Damage Index) U.S.A BDI (Bridge Damage Index) Greece
Low 0.1 0.1
Moderate 0.3 0.4
Extensive 0.75 0.85
Full 1.0 1.0

LDI j
n= ∑=1

2(BDI)

BDI=the indeks BDI of bridge J for the I network
JI= the numbers of the bridges for the I network
LDI (Link Damage Index) Capacity traffic flow (U.S.A) Capacity traffic flow (Greece)
LDI < 0.5 100% (None network damage) 100% (None network damage)
0.5 < LDI < 1.0 75% (Low network damage) 75% (Low network damage)
1.0 < LDI < 1.5 50% (Moderate network damage) 0% (Moderate network damage)
LDI > 1.5 25% (Extensive network damage) 0% (Extensive network damage)
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3	 Methodology

The analysis results were used to estimate peak ground acceleration (PGA), peak ground velocity 
(PGV) and peak ground displacement (PGD), as well as spectral acceleration Sa for various frequ-
encies, taking also into consideration the respective standard deviation of each measurement. The 
geophysical, geological and geotechnical characteristics of the area were used as a basis for corre-
lation of the results to neighbouring locations so as to separate the Ring Road into zones of similar 
seismic ground response and calculate the seismic design parameters at surface level. The analysis 
results are provided in tables and diagrams which display the spatial rearrangement of traffic. Con-
cerning the identification of the level of bridge damage on the Ring Road, two separate steps should 
be performed: classification of bridges into categories and estimation of the pertinent vulnerability 
curves. Following an extensive review of the available methods for classification and estimation of 
vulnerability curves– at both a national and international level – the most comprehensive method 
for the present study found to be: FEMA-NIBS using HAZUS software. Consequently, the related 
details were compiled for the entirety of bridges along the Inner Ring Road, with special reference 
to those most likely to present the highest levels of damage according to the earthquake scenario 
under investigation. Finally, the optimum alternative routes- in terms of capacity and environmental 
aspect–of the area’s under investigation road network were defined and an indicative calculation 
was performed to derive the new travel distances and times respectively, [3].

4	 Results

The above mentioned analyses using EERA and STRATA software led to the results presented 
in Aggregated Data Tables 3 and 4.

Table 3 	  Aggregated results using EERA software

Site E N PGAo
(g)

PGVo
(m(s)

PGDo
(m)

T=0.2s
(g)

T=0.3s
(g)

T=0.4s
(g)

T=0.5s
(g)

T=0.7s
(g)

T=1.0s
(g)

T=1.2s
(g)

T=1.5s
(g)

T=1.7s
(g)

T=2.0s
(g)

T=2.2s
(g)

T=2.5s
(g)

T=3.0s
(g)

A07 -0.424 0.233 0.015 1.277 1.063 0.996 0.775 0.306 0.205 0.143 0.053 0.038 0.040 0.038 0.039 0.024

A07_16.5 -0.371 -0.186 0.008 1.294 1.271 0.840 0.485 0.180 0.128 0.115 0.040 0.035 0.035 0.032 0.035 0.023

A07_35 -0.359 0.238 0.013 1.092 0.816 0.925 0.687 0.213 0.167 0.128 0.047 0.037 0.038 0.035 0.036 0.023

A07_47 -0.410 0.248 0.014 1.477 0.953 0.998 0.679 0.206 0.162 0.128 0.047 0.039 0.039 0.036 0.035 0.023

A07_63 -0.416 0.243 0.014 1.258 0.992 0.968 0.766 0.287 0.197 0.139 0.050 0.038 0.040 0.037 0.038 0.024

F33 -0.284 -0.009 0.000 0.927 0.618 0.516 0.303 0.133 0.115 0.103 0.040 0.032 0.033 0.027 0.034 0.022

F35 -0.273 -0.005 0.000 0.903 0.609 0.511 0.302 0.133 0.115 0.103 0.040 0.032 0.033 0.027 0.034 0.022

F37 -0.266 -0.004 0.000 0.889 0.603 0.507 0.301 0.132 0.115 0.102 0.040 0.032 0.033 0.027 0.034 0.022

F37_0-2 -0.261 0.000 0.000 0.876 0.597 0.506 0.301 0.132 0.115 0.102 0.040 0.032 0.033 0.027 0.034 0.022

F37_0-5 -0.266 -0.002 0.000 0.889 0.603 0.508 0.301 0.132 0.115 0.103 0.040 0.032 0.033 0.027 0.034 0.022

F37_0-10 -0.283 -0.010 0.000 0.921 0.617 0.515 0.304 0.133 0.116 0.103 0.040 0.032 0.033 0.027 0.034 0.022

F37_0-20 -0.342 -0.046 0.001 1.062 0.670 0.543 0.314 0.137 0.116 0.105 0.040 0.032 0.033 0.028 0.034 0.022

F37_2-2 -0.265 -0.002 0.000 0.887 0.602 0.508 0.301 0.132 0.115 0.103 0.040 0.032 0.033 0.027 0.034 0.022

F37_2-5 -0.269 -0.005 0.000 0.901 0.609 0.511 0.302 0.133 0.115 0.103 0.040 0.032 0.033 0.027 0.034 0.022

F37_2-10 -0.293 -0.015 0.000 0.934 0.620 0.517 0.305 0.134 0.116 0.103 0.040 0.032 0.033 0.027 0.034 0.022

F37_2-20 -0.316 -0.046 0.001 1.065 0.670 0.543 0.315 0.137 0.116 0.105 0.040 0.032 0.033 0.028 0.034 0.022

F37_2-30 -0.298 -0.068 0.002 1.181 0.729 0.575 0.328 0.142 0.118 0.105 0.040 0.033 0.033 0.028 0.034 0.022

F37_2-40 -0.306 -0.108 0.004 1.145 0.786 0.615 0.355 0.150 0.121 0.107 0.040 0.033 0.034 0.029 0.034 0.022

J39 -0.397 -0.052 0.001 1.117 0.688 0.553 0.317 0.138 0.116 0.106 0.041 0.032 0.033 0.028 0.034 0.022

N01 -0.302 0.161 0.018 0.771 0.876 0.000 0.621 0.240 0.258 0.211 0.077 0.060 0.051 0.040 0.045 0.029

N40 -0.389 -0.187 0.009 1.203 1.002 0.799 0.469 0.173 0.129 0.116 0.041 0.034 0.035 0.032 0.034 0.023

N40_15 -0.446 -0.098 0.002 1.601 0.814 0.610 0.341 0.145 0.119 0.109 0.042 0.033 0.033 0.028 0.034 0.022

N40_30 -0.408 -0.164 0.006 1.657 1.061 0.729 0.407 0.166 0.126 0.109 0.040 0.034 0.034 0.031 0.034 0.022

P40 -0.390 0.245 0.013 1.621 0.937 0.901 0.607 0.212 0.159 0.127 0.046 0.037 0.038 0.035 0.036 0.023

P40_37 -0.438 -0.211 0.009 1.410 1.263 0.893 0.514 0.185 0.132 0.117 0.041 0.036 0.036 0.033 0.035 0.023

R39 -0.298 -0.174 0.013 1.213 0.861 0.729 0.445 0.235 0.210 0.153 0.056 0.042 0.040 0.033 0.039 0.024
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Table 4 	  Aggregated results using STRATA software

Site East North PGAo (g) PGVo (cm/s) PGDo (cm)
Mean value 
m

St. Deviation
 s

Mean value
 m

St. Deviation
 s

Mean value 
 m

St. Deviation 
s

A05_855 0.329 0.067 24612.989 0.259 3300.104 0.306
A07 0.388 0.088 24325.618 0.267 3254.466 0.322
A07_16.5 0.398 0.054 20674.622 0.153 2755.649 0.331
A07_35 0.360 0.106 22118.123 0.233 3064.301 0.337
A07_47 0.349 0.153 3164.412 0.344 3164.412 0.344
A07_63 0.336 0.124 23823.828 0.278 3216.769 0.332
B04_855 0.376 0.135 23666.364 0.277 3197.397 0.346
C03_855 0.362 0.111 22854.721 0.247 3167.019 0.326
D02_855 0.347 0.104 23173.655 0.237 3206.980 0.321
F01_855 0.355 0.074 24590.776 0.219 3324.345 0.313
F33 0.296 0.161 13603.632 0.170 2568.896 0.300
F35 0.280 0.128 13492.327 0.174 2576.881 0.307
F37 0.273 0.103 13472.810 0.174 2582.420 0.310
F37_0-2 0.250 0.025 13436.348 0.176 2599.117 0.319
F37_0-5 0.266 0.069 13459.748 0.175 2587.262 0.312
F37_0-10 0.283 0.116 13542.723 0.172 2566.440 0.301
F37_0-20 0.311 0.079 14002.724 0.167 2572.493 0.296
F37_2-2 0.262 0.047 13464.719 0.174 2591.908 0.314
F37_2-5 0.277 0.120 13481.299 0.174 2577.364 0.307
F37_2-10 0.288 0.072 13635.394 0.171 2562.730 0.298
F37_2-20 0.320 0.098 14137.672 0.165 2578.705 0.297
F37_2-30 0.324 0.070 14657.435 0.166 2613.781 0.307
F37_2-40 0.316 0.050 15433.829 0.178 2634.071 0.315
H01_855 0.276 0.065 23011.567 0.273 3642.477 0.274
J01_855 0.340 0.099 4064.345 0.305 4064.345 0.305
J39 0.373 0.137 14706.858 0.135 2591.745 0.293
L01_855 0.284 0.081 24658.367 0.294 3926.527 0.286
N01 0.294 0.060 20930.409 0.231 3637.207 0.274
N40 0.383 0.026 19405.501 0.164 2798.368 0.327
N40_15 0.447 0.057 16157.415 0.155 2649.927 0.301
N40_30 0.435 0.095 18415.331 0.136 2718.868 0.321
P40 0.367 0.144 21745.482 0.265 3097.862 0.337
P40_37 0.403 0.053 21112.300 0.157 2867.836 0.319
R39 0.279 0.058 20351.713 0.280 3395.375 0.267

The procedure followed for the seismic risk assessment of bridges on the Thessaloniki Inner 
Ring Road produced the results summarized in Table 5.
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Table 5 	  Aggregated results of seismic risk assessment
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0 Underpass to 
cementeries

1990 1 compact 
slab 
reinforced 
concrete

simple 
mounting

YES 0.27 1.20 0.04 0.02 0.01 0.00 0.96 0.01 0.01 0.01 0.00 0.96 1 1

1 GSC to 
junction K5 
(Hospital 
Papageorgiou)

2003 1 compact 
slab 
reinforced 
concrete

monolithic YES 0.28 1.36 0.04 0.02 0.01 0.00 0.96 0.02 0.01 0.01 0.00 0.96 1 1

2 Retziki Street 
GSC to 
junction K6

1988 1 beam 
prestressing 
concrete

simple 
mounting

YES 0.19 0.67 0.01 0.00 0.00 0.00 0.99 0.00 0.00 0.00 0.00 0.99 1 1

3 GSC to 
junction K7, 
E ptapirgiou 
Area

1987 1 concrete 
box 
intersection

simple 
mounting

YES 0.19 0.65 0.01 0.00 0.00 0.00 0.99 0.00 0.00 0.00 0.00 0.99 1 1

4 Viaduct (km 
position. 
21+662.07)

1984 1 beam 
prestressing 
concrete

simple 
mounting

YES 0.19 0.65 0.01 0.00 0.00 0.00 0.99 0.00 0.00 0.00 0.00 0.99 1 1

5 Viaduct (km 
position. 
22+576.66)

1984 1 beam 
prestressing 
concrete

simple 
mounting

YES 0.19 0.67 0.01 0.00 0.00 0.00 0.99 0.00 0.00 0.00 0.00 0.99 1 1

6 GSC to Saint 
Paul Area

1988 1 beam 
prestressing 
concrete

simple 
mounting

YES 0.19 0.65 0.01 0.00 0.00 0.00 0.99 0.00 0.00 0.00 0.00 0.99 1 1

7 GSC A-B 
section to 
junction K8 
(km position 
1+079.58)

2002 7 concrete 
box 
intersection

monolithic YES 0.19 0.65 0.02 0.00 0.00 0.00 0.98 0.02 0.00 0.00 0.00 0.98 1 1

8 Toumpa 
Area GSC to 
junction K9

2002 7 concrete 
box 
intersection

monolithic YES 0.19 0.67 0.03 0.00 0.00 0.00 0.97 0.02 0.00 0.00 0.00 0.97 1 1

9 Bridge stream 
Krioneri

1992 1 compact 
slab 
reinforced 
concrete

monolithic YES 0.19 0.67 0.01 0.00 0.00 0.00 0.99 0.00 0.00 0.00 0.00 0.99 1 1

10 GSC to 
junction 
K10 East 
Ring Road

1994 1 beam 
prestressing 
concrete

simple 
mounting

YES 0.19 0.67 0.01 0.00 0.00 0.00 0.99 0.00 0.00 0.00 0.00 0.99 1 1

11 Underpass 
Ring Road 
(km position 
26+282.00)

1990 1 compact 
slab 
reinforced 
concrete

simple 
mounting

YES 0.42 0.80 0.14 0.08 0.04 0.01 0.86 0.06 0.04 0.03 0.01 0.86 1 1

12 Pilaia-
Panorama 
street GSC to 
junction K11

1990 2 slab with 
cydically 
interstices 
concrete

simple 
mounting

YES 0.21 1.15. 0.04 0.00 0.00 0.00 0.96 0.03 0.00 0.00 0.00 0.96 1 1

13 N.Diagonios 
Grade 
Separated 
Crossing 
(GSC) to 
junction K12

1992 3 concrete 
box 
intersection

simple 
mounting

YES 0.36 0.92 0.53 0.30 0.20 0.07 0.47 0.22 0.11 0.13 0.07 0.47 1 2

14 Carriageway A 
of N.Diagonios 
GSC to 
junction K12

1992 3 concrete 
box 
intersection

simple 
mounting

YES 0.36 0.92 0.53 0.30 0.20 0.07 0.047 0.22 0.11 0.13 0.07 0.47 1 2

15 Underpass 
Section A to 
junction K12

1992 1 beam 
prestressing 
concrete

simple 
mounting

YES 0.36 0.92 0.09 0.05 0.03 0.01 0.91 0.04 0.03 0.02 0.01 0.91 1 1

16 Monastiriou 
Street GSC to 
junction K17

1978 7 beam 
prestressing 
concrete

form type 
GERBER

NO 0.46 0.95 0.85 0.66 0.49 0.23 0.15 0.19 0.16 0.27 0.23 0.27 4 3

17 Lagkadas 
Road 
Interchange 
(I/C) to 
junction K18

1985 10 beam 
prestressing 
concrete

simple 
mounting

NO 0.33 1.03 0.68 0.49 0.33 0.12 0.32 0.19 0.16 0.21 0.12 0.32 1 2
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By analysing the values of the table of results one can conclude that the expected performan-
ce of almost all the bridges under a possible seismic excitation is deemed as satisfactory. 
Nevertheless some of these call for special attention, due to their expected level of damage. 
Specifically, these bridges are: 
1	 N. Diagonios Grade Separated Crossing (GSC) to junction Κ12; 
2	 Carriageway A of N. Diagonios GSC to junction Κ12;
3	 Monastiriou Street GSC to junction Κ17;
4	 Lagkadas Road Interchange (I/C) to junction Κ18.

The purpose of the study was to identify the anticipated seismic damage to Thessaloniki 
bridges; to this end, only two bridges were examined, those being the ones presenting the 
highest levels of damage for the basic earthquake scenario with a mean recurrence interval 
of Tm=475 years, as shown in Figure 2. Specifically, the GSC of Monastiriou Street at junction 
K17 was assessed to sustain extensive damage (BDI equal to 0.85), while lower damage is 
expected at the I/C of Lagkadas Road at junction K18 (BDI equal to 0.1).

Figure 2	 Visual representation of locations and bridge damage level on the Inner Ring Road

Using the BDI and LDI indices:

	  	 (2)

Consequently, as concerns the local bridge network under investigation, the level of damage 
is expected to be low, since the LDI index was found equal to 0.86 and according to Table the 
traffic flow capacity will be reduced to 75% of its total. This data was the basis for proposing 
the respective traffic rearrangement scenarios in the event of roads being blocked due to 
repairs on the two bridges that were examined extensively. Thus at Lagkadas Road I/C there 
is zero increase in the new length of the alternative route, owing to the existence of a side 
road of satisfactory traffic capacity, whereas at Monastiriou Street GSC there is a moderate 
increase in the new travel distance in the eastward direction (1.90 km instead of 1.30 km) 

LDI= + =0 85 0 1 0 862 2. . .
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and a great increase in the westward direction (5.40 km instead of 1.30 km). Moreover, the 
new travel distances, in conjunction with reduced traveling speeds due to the poor geometric 
characteristics of the alternative road segments (45 km/h as opposed to 90 km/h) lead to 
two-fold (0.73 min instead of 0.37 min, Lagkadas Road I/C) or even 9-fold (7.2 min instead of 
0.87 min, Monastiriou Street GSC in westward direction) travel times respectively.

5	 Conclusions

In conclusion, the results of the present investigation contribute towards three interesting 
topics, i.e. the assessment of the seismic hazard of the area, the examination of the structural 
vulnerability of the bridges and the impact of the redirection of traffic on the adjacent urban 
road network in case of bridges failure. Concerning the assessment of the seismic hazard of 
the area it was found that the maximum PGA with an average value of 0.447 g at ground sur-
face is expected on the eastern part of Thessaloniki, within the boundaries of the Municipality 
of Kalamaria. As concerns the study of structural vulnerability of bridges along the Inner Ring 
Road, these are as a whole in satisfactory condition and are not expected to sustain serious 
damage in a potential seismic excitation under the examined earthquake scenario, with minor 
exceptions. Finally, concerning the impact of the redirection of traffic on the adjacent urban 
road network the main finding is that the lack of a sufficient transportation infrastructure in 
the Urban Agglomeration of Thessaloniki does not provide with alternative routes of appro-
priate capacity in case of the closure of critical elements-as the case of bridges- leading thus 
to increase in travel time and cost and generally to users’ inconvenience during the period 
of repair works. 
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MOVING LOAD EFFECT ON BRIDGES
Ľuboš Daniel, Ján Kortiš 
University of Zilina, Faculty of Civil Engineering, Department of Structural Mechanics, 
Slovakia

Abstract

Vehicle – bridge dynamic interaction represents the actual problem which is solved on many 
work places. Within the solution of the task the numerical methods are applied mainly. The 
Finite Element Method is the best-known and widely used. Several commercial systems works 
with the algorithms based on the FEM principles, for example program system ANSYS. The 
submitted article is dedicated to the numerical modelling of vehicle – bridge interaction 
problem in the environment of this system. It compares the numerical accuracy of FEM with 
other numerical method and illustrates the influence of the speed of vehicle motion on the 
bridge mid-span deflection.

Keywords:	ANSYS, finite element method, vibration, dynamic analysis, random profile 

1	 Introduction

Having better possibilities to solve interaction between vehicles and bridge structures can 
extend knowledge to better understand influence of moving vehicles on bridge structures. The 
choice of the right model, which represents the moving vehicle with appropriate mathematical 
formulation, is one of the most important parts [5]. Simple model that describes only a part 
of dynamic characteristics of the real models are usually preferred. “The fourth-part model” 
and “the half -part model” are widely used when only the analysis for the plane model of the 
bridge is required [3]. However, they can be also used for tree-dimensional models of bridges 
but they cannot describe it properly. So the results of the solution have to be carefully evalua-
ted and interpreted. Discrete models of vehicle with finite degrees of freedom make solution 
easier from the mathematical point of view. Then partial differential equations change to the 
differential equations. The article describes the way how to create the right numerical model 
of the vehicle and also how to create interaction with numerical model of the bridge by using 
the software ANSYS [1], [6]. For the model of vehicle “the half-part model” is used, created by 
using spring elements and mass elements. They describe stiffness, damping and mass cha-
racteristics of the vehicle. The bridge is modelled by using planar beam elements. Interaction 
between vehicle and bridge is created by using contact elements node to surface. This task 
belongs among nonstacionary dynamic actions, which is governed by the following equation:

	 (1)

One of the possibilities how to solve the previous equation is using numerical solution. Pro-
gram ANSYS offers many techniques for that purpose. We decided to use Newmark’s method 
that is widely used to do dynamic numerical simulations. This method is also called implicit 

M u t C u t K u t F t[ ]⋅{ }+[ ]⋅{ }+[ ]⋅{ }={ }( ) ( ) ( ) ( )
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because the solution at time t + Δt is not explicitly determined by the state at time t. The rela-
tion between displacement, velocity and acceleration is governed by the following equations:

(2)

As a result, the time is also discretized and the solution is given in a form of the functional 
values for all defined geometrical points in each time steps. The different value for the time 
step affects the quality of the obtained results. So it is very important to choose the right 
value of the time step. 

2	 The numerical model of the vehicle

For the purpose of the simulation “the half -part model” was used, which is based on the 
lorry T815 Fig. 1. Linear damping characteristics and viscous damping are assumed for spring 
elements that are used to connect mass elements. The dynamic characteristics such as na-
tural frequencies were solved to evaluate the quality of the model. They were compared with 
natural frequencies gained by experimental measurement [7].

 

Figure 1	 The numerical model of the lorry T815 

It is possible to define the main characteristics of the discrete model by three diagonal matri-
ces. They contain the mass, stiffness and damping characteristics.
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3	 The numerical model of the bridge

The goal of the analysis is to analyse the action of moving vehicle on the structure of the 
road bridge situated between two villages Varín and Mojš in the Slovak republic. The whole 
length of the bridge is 87 m which is divided into three parts. Each part acts independently 
as a simple supported beam. The main girders are prefabricated prestressed concrete ele-
ments and their length is 29 m. The cross-section of the bridge contains eight girders placed 
at distance 1.44 – 1.45 m. The shapes of the girders and the layers of pavement are showed 
on the Fig. 2. The Young’s modulus is 3.85 e10 N/m2 and the weight intensity is 19680 kg/m. 
Both values are defined with the respect of having similar dynamic characteristic than those 
the real bridge structure has.

Figure 2	 The cross-section of the bridge situated between two villages Varín – Mojš in the Slovak republic

The analysis is focused on the middle span of the bridge that is modelled using beam ele-
ments BEAM3. The boundary conditions are similar to a simple supported beam. Rigid sur-
faces are defined before and after the model of the bridge and their purpose are to start and 
finish the movement of the vehicle. Thanks to this, the vehicle moves over the bridge with 
a constant speed. An obstacle is defined on the surface of the bridge. It is positioned in the 
middle of the span and its shape is very similar to the obstacle used for the dynamic test of 
bridges Fig. 3. The main reason for defining of this roughness on the surface of the pavement 
is to have results which could be compared with results of experimental analysis.

 

h x h x l( )= − ( )( )0 01 2 2 2. cos / /π

Function that defines the shape of 
the obstacle

where: 

h0 = 0,06m ,2. l0=0,940 m

Figure 3	 The shape of the obstacle

The simplified model of the bridge and vehicle at the beginning of the numerical simulation is 
showed below Fig. 4. The static analysis begins to bend the bridge as an effect of self-weight 
without causing vibrations. Then the type of analysis is changed to dynamic analysis. The 
inertial forces are active for the rest of the numerical simulation.
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Figure 4	 The numerical model of the vehicle and the bridge

4	 Analysis of the results

The displacement in the middle of the beam is used to analyse the influence of the obstacle 
situated on the surface of the bridge. The first solution was done without the obstacle, thus 
the smooth surface was assumed. The results were nearly the same as it is expected for the 
static analysis. The displacement changes only by changing the position of the vehicle. The 
influence of inertial forces is very small. The next solution was done with the defined obstacle 
in the middle of the bridge. As a result, the displacement changes in time and the maximal 
value increased. The Fig. 5 shows how it influences the displacement. 

Figure 5	 The influence of the obstacle on the displacement in the middle of the span

It was also valuable for this kind of solution to know how the different values of damping can 
change the displacement. So another analysis was done where the results for model without 
damping and with damping are compared. Damping was defined by two numbers α =0.03 
and β =0.002. These values are derived from the results of experimental analysis. The chan-
ge of displacement in time is showed in figure 6. It is obvious that the maximal value of the 
displacement did not change significantly, but the vibration disappears faster. 
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Figure 6	 The influence of damping on the displacement in the middle of the span

5	 Conclusion

The numerical simulation of the moving vehicle acting on the bridge structure needs many 
simplifications if we want to use it for solving some practical issues. That is even more impor-
tant for solving that simulation with prescribed roughness of the road on the bridge structure. 
For that reason the simple plane model of vehicle and bridge was chosen. The comparison 
between simulation with smooth surface on the bridge and simulation with obstacle in the 
middle of the span shows significant changes in the values of displacement. For the smooth 
surface the results are comparable with static analysis. On the other hand the displacement 
with obstacle on the bridge increases. There is also important to define right value of damping 
especially if fatigue phenomenon is analysed.
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Abstract

Nowadays on the existing railway infrastructures many bridges can be found that have been 
built more than 50 years ago, and which were not designed for current loads and high speed 
trains. These are mainly bridges from hot rolled steel or cast iron and connected with rivets. 
The main idea of strengthening existing steel bridges is considering the possibility of adding 
load bearing deck above the main girders without replacing them. Converting alone metal 
section to composite cross-section raises the centre of gravity so that section can handle 
additional loads. In addition, the concrete deck may stiffen upper steel flange and thus eli-
minates the problem of stability of compressed part of the cross-section. In this paper the 
research on innovative rehabilitation method for the existing steel bridges is presented. The 
research has been performed within FP7 SMART RAIL project, and is based on the case study 
of rehabilitation project of the small non-ballasted steel bridge. The selected bridge (“Buna” 
bridge in Croatia) was built in 1893, with the first reconstruction in 1953. Since the steel 
structure of the old Buna Bridge had to be completely replaced, the bridge was dismantled 
and transported to the laboratory for the experimental assessment and development of the 
new rehabilitation method. The new design is based on the implementation of the prefabri-
cated ultra-high performance fibre reinforced concrete (UHPFRC) deck. It is expected that 
this strengthened cross-section will be able to withstand the increased load, as required by 
contemporary regulations.

Keywords:	steel bridge, railways, rehabilitation, ultra-high performance concrete

1	 Introduction

Nowadays on the existing railway infrastructures many bridges can be found that have been 
built more than 50 years ago, and which were not designed for current loads and high speed 
trains. These are mainly bridges from hot rolled steel or cast iron and mainly connected with 
rivets. By economic and environmental reasons, it would be a great benefit to extend the 
service life of these bridges, instead of demolishing or reconstruction. The main idea of stren-
gthening existing steel bridges is considering the possibility of adding load bearing deck 
above the main girders without replacing them, [1-3]. Converting alone metal section to com-
posite cross-section raises the centre of gravity so that new composite cross-section can carry 
additional loads. In addition, the concrete deck stiffen upper steel flange and thus eliminates 
the problem of stability of compressed part of the cross-section.
In this paper the research on innovative rehabilitation method for the existing steel bridges 
is presented. The research has been performed within FP7 SMART RAIL project, and is based 
on the case study of rehabilitation project of the non-ballasted steel bridge, [4].



Structural Monitoring and Maintenance542
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

2	 Case study: Buna bridge

2.1	 Description of the Buna bridge

Buna Bridge in Croatia was built in 1893, with the first reconstruction in 1953 which held up to 
date. Bridge spans the creek Buna and is located on the Zagreb-Sisak railway line. The bridge 
is about 9 meters long and 0.9 m high. Cross-section consists of two main girders made of 
hot rolled steel plates joined with rivets and represents a typical beam construction from the 
time in which it was created. Main girders are connected by horizontal and vertical grids for 
stiffening. Because of its location near Zagreb and handling weight of only 8.0 tons, this non-
ballasted bridge was a perfect choice for transportation in the testing laboratory.

 

Figure 1	 Location of Buna bridge

2.2	 Condition assessment of existing bridge in the laboratory

To obtain results for comparison, it was decided that the Buna bridge will be tested before and 
after strengthening at the Laboratory for Structures at Institute IGH in Zagreb. 

 

Figure 2	 Bridge transported into laboratory

It is assumed that the bridge will withstand the load according to EN 1991-2 using Load Model 
71 [5]. It is four axle load of 250 kN each at a distance of 1.6 m. The characteristic values are 
multiplied by a factor α on lines carrying rail traffic which is heavier or lighter than normal rail 
traffic. The value 1.33 is normally recommended on lines for freight traffic and international 
lines [6]. Finally, it is necessary to increase the load by dynamic factor for standard maintained 
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track Φ3. For simply supported girders dynamic factor Φ3=1.527 for determinant length LΦ=8.47 
m is used so the total force load amounts 1530 kN. 

a)    b) 

Figure 3	 a) Schematic representation and b) Load distribution during testing.

During testing following parameters were measured: applied forces; vertical deflection of 
each girder on elastomeric supports; vertical deflection in the middle of the span; and stre-
sses on upper and lower flange of each girder in the middle of the span. The results are given 
in diagrams in Figure 4 and Figure 5 and in Table 1. Equipment used for testing was following: 
·· two load cells – capacity each 1000 kN;
·· two hydraulic pistons – capacity each 1000 kN;
·· six linear variable differential transformers (LVDT);
·· four strain gauges – 120Ω, base length 10 mm;
·· National Instruments PXI and SCXI acquisition device.

Figure 4	 Diagram of girder deflection in l/2 during testing
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Figure 5	 Diagram of stresses during testing

Table 1 	  Laboratory testing results

Force [kN] Displacement in l/2 [mm] Flange stress [MPa]
F1 F2 total (F1+F2) girder no. 1 girder no.2 girder no. 1 girder no. 2

upper lower upper lower
756.53 772.52 1529.05 8.64 8.28 -89 101 -87 98

2.3	 Design concept of the bridge strengthening

Main idea is to convert alone metal section to composite cross-section. The composite cross-
section will increase load bearing capacity and reduce the stress range of live load. The dyna-
mic effects of live loading will also be reduced and concentrated load effects on non-ballasted 
steel structure would be diminished. Steel structure will be supported during casting in order 
to increase the bearing capacity of the bridge structure, as schematically presented in Figure 
6a, because composite cross-section already carries its own weight and all additional loads.

a)    b) 

Figure 6	 Cross-section a) before and b) after the completion

The new design will be based on the implementation of the cast in situ ultra-high performance 
fibre reinforced concrete (UHPFRC) deck, as it can be seen in Figure 6b, because of the excep-
tional mechanical and durability properties of this material.

2.4	 Laboratory testing after rehabilitation

Besides testing with the same load arrangement as before rehabilitation, it is planned to 
test the bridge after rehabilitation with load arrangement and magnitude according to Load 
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Model SW/2 which represents the static effect of vertical loading due to heavy rail traffic (it is 
a continuous load of 150kN/m). At the moment of finalizing this paper steel headed dowels 
are being prepared for welding to the main steel girders, after which ultra-high performance 
fibre reinforced concrete (UHPFRC) deck will be cast in-situ. Current status of rehabilitation 
work on the bridge structure can be seen in Figure 7. It is also planned to carry out fatigue 
testing on bridge after rehabilitation, using cyclic loading with a frequency and duration yet to 
be contemplated. It is expected that this strengthened cross-section will be able to withstand 
the increased load, as required by contemporary regulations. 

 

Figure 7	 Bridge in process of rehabilitation

3	 UHPFRC based rehabilitation methods

Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) is an exceptional cmentitious 
material characterized by a unique combination of extremely low permeability, high strength 
and deformation capacity (tensile strain hardening, Figure 8). Extensive R&D works and appli-
cations over the last 10 years have demonstrated that cast on site UHPFRC is a fast, efficient 
and price competitive repair and rehabilitation method for existing structures. UHPFRC pro-
vides the structural engineer with a unique combination of extremely low permeability, high 
strength and tensile strain hardening material. UHPFRC is perfectly suited to the rehabilitation 
of reinforced concrete structures in critical zones subjected to an aggressive environment and 
to significant mechanical stresses, to provide a long-term durability and thus avoid multiple 
interventions on structures during their service life, following maintenance strategy “A” as 
presented in Figure 9.

Figure 8	 Tensile response of UHPFRC (results from 
5 dog bone specimens and average curve, 
after [7])

Figure 9	 Maintenance strategy of preventing multiple 
interventions on structures during their 
service life, [7]
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Recent real on-site applications have that UHPFRC can, apart from non-bearing rehabilitati-
ons (Log Čezsoški, Ligtening tower), successfully be applied for strengthening of different 
structures (Strengthening of a 50 year-old reinforced concrete floor of a fire brigade building 
in Geneva in view of heavier future fire engines(2007), rehabilitation of a 28.5 m span bridge 
deck of bridge “Dalvazza” (2008)). By introducing an original concept of ECO-UHPFRC with a 
high dosage of mineral addition, a low clinker content, and a majority of local components, 
which was within the FP7 research project ARCHES successfully applied for the rehabilitation 
of a bridge Log Cezsoski in Slovenia, it has been shown, that UHPFRC based rehabilitation 
methods can also be more sustainable than traditional ones [8]. Based on 10-year on-site 
experiences a FP7 research project SmartRail has been launched, which goal, among others, 
was to transfer, apply and prove the UHPFRC based rehabilitation techniques for the rehabili-
tation of old steel bridges. The advantages of UHPFRC particularly valuable for rehabilitation 
of railway bridges are high strength and ductility, low added dead load, low added thickne-
sses, i.e. change in the track vertical alignment, extreme durability. Based on an extensive 
research work a UHPFRC composition whose main characteristics are listed in Table 2 was 
chosen to be applied on the old steel railway bridge Buna, Croatia for one-to-one in-lab inve-
stigations. The test performed and the results are presented in the next chapter.

Table 2 	  Main characteristics of UHPFRC used in the investigation

Cement content 540 kg/m3

Mineral addition 800 kg/m3

Steel fibres 450 kg/m3

Superplasticizer 0,9 % on cement
Aggregate 0/2 570 kg/m3

Compressive strength @ 28 days 150 MPa
Bending strength @ 28 days 35 MPa
Air permeability (Torrent method) 0,01E-16 m2 
Restrain shrinkage No cracking

4	 Conclusion

The majority of the remaining old steel railway bridges will not pass assessment using mo-
dern codes of practice. This is because of the extra loading associated with the installation 
ballasted deck loading, combined with on-going corrosion and fatigue cycles. This is particu-
larly apparent in the deck area due to the lack of drainage and the dynamic impact loadings 
particularly on non-ballasted bridges. The bridges as a whole may have the capacity to resist 
the current loading as factored using modern risk and probability factors, however with the 
desired loading of modern design codes, the requirements of extra deck loading and a desi-
rable extended life of the structure, the bridge will generally fail assessment. This normally 
occurs because of lack of capacity in the deck with the main load bearing structural elements 
and other elements either failing by a small percentage or just being sufficient. The UHPFRC 
composite deck system has been shown to be of significant benefit to this bridge structure. 
The composite deck has increased the decks capacity and reduced the stress range of live 
load stress. It has reduced the dynamic factor and concentrated load effects on the previous 
steel structure. 
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Abstract

Light rail traffic presents significant advantages in a heavy populated urban environment in 
terms of quality of service, volume of passengers, delays etc. Vibrations caused by tramway 
vehicles passing through highly populated urban areas present a great impact on the qua-
lity of life of citizens. Beside the life quality, severe vibrations can also influence structural 
integrity of surrounding buildings and other infrastructure. In a crowded urban environment, 
underground structures such as underpasses, garages or water supply and sewage facilities 
are often located directly under the rail track structures. In such scenarios, special attention 
has to be pointed to track design in terms of vibration attenuation, as well as underground 
structure design in respect to additional dynamical loads presented by the overhead rail 
traffic. The paper presents a case-study of vibration measurement and analysis on an under-
ground garage constructed under a tramway line on Kvaternik square in Zagreb. Rail disconti-
nuities at turnouts and crossings present an impact point between tram vehicles and the track 
and therefore induce severe vibrations. To analyse tram induced vibrations and its effects on 
an underground garage structure, measurements on several locations have been conducted, 
including square surface and underground garage slab structures. Measurements have been 
conducted immediately after the construction of the garage and tram track on top of it, and 
repeated after 6 years of exploitation, using same principles and under same traffic load. This 
way the influence of exploitation wear and aging could be evaluated and analysed. Additi-
onally, vibrations in the working environment of underground garage staff have also been 
considered. Such practice of periodical vibration measurements serves as an early warning 
system for any unexpected structural defects and provides a tool for future decision making 
and maintenance works scheduling.

Keywords:	floating slab track, tram, vibrations, underground garage, exploitation

1	 Introduction

Rail vehicles operation inevitably induces and emits vibrations to the environment. Main 
source of vibrations of the railway track structures originates from wheel – rail contact surface. 
In the urban environment the vibrations are transmitted through the ground to surrounding 
structures that are often found in close vicinity of railway tracks and as such can have a 
great influence on people living or working in the close vicinity and on structures themsel-
ves. To reduce the emission of railway noise and vibrations, two approaches are commonly 
used; applying mitigation measures to railway vehicles, or applying them to the railway track 
structure [1]. Taking railway vehicles into consideration, beside the usual geometry and wheel 
running surface maintenance, great attention has to be appointed to the vehicle suspensi-
on and type of wheels installed. For low speed tram and light rail systems found in urban 
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environment, the use of two-component wheels with elastic components is considered good 
practice. If railway track is considered, in addition to regular maintenance of running surfa-
ce, the use of elastic fastening systems and continuously supported resilient tram tracks is 
recommended [2]. In order to regulate the level of vibrations people are exposed to in their 
living and working environment, methods of analysis and evaluation have been developed 
[3]. In the USA, the vibration exposure is covered by the FTA – Transit noise and vibration 
impact assessment [4], while in the EU, the directive related to vibrations in the working 
environment is 2002/44/EC [5].
The research consists of vibration measurements on tramway network of Zagreb Municipality 
Transit System (ZET). ZET operates around 180 tram vehicles along 116 km of narrow gauge 
tram track (1000 mm), forming the core of Zagreb public transportation system. Actual locati-
on of measurements is on a section of a tram track that passes over an underground garage 
at Kvaternik Square. The square serves as a turning and routing point for six tram lines, since 
three tramway routes intersect at the square. The tram track layout at the square includes 
turnouts and crossings, necessary for vehicle manoeuvring. Rail discontinuities at turnouts 
and crossings present an impact point between tram vehicles and the track and therefore 
induce severe vibrations. Goal of the research was to measure and evaluate the type and 
intensity of vibrations that are transmitted from the tram track to the underground garage 
underneath it. To analyse tram induced vibrations and its effects on an underground garage 
structure, measurements on several locations have been conducted, including square surfa-
ce, underground garage slabs.
First vibration measurement and analysis has been carried out in 2008, immediately after 
the square reconstruction which included construction of the underground garage as well as 
the tram track on top of it, Fig. 1. The measurements have been repeated in the same way, 
6 years into exploitation, in 2014 in order to record and analyse the difference of vibration 
propagation and intensity.

2	 Description of test location

Kvaternik square has been reconstructed in 2006-2008. The project included construction of 
an underground 3 story garage underneath the surface of the square. Underground garage 
is a reinforced concrete structure resting on piled foundations. The project also included 
reconstruction of tram tracks on the entire square. Most of the tram tracks had to be comple-
tely rebuilt on top of the newly erected underground garage, Fig. 1. During the construction 
phase, the tram lines had to be diverted to different routes in order to clear the traffic of the 
construction site. 
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Figure 1	 Kvaternik square layout with measuring locations

Since the new tram track rested directly on top of the garage upper concrete deck (at a gro-
und level), measures for vibration attenuation had to be considered. For this purpose, the 
standard system of tram track in Zagreb (concrete slab, discrete rail supports and double 
elastic fastening system – DEPP) has been additionally fitted with continuous elastic supports 
underneath the rail and an asphalt layer beneath the concrete slab, Fig. 2.

Figure 2	 Cross section of floating tram track structure on top the garage slab of Kvaternik square with 
continuous under rail support (left) and asphalt levelling layer (right)

Continuous under rail support has been proven to reduce vibrations and noise in similar 
conditions [6]. The entire slab track structure rested on the poured asphalt layer, making it 
a floating slab track. Expected vibration attenuation of such track structures is between 10 
– 25 dB, in 16 – 250 Hz frequency range [3]. Other characteristics of the system are the Ri60 
grooved rails and paving of the track with reinforced concrete blocks. 
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3	 Measurement and analysis procedure

Measuring points layout has been noted in Fig. 2. Two Measuring zones have been establis-
hed – MM1 and MM2. Both zones are in close vicinity of the turnouts. Measurements have 
been carried out using 6 accelerometers (A1 – A6) fitted to the ground level (near the railway 
track), to the ceiling of the -1 garage level (surface RC slab) and on the floor of -1 garage level 
(-1 floor RC slab), visible on the garage cross section in Fig. 3.

Figure 3	 Kvaternik square garage cross-section with measuring locations

All the vibrations have been measured in the vertical axis, perpendicular to the square plain. 
Since the location has quite heavy tram traffic, all of tram types running at ZET network have 
been recorded (T4, KT4, GT6, TMK2100, TMK2200, TMK2300). In the following analysis the 
focus is on two most frequent tram types recorded in 2008 and 2014, T4 and TMK2100 in order 
to make valuable comparison.

3.1	 Data collection and presentation

Measurements have been carried out using Brüel & Kjær multichannel PULSE analyser. Vi-
brations of accelerometers A1 – A4 at MM1, as well as A5 – A6 at MM2 have been recorded 
simultaneously in order to evaluate the difference between surface vibrations at the source 
with the vibrations at different points in the garage structure. In 2008 a total of 32 tram passes 
have been recorded at MM1 and 18 at MM2. In 2014, 15 tram passes have been recorded at 
MM1 and 9 at MM2.

3.2	 Data analysis

Time related accelerations have been recorded and connected to the passing vehicle. Each re-
cord has then been integrated in order to get speed of vibrations [mm/s] and spectral analysis 
has been performed in third octave bands in the range of 0 – 100 Hz.

3.2.1	 Vibration propagation through the structure
MM1 zone has been established in order to record the influence of vibrations on different 
parts of the underground garage structure (see Fig. 1 and Fig. 3). It has been noted that the 
vibrations of the -1 floor (A2) have the higher value of measured vibrations that the upper slab 
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(A3, A4) of the garage. This was in conflict with the presumption that the vibrations would 
decrease the further we go from the source. However, due to the smaller construction height 
of the -1 slab, the vibrations have a greater influence on it than on the surface slab (Fig. 4).

	 2008 	 2014

A1

A2

A4

Figure 4	 Speed of vibrations at MM1 (A1, A2, A4) for tram T4 in ‘08 and ‘14

It can be seen that the vibrations have increased in intensity over the 6 years of exploitation. 
As presented in one of representative measurements (pass by of T4 tram at MM1 (direction 
1), increase in vibration speed can be observed (Fig. 4).
Increase in vibration intensity can be explained by the rail and turnout wear through exploita-
tion, which results in surface irregularities and larger rail discontinuities at turnouts and cro-
ssings. This has been confirmed by a visual inspection and measurement of rail cross section. 
The intensity of vibrations has not increased to the point that it would cause any damage on 
the structure itself, but it could have an impact on the working environment of garage staff.

3.2.2	Vibrations in the working environment
Measurement zone MM2 has been positioned in the zone of a turnout that sits on top of a con-
trol room of underground garage staff. Accelerometers A5 and A6 have been fitted inside one 
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of the control rooms in order to measure vibrations in working environment. Vibration recor-
ding of a TMK 2100 passing by MM2 (A5) has been presented in Fig. 5 for both 2008 and 2014.

	 2008 	 2014

Figure 5	 Measurements at MM2 (A5) 

According to ISO 2631-2:1985, the measured value of vibrations in 2014 of 0.35 mm/s at 50Hz 
has passed the limit of 0.2 mm/s set by the standard. This is however just an indication, 
because 8h long measurements should be carried out and calculated as the highest (rms) 
value, or the highest vibration dose value (VDV) of the frequency-weighted accelerations, 
determined on three orthogonal axes, according to Directive 2002/44/EC.

4	 Conclusion

Vibrations caused by railway vehicles are often a problem in an urban environment. At smaller 
frequencies they can produce squealing noise, and at larger frequencies, vibrations can 
disturb and harm humans in their living and working environment. Moreover, severe vibrati-
ons can threaten the structural integrity of the objects surrounding the railway line.
In Zagreb, ZET Municipality transit system is maintaining 116 km of tram track, mostly through 
highly populated urban area. An important design and maintenance task is to provide effecti-
ve solutions for the tram track and tram vehicles in order to keep the low level of vibrations. 
In certain specific cases, like the one described in the paper, the tram track is located directly 
on top of the underground garage top slab. In order to achieve vibration attenuation properti-
es of the track, a floating slab track has been designed and constructed under the supervision 
of the University of Zagreb Faculty of Civil Engineering. Such a demanding structure had yet 
to be evaluated in terms of vibration attenuation. Measurements have been conducted at the 
beginning of exploitation period in 2008 and in 2014, 6 years into exploitation.
Measurements and data analysis have indicated the vibrations have slightly increased over 
the exploitation period. The more distinguished peak values, and visual inspection of rail, 
turnout and crossing wear, indicate that the increase in vibrations is due to irregularities 
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and discontinuities of the rail running surface, especially on the tracks under heavier usage. 
Therefore, great attention should be appointed to the maintenance of running surface as well 
as turnout and crossing geometry. The overall vibration level has still remained relatively low 
and is not causing any structural damage.
Analysis of vibrations at MM2, in the working area of underground garage staff, an increase 
in vibrations intensity has also been noticed. To fully evaluate the level of vibration that wor-
kers are exposed to, extensive measurement and analysis should be conducted according 
to 2002/44/EC.
The goal of achieving greater attenuation of vibrations than on a standard tram track system 
installed in Zagreb has been reached by constructing a floating slab track with continuously 
supported rail and the asphalt pad between the track slab and underground garage slab. 
The practice of periodical vibration measurements serves as an early warning system for any 
unexpected structural defects and provides a tool for future decision making and maintenan-
ce works scheduling.
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Abstract

Mass wasting events and failures on the earthworks adjacent to trunk roads are becoming 
more frequent as a result of climate change and increased volume of transport. This paper 
describes the geotechnical aspects of stabilisation of a 750 m long and up to 55 m high 
coastal slope in Scotland bisected by a former trunk road with a history if instability and su-
bsidence. Ground investigations, monitoring, specimen and detailed design considerations 
are discussed in the light of geo-environmental, financial, temporal, sustainability and risk 
considerations. The geotechnical design had to consider the local and global stability of the 
slope as well as the effect of potential climate change, land use and traffic volume changes. 
Additionally, the stabilisation options for the earthworks supporting the road were constrai-
ned by the requirements of the local authority and statutory undertakers. The detailed design 
for landslide and erosion prevention comprised extensive drainage measures and soil nai-
ling designed to be installed within the existing slope surface, utilising an innovative head 
assembly, recessed within the slope and covered with pre-seeded biodegradable ‘grow bags’ 
making them ‘invisible’, providing a green slope finish, and minimising the visual impact of 
the works on the natural surrounding. The sustainable use of vegetation for slope stabilisation 
is highlighted through the use of eco- and ground bio-engineering strategies in the design 
and construction of stabilisation measures against shallow slope instability and erosion.

Keywords:	sustainability, eco-engineering, soil nailing, slope stability, asset management

1	 Introduction

A trunk road is a major road, usually connecting two or more places, which is the recommen-
ded route for long-distance and freight traffic. In the UK, trunk roads were first defined in the 
Trunk Roads Act 1936 when the Minister of Transport took direct control of 30 major roads 
(7,200 km, including bridges). Additional roads were ‘trunked’ either following the Trunk 
Roads Act (1946) or after being constructed as such. Trunk roads can be ‘de-trunked’, e.g. with 
construction of a motorway following a similar route, and then they become ordinary ‘A’ roads. 
The trunk roads in Scotland (currently 3,405 km or 6% of the total road network, carrying 37% 
of all traffic and 63% of heavy goods vehicles), have been managed separately since 1998. 
The trunk road and motorway network in Scotland has a gross asset value of approximately 
£18 billion. It is Scottish Ministers’ single biggest asset. 
Large number of embankments and cuttings not only on the trunk road network in UK are exhi-
biting signs of distress because of their age and historical lack of investment in maintenance 
and repair. The transportation and local authorities who own the assets are faced with deci-
sions on balancing limited funding for maintenance and repair with investment for keeping 
up with the raising environmental standards and climate changes that threaten the assets’ 
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stability [1,2]. Additionally, the lack of resources and understanding of the wider aspects of 
road maintenance and repair usually result in poor asset management and increase in the 
risk of failure of the slopes associated with a road [3, 4].
Slope instability events (landslide, translational slips, erosion) are natural events and can 
occur above or adjacent to sections of trunk roads. Major instability events such as landslides 
are most likely to occur during and immediately after periods of very heavy rainfall, especially 
if the heavy rain follows an extended rainy period. In Scotland, landslides are most prevalent 
in the periods July to August and October to January [5]. It is of critical importance that good 
quality information on the asset condition and their behaviour especially immediately before 
and after an instability event is needed to maintain their sustainability.
Traditional slope instability prevention and mitigation measures involve the use of structural 
elements and materials such as concrete and steel to provide safety against failure of the 
slope [3]. Recent trends in civil engineering also consider the use of live or living material 
for slope stabilisation such as vegetation. This approach, termed eco-engineering or ground 
bio-engineering [6] is based on a sustainable geotechnical design where the vegetation, apart 
from fulfilling an engineering function, contributes towards positive environmental and social 
impact at a relatively low cost.
In this case study, the stability of a former trunk road embankment in Scotland is investigated 
from the aspect of provision of sustainable geotechnical solution and the considerations in-
forming the detailed design. Environmental and socio-economic aspects of the geotechnical 
design are outlined and the findings and obstacles associated with the design process are 
discussed. 

2	 Case study background and methodology 

2.1	 Site description and Background

The Bervie Braes comprises a coastal slope which lies immediately to the west of the old 
harbour in Stonehaven, Aberdeenshire. The Braes extend for approximately 850m and reach 
a maximum height of 55m. The former trunk road connecting Stonehaven to Dunnottar Castle 
and A94/A957 road runs sidelong and generally northwest-southeast across the slope, rising 
from the northwest end towards the at the far south-eastern end where it turns inland (Fig.1). 
Around 60 residential properties lie towards the toe of the slope with the residents using 
the vegetated road embankment for pedestrian access to the road and the nearby tourist 
attractions. The slope profile above the road is made up of a series of hollows, mounds, and 
bulges which represent washouts from ephemeral springs, failed material and areas of ongo-
ing creep, respectively. The overlapping of old apparently inactive and active areas of slope 
instability provides the slope with a hummocky appearance.
The geological setting comprises alluvial raised beach deposits of gravel and sands overlying 
Glacial Till and, locally sands and gravels, of glacial origin. As a result of being on the pe-
riphery of a considerable fault (Highland Boundary Fault) the rock strata underlying Bervie 
Braes (Devonian conglomerates and sandstones) are deformed and reported as being highly 
inclined over the vast proportion of the Braes and vertical at the south end of the site. A 
number of ephemeral springs with a distinguishable seepage line exist on the embankment.
The Braes have a history of slope instability which is detailed on Fig 1. After the event of 2009, 
the local authority who owns the road commissioned a forensic study to determine the relati-
onship between the local groundwater regime, including perched water levels, the locations 
of weak, sensitive soils and the movement and progressive failure of the road [7]. Based on 
this study, the specimen and detailed design for a stabilisation solution commenced in 2010. 
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2.2	 Geotechnical design rationale

Structural stability aspect: The geotechnical design had to be based on provision of stability 
for the slope in both short- and long-term. Additionally, the slope stabilisation solution had 
to cater for both shallow and deep seated slope instability due to the complex geological 
setting and the fact that both of them have been observed as failure mechanisms on the 
slope in the past. 
To inform the geotechnical design, a range of ground investigations (GI) were carried out and 
compared to the results of historic ground investigations on the site. The GI included non-
intrusive and intrusive techniques described in detail elsewhere [7]. From these, the ground 
model including the characteristic values of the soil strength parameters was produced for 
a number of characteristic cross-sections of the slope. The GI also included the installation 
and monitoring of vibrating wire piezometers, standpipes and inclinometers. With these, the 
spatio-temporal characteristics of groundwater levels and movements within the soil mass 
could be observed and analysed. Potential failure modes were postulated [7] and a number of 
potential solutions (soil nailing, reinforced earth, retaining wall, drainage and combinations) 
investigated against the potential construction costs. 
Environmental aspects: The environmental aspects informing the geotechnical design inclu-
ded consideration of the effects of the water and vegetation. Groundwater, on the other hand, 
was identified as the major cause of potential deep seated slope instability and had to be 
managed together with the surface water that would cause erosion or shallow slope insta-
bility. Hydrological and hydrogeological studies were carried out in order to ascertain if the 
amount of surface and ground water which is protected in the area [8] that would potenti-
ally have to be drained from the slope and discharged either into the existing surface water 
network or directly into the sea. This was followed by a video and geophysical survey of the 
existing drainage along and adjacent to the road which revealed disjointed pipes, blockages 
and a number of level and size irregularities which did not feature in the records of the local 
authority or the utilities company.

Figure 1	 Satellite and historical aerial view of Bervie Braes (source Google Maps), together with an overview 
of historical slope instability events
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The road embankment is part of the Stonehaven Conservation Area and major changes to the 
existing environment including the aesthetics are not permitted. To establish the baseline 
environmental conditions, ecological and dendrological surveys were undertaken. The ecolo-
gical survey did not find evidence of protected species on the slope but noted that the trees 
and shrubs present on the slope host bird nests during the nesting period and construction 
should avoid this period. It was also noted that large parts of the slope are covered by seaso-
nal vegetation which often leaves the ground exposed during the winter. The dendrological 
survey revealed relatively low variety of trees of low value on the slope which are liable to 
overturning.
Socio-economic aspects: The local authority who owns the road since it has been de-trunked 
consulted with Stonehaven Community Council who voted for the most acceptable stabili-
sation solution. This was important because the residents are one of the major groups that 
use the Braes for recreational purposes or access. Access was important for the residents as 
it brings tourists to Stonehaven while visiting the War Memorial (0.5 km south of the Braes) 
and Dunnotar Castle (3 km south) but also because this road is one of only 3 providing access 
to the town and the other two also are also threatened by slope stability problems. It should 
be noted that approximately 500 people live in the properties at the toe of the slope and 
have been at immediate risk of slope instability which motivated them to participate in the 
consultation. The majority of residents voted for the soil nailing solution for both the upper 
and lower slope, preferring full re-opening of the road after stabilisation. 
After the events of 2009, the Scottish Government provided a grant which when combined 
with the funds available to the local authority could not provide stabilisation of the whole 
slope as voted for by the residents. A risk analysis resulted in a strategic decision to stabilise 
only the most critical sections of the road embankment leaving the slope above the road in 
its present condition [9].

3	 Results – detailed geotechnical design

The detailed design was guided by the stability principles placed within a sustainability fra-
mework. Deep seated instability required stabilisation and anchoring into the more compe-
tent, deeper soil horizons while the short-seated instability required retention and protection 
of the ground surface. These objectives were achieved by designing soil nails toeing in the 
Glacial Till with concrete head assembly that would retain the more erodible sands near the 
surface (Fig.2). This structural solution also ensured the long-term stability of the slope with 
a design life of 120 years.
In the area that exhibited most distress and failure in the past (Fig 1 circled, inset), the carri-
ageway was designed to be excavated together with the road base and subgrade down to 
beyond the failure surface and replaced with locally sourced suitably compacted material 
over which the new road base and wearing course will be constructed. With this, the design 
ensured that the risk of settlements due to internal erosion and washout of the subgrade will 
be significantly decreased.
The short-term stability of the soil around the soil nails which is exposed to erosion from sur-
face water was ensured by the innovative design of the head assembly which is recessed into 
the slope and covered with bio-degradable bags containing soil and selected grass seeds. 
Additionally, the slope was hydroseeded after the completion of the soil nailing works with a 
selected mixture of seeds of native grass and herb species. This design, based on evidence 
and experience [6, 10] envisaged that the grass roots will grow quickly, reinforce the top layer 
of the soil while using water with their roots and thus provide protection against shallow 
seated instability.
Water as the major factor that potentially could cause slope failure was controlled by installa-
tion of raking drains near the toe of the slope whose function was to drain excess groundwater 
and discharge it, together with the surface water from the slope, into a contour drain channel 
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running along the toe of the slope and discharging into a piped drain that runs along the exi-
sting surface water drain and discharges in the open sea at levels that would ensure self-cle-
ansing but also protection from flooding. New road drainage system was designed to capture 
the surface water from the slope above the road and thus limit the amount of surface water 
that could potentially reach and erode the road embankment. The drainage systems were 
designed with sustainability and resilience in mind with an increase in peak water quantities 
due to the effects of climate change taken into account. 

Figure 2	 Detailed design of slope stabilisation measures: soil nailing with ‘green’ surface finish due to 
recessed soil nail head assembly. Drainage measures such as raking drains and contour channel 
(inset) also part of the detailed design

Another aspect of sustainability in the design was the requirement to cut the existing trees 
which were at risk of infection or failure and replace them with native species which will in 
long-term perform an engineering function such as soil reinforcement and water extraction 
form the soil with evapotranspiration. Additionally, the design envisaged planting of new 120 
trees of native species to increase the biodiversity, provide wild bird habitat and increase the 
vegetation cover over the areas which could be exposed in the winter. 
The detailed design considered the socio-economic constraints and specified phased con-
struction in order to ensure partial access to the Braes for the residents and tourists with the 
choice of construction method left to the contractor in order to finish the construction within 
the set time period which, in turn, coincided with the non-nesting period for the birds. The 
design and specification were formulated using an innovative approach where the contractor 
was stimulated to achieve savings during the construction which are then used to procure 
more stabilisation works [9]. 

4	 Discussion

The case study showed that the geotechnical design could not be disassociated from the 
wider environmental and socio-economic milieu. Although the close connection between 
geotechnics and sustainability exited in the past, only few studies have been published on 
sustainable design showcasing good (or bad) practice and increasing the profile of the profe-
ssion [10]. It is hoped that this study will contribute towards the motivation of the geotechnical 
engineers to publish on the subject and actively work and collaborate in increasing the impact 
of sustainable geotechnical design.
The geotechnical design for this study was complex and time consuming. The complexity 
was demonstrated through the subtle interplay between structural stability issues and su-
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stainability issues. While the structural issues could be resolved by numerical modelling and 
analysis, they required a number of parameters as an input which originated outside the 
strictly geotechnical domain. Parameters such as groundwater levels, precipitation patterns 
and quantities, creep movements required longer-term monitoring in order to reveal patterns 
and allow selection of critical values as an input into the geotechnical model or analysis. 
During the time these parameters were monitored, the risk of failure of the embankment and 
potential damage to life and property had to be managed by avoiding access to the slope and 
remote monitoring, almost real-time analysis of the remote monitoring data and issuing war-
nings to the residents and tourists. This process required resources and planning in addition 
to the investment for the equipment. However, the safety of the public and employees was 
very important for the local authority and the designer and the investment into the monitoring 
and warning system was negligible when compared to the cost of stabilisation works. Such 
system may be used on a temporary basis [4, 5] where risks can be calculated and a procedure 
exists for management of different levels of risk.
The approach of combining non-intrusive and intrusive GI was beneficial for the design as 
it provided good coverage of the site and correlation between the mechanical and physical 
properties of the soils on site. Proper planning of the GI within the budgetary restraints was 
critical as very little relevant historical data existed despite the history of failures on the site 
and the number of investigations carried out in the past. A shortcoming of this approach was 
the data resolution: a stonemasonry structure supporting the road in the most distressed 
section was not detected by the GI and caused problems and minor delay during constructi-
on. Similarly, geophysical survey was not able to clearly show a number of services running 
very closely together which, again, caused problems during construction. This issue could 
be efficiently resolved by combining the geophysics with video surveys where possible (as 
it was done with the drainage runs in this case study) but caution should be exercised when 
interpreting them together.
An interesting point was that vegetation was found to have a stabilising effect on the slo-
pe while back-analysing the existing conditions [7]. This encouraged the eco-engineering 
considerations in the geotechnical design and designing with vegetation which will perform 
some engineering function in the short- or long-term [6]. This approach contributed towards 
more lean and resilient design and also improved the aesthetics and ecological diversity in 
the conservation area. While recommending this approach, it should be noted that it should 
be followed by regular inspections and monitoring in order to ensure both engineering and 
environmental functions of the vegetation are performed.
The socio-economic constraints resulted in risk based design and an innovative use of NEC3 
for procurement of stabilisation works with a limited budget [9]. The design and the coverage 
of the stabilisation measures had to be curtailed to within the budget limits which meant the 
areas with the highest risk of failure on the embankment supporting the road were stabilised 
first. This approach allowed good coverage of stabilisation measures on the embankment but 
left the upper slope in its existing state and several areas on the embankment without any 
stabilisation measures which still pose a risk of failure.
While the financial constraints dictated the magnitude of the works [4], it was the public who 
actually selected this remedial option which may not have been the most financially viable. 
In similar cases in the future, it may be interesting to question and record the motivation 
and concerns of the public when making such a decision as well as the way the options are 
presented to them. In the future, it may be more appropriate to assess and manage the risks 
using risk registers with quantified risks of failure and identification of criticality in order to 
provide a more solid basis for prioritisation and investment. 
Lastly, the availability of critical information for the design was of great importance in this 
study. Although a number of studies with different foci were carried out on the site in the past 
20 years there were no systematical inspection, maintenance or repair records available. The 
availability of such records and the easiness of access to them would have sped up the design 
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process and decreased the number of assumptions made which, in turn would have resulted 
in lowering the factors of safety and getting more form the limited budget [3,4]. During the 
current study, new information was revealed and all the changes were recorded in a systema-
tic way; however, the questions remain over the management and update of this data in the 
future within a modern asset management system [1,3].
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Abstract

Eurocode 7-1 covers the geotechnical design, among which is slope stability. As they are 
normally and routinely present in designing roads and railways, either as embankments or 
excavations, the necessity for actualization of Eurocode 7 through the prism of traffic infra-
structures is understood. Most of the European countries have selected Design Approach 3 
as appropriate for designing slopes according to Eurocode 7. Moreover, it was also found 
appropriate for Western Balkan countries, but in order to establish relation between the “old” 
and the “new” way of design, theoretical and numerical analyses were conducted. With them, 
direct relation between the global safety factor and prospective material partial factors has 
been adjusted, respecting both Eurocode 7 and former design tradition which has produced 
many stable and safe road/railway geotechnical structures. The results from research have 
shown that the material partial factor offered in Annex A of Eurocode 7-1 can not be directly 
applied if it is not absolutely clear in which circumstances i.e. load case, structure type, step 
of execution, reliability of parameters etc. it should be applied. This looks after enlarging the 
range of partial factors from the only single one as offered in Eurocode 7-1, since that keeping 
the single will push the roads and railways in the group of unsafe structures, unlike now. The 
methodology and findings are discussed further in the paper.

Keywords:	Eurocode 7, slope stability, roads/railways, design tradition, relation

1	 Introduction

Following the activities in the field of designing structures asks for accepting and application of Eu-
rocodes (EC). In them, main news is limit state design, unlike hitherto working state design. There 
has been intensive work on the 10 parts of EC in the past decade, starting with their translation up 
to the most important part – preparation of National Annex. From that aspect, it seems that one 
of the most demanding was Eurocode 7 (EC7) which covers geotechnical works and it consists of 
two parts. The first one (EC 7-1) regulates the general rules for geotechnical design of foundations, 
retaining structures, embankments, their overall stability or hydraulic heave, while the second 
part (EC 7-2) is related to planning of terrain investigation, field and laboratory tests etc. 
Slopes and their stability are part of EC7-1, and as slopes are commonly present in roads and 
railways, either through excavations or embankments, the necessity for actualization of EC7 
through the prism of traffic infrastructure is understood. One of the specifics is that EC7 offers 
only single one material partial factor for determination of slope stability, suggesting its usage 
both in permanent and transient load cases, neglecting also the material and structure type. 
This differs drastically from the previous analyses and thus asks for careful calculation of 
slope stability in order to avoid endangering safety of traffic structures. 
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2	 Slope design

2.1	 Recent regulation

The factor of safety (FS) is defined as a ratio between the available shear strength and average 
mobilized shear strength needed to keep in equilibrium the hypotetic sliding body. It is calcu-
lated as a constant average relation of same value at all points of the sliding surface, although 
it does not have to be same for cohesion and tangent of angle of friction. The value of smallest 
allowable FS is determined in relation to the nature of an action, extent of investigations con-
ducted on material properties etc. The standards [5] also specify that the FS increases with 
the lack of such conducted investigations. The determination of the FS may be regulated only 
locally, as it also depends on the environment (climate, type of ground, water, etc.) 
Depending on the type of slope and material upon which it is performed, values shown in Ta-
ble 1 are used as common design values for minimal FS, when highly reliable geomechanical 
parameters are available (those values correspond to actual standards [4] in the countries of 
former Yugoslavia still in the process of adopting Eurocodes):

Table 1 	  Values of applied partial factors

Type of structure Shearing strength parameter FS [min]
Embankment on hard or fairly compressible ground Φ’, с’ or Φ’B, ΔΦ’, pN 1.4
Embankment on saturated ground with low bearing capacity Φ’, с’ or Φ’B, ΔΦ’, pN; cu 1.4; 1.4 ÷ 2.0
Excavation in saturated clays Φ’, с’ or Φ’B, ΔΦ’, pN; cu 1.4; 1.4 ÷ 2.0
Excavation in coarse grained materials Φ’ or Φ’B, ΔΦ’, pN 1.2

However, in a case of unreliable geomechanical parameters minimal values specified in Table 
1 shall be increased by 0.25, while in a case of average reliability those shall be increased 
by 0.1. In addition, for highly reliable parameters it is recommended to apply the parameters 
Φ’B, ΔΦ’, pN and non-linear criterion of failure of hyperbolic type, instead of Φ’, с’ or Φ’r [3]. 
Specified FS are applied in conditions of permanent and static loadings, so in the analysis of 
transient conditions of loading it is common to accept FS=1.30, while the FS for pseudo-static 
conditions is 1.10. However, the Standards do not differentiate between embankments/pits 
for roads and railways [4].

2.2	 Eurocode 7

Eurocode 0 [1] suggests application of partial factors (PF) in analyses and designs; PF in EC7 facto-
rize actions, material properties and resistances, and are imposed by the reliability of data, type 
of load, analyses, construction, cost effectiveness, maintenance and possibilities and effects 
of failure. Thus, depending on their position in equation, three design approaches (DA) are in 
use. The actual practice has shown the efficiency of “outdated” approaches through stability and 
functionality of structures, so the similarities between an “old” and new method allow adoption 
of relevant DA, while the approximation of dimensions of designed structures (with guaranteed 
safety) shall suggest the value of PF. The application of PF in analysis requires achieving of FS of 
1.0. Comparative analyses have shown that the DA3 – among all approaches offered in Eurocode 
7 – is the most appropriate for future analyses of slope stability [6], and it is also adopted in many 
European countries [9]. Within DA3, PF are applied on forces or effects and shearing resistance of 
the soil, thus only one calculation performed with values of input parameters is required. There 
are two types of PF for actions, depending on the fact if they originate from the structure or if they 
are of geotechnical origin, but in a case of slope stability and overall stability analyses, the effects 
over the ground (from any permanent load) are interpreted as geotechnical, thus using action 
PF=1,0. Different action PF i.e. PF=1,30, is used only for transient and unfavorable loadings [2].
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3	 Correlations

Until now, slopes were designed and analyzed according to the proved methods based on 
global factor of safety. The Bishop’s method is one of the most popular methods for calcu-
lation of their stability in relation to the limit equilibrium. Besides many other advantages, 
this method is also acceptable from the aspect of EC7 [10]. Within this method, an iterative 
calculation is performed according to the following equation:

	 	 (1)

where:

	 	 (2)

Other methods vary mostly in regard to the manner of treatment of inter-laminated forces 
which, however, do not affect the selection of an approach and value of partial factors. Next 
step is determination of PF intended to reduce shearing resistance parameters (SRP); Annex 
A in EC7-1 suggests the value of 1.25. The condition for their determination is to provide same 
degree of stability prescribed so far, i.e., to assure same slope inclination, because the practi-
ce has proved their safety. If c=0 kPa and u=0 kPa, then Bishop’s expression may be reduced 
to:

	 	 (3)

 
 
 

	 	 (4)

	 	 (5)

Eqn (5) implies that:

	 	 (6)

If eqn (5) is applied in conditions of limit state (when FS=1.0), then tanΦ’ should be replaced 
with design value of the angle of friction derived from the condition:

	 	 (7)

so the expression for FS would be as follows:

	 	 (8)
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knowing that FS=1.0, this eqn (8) would imply that:

	 	 (9)

which, after transposing tanϕ’ to the left side and rearranging trigonometry expressions would 
gain that:

	 	 (10)

 
	 	 (11)

 
	 	 (12)

The equalization of the last two expressions with tanΦ’ on the left side (eqns (6) and (12)) 
would gain:

	 	 (13)

and, finally:

	 	 (14)

According to fore mentioned it can be stated that the PF that shall reduce the tangent of fricti-
on angle [γΦ] in limit state conditions – while maintaining the same degree of safety previously 
provided with the global FS – is equal to the actual FS; the latter depends on the material, 
type of structure, nature of loading and design situation in which stability of the slope is being 
observed: permanent, transient or accidental condition.
Similar method was also used to prove that the same stands for cohesion (whether effective 
or undrained), which is also being verified [8]. 
The described approach for determination of partial factors allows this analysis to be used 
both in application of a Mohr-Coulomb law and non-linear failure envelope of hyperbolic type 
[3]. Non-linear interpretation of shearing resistance – due to realistic description of all types 
of soil within overall range of stresses – is particularly helpful during the optimization of 
slopes. Above all, this stands for soils with coarse grained materials, which apparently show 
critical stability of shallow surfaces to shear (and therefore require most of the engineering 
attention), but also for regular dimensioning and prevention of eventual failures at slopes 
with fine grained materials. Both instances derive from imperfections of a Mohr-Coulomb 
linear envelope in zone with low normal stresses, which are commonly competent for deter-
mination of SRP required for analysis of slope stability: it overestimates the strength of fine 
grained materials and underestimates the strength of coarse grained materials. 
Related to this nonlinear failure envelope (Firuge 1), it was also found that it can be implied 
with partial factors [6, 7].
The described approach and findings allow a slope with previous global factor of safety of 1.50 
to gain factor of 1.0 in the limit state. In both cases the specified values of factors will relate to 
the same sliding surface. So, several procedures have proved that in calculation of slope stabi-
lity the value of partial factors by which SRP are reduced is equal both for the tangent of angle of 
friction and cohesion, and is also equal to the global factor of safety. However, besides on the 
proper parameters, its intensity also depends on actual conditions in which the slope stability is 
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examined: permanent, transient or accidental; they also may be distinguished in relation to the 
type of structure (dam, road, mine, etc.). Eurocode 7 Annexes do not offer such categorization 
of values of PF, so they are proposed as constant and independent from particular case, which 
poses one of its rare shortcomings. However, some possibilities are partially mentioned in Eu-
rocodes 0 and 1. Those Eurocodes allow variations in PF based on the extent of consequences 
and reliability, but also on design situation, i.e., on load case, which is particularly appropriate 
to our recent practice! Proposed values maintain the actual and confirmed degree of safety, i.e., 
the same slope inclination, which is particularly important in a case of possible rehabilitation 
and upgrade, thus avoiding any future threats to the slope usability and allowing comfortable 
accommodation of engineers to the new design approaches according to EC7.

Figure 1	 Non-linear failure envelope of hyperbolic type and its parameters.

4	 Conclusions

In order to determine the relation between “old” and “new” design approach, some theoretical 
analyses were performed. The findings were confirmed with numerical calculations. This esta-
blished direct relation between the actual factor of safety and future material partial factors, 
while respecting the Eurocodes and actual designing practice. Moreover, the results gained 
from investigations are appropriate for Mohr-Coulomb linear and non-linear failure envelope. 
It was concluded that analyses of slope stability in our region (former Yugoslavia) require 
Design Approach 3, also adopted in many European countries. However, the value of PF for 
SRP is not constant as offered with Eurocode 7, but variable and dependable on the materi-
al, reliability of parameters, load cases etc. Thus, in order to keep designing safe slopes at 
roads and railways, following the analyses shown, it can be concluded that SRP in our region 
– when calculating the stability of excavation or embankment slopes with different types of 
materials – and provided that parameters have average reliability, during their application in 
DA3 should be reduced by:
·· 1.50 for excavations in saturated clays and embankments (regardless to the base material) 
for permanent load conditions (1.40 for high reliability of SRP) 

·· 1,30 for excavations in coarse grained materials (1.20 for high reliability)
·· 1.30 for analyses in transient load conditions
·· 1.10 for pseudo-static analyses
·· to maintain original values, in case of reverse analysis, because of reduction by 1.0.
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Although it seems that these factors are higher than the primary offered in EC7-1, it has to be 
said that they are needed such in circumstances of initial application of EC7. Namely, in order 
to introduce EC7 to the new users, either as concept or from aspect of results, they have to 
have these values as only they keep the proved stability and slope. Their reduction should 
be expected, but only after several years of continual application of the proposed design 
approach and partial factors, followed by monitoring of such designed and built slopes and 
with respecting of the recommendations for quality and number of field and laboratory tests 
as stated in EC 7-2
As it is extensively described and commented in papers [6], [7] and [8], the specified approach 
and identical value of coefficients are rather favorable and recommended for analysis of slope 
stability in computer applications based on the finite element method, as well for modeling 
of materials using non-linear failure envelope of hyperbolic type. 

Reference
[1]	 Evrokod 0, Osnove proračuna konstrukcija, Građevinski fakultet Univerziteta u Beogradu, Beograd, 

79p, 2006

[2]	 Evrokod 7, Geotehnički proračun, Deo 1: Opšta pravila, Građevinski fakultet Univerziteta u Beogradu, 
Beograd, 163p, 2009

[3]	 Maksimović, M.: Mehanika tla, IV edition, AGM knjiga, Beograd, 643p., 2001

[4]	 JUS U.C4.200-1990. Projektovanje puteva: Osiguranje onjeg stroja saobraćajnica i ukupne stabilnosti 
tla i trupa puta. Geotehnika i fundiranje, Knjiga 6-2, Zbirka jugoslovenskih pravilnika i standarda za 
građevinske konstrukcije, Građevinski fakultet Univerziteta u Beogradu, Beograd, pp. 806-834, 1995

[5]	 JUS U.C5.020-1980. Projektovanje nasutih brana i hidrotehničkih nasipa. Tehnički uslovi. Geotehnika 
i fundiranje, Knjiga 6-2, Zbirka jugoslovenskih pravilnika i standarda za građevinske konstrukcije, 
Građevinski fakultet Univerziteta u Beogradu, Beograd, pp. 937-954, 1995

[6]	 Papić, J. Br., Dimitrievski, Lj., Prolović, V.: Odgovarajući pristup i parcijalni faktori za analizu 
stabilnosti kosina po Evrokodu 7, 4. Internacionalni naučno-stručni skup “Građevinarstvo – nauka i 
praksa”, Žabljak, pp. 1333-1340, 2012а

[7]	 Papić, J., Dimitrievski, Lj., Prolović, V.: Value of partial factors for EC7 slope stability analysis: solved 
“mystery”?, 3rd International Conference on New Developments in Soil Mechanics and Geotechnical 
Engineering, Nicosia, pp. 193-198, 2012b

[8]	 Papić, J. Br., Dimitrievski, Lj., Prolović, V.: Verifikacija izabranog projektantskog pristupa i parcijalnih 
koeficijenata za analizu stabilnosti kosina po Evrokodu 7, 2nd International scientific meeting “State 
and trends of Civil Engineering”, Tuzla, pp. 607-614, 2012c

[9]	 Schuppener, B.: “Eurocode 7: Geotechnical design – Part 1: General rules – its implementation in 
the European Member states”, International seminar on Eurocode 7 and geotechnical aspects of 
Eurocode 8, MAG-ISSMGE, Struga, pp. 20-30, 2008

[10]	Simpson, B., Driscoll R.: “EC 7 – a commentary”, CRC, London, 1998



Transport Geotechnics 573

GEORISK – A risk model and decision support 
tool for rail and road slope infrastructure

Paul Doherty, Kenneth Gavin, Karlo Martinović, Cormac Reale
Gavin & Doherty Geosolutions, Ireland

Abstract

This paper presents a risk analysis and decision support tool developed for infrastructu-
re assets on both rail and road earthwork networks. This three-stage risk management fra-
mework, called GEORISK, is specifically targeted at evaluating slope stability for cutting and 
embankment assets, focusing on slope stability problems, and is initially being developed 
for the Irish railway network. 
The first step in the framework involves compilation of existing data available to infrastructure 
owners in a structured database of input parameters that define the controlling variables. This 
step also involves initial risk modelling to assess the probability of failure of the slope assets. 
The output of the first stage are probabilities of failure for each of the network’s assets.
In the second stage, the probability of failure is subsequently refined using a condition de-
gradation factor that allows non-standard evidence to be incorporated into the analysis. The 
probability of slope failure is then combined with a vulnerability analysis to determine the 
consequential impact of the failure. This allows various traffic and loading related factors to 
be considered. 
In the third stage, a slope asset management plan is developed to include mitigation and 
remediation strategies. This includes a cost benefit analysis (CBA) tool that can be used in 
parallel with the slope management plan to inform decisions on where expenditure should 
be focused, offering value for money on annual maintenance budgets. 
Overall, the GEORISK tool allows allows the key stakeholders and infrastructure managers 
to move from a system of reactive maintenance and towards targeted allocation of annual 
budgets for the highest risk assets.

Keywords:	risk management, road and rail networks, geotechnical assets

1	 Risk management for slope infrastructure – introduction

Landslide risk management as an interdisciplinary geoscientific topic has been extensively 
researched from the early 1970’s. Recent advances in GIS and other software [1] have made 
it possible to ease the implementation of the risk management tools over large geographical 
areas and linear infrastructure networks, thus making them a highly usable tool for infra-
structure managers and stakeholders. 
Whilst a number of landslide risk assessment and management methods have been propo-
sed, they all follow a similar structure on a macro scale. An example of a typical landslide 
risk management flow diagram is given in the Figure 1 [2]. Hazard assessments are a starting 
point for every risk assessment. These deal with characterization of landslide events and the 
determination of the probability of occurrence of given event. Various approaches can be 
used to calculate probabilities of failure. A wide range of hazard maps, including landslide 
inventory and landslide susceptibility maps, are also usually produced as an output, [3, 4].

28–30 April 2014, Split, Croatia
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Figure 1	 Landslide risk management flow diagram [2]

To complete the risk analysis, consequence analysis that includes vulnerability assessment 
and identification of elements at risk has to be combined with the hazard assessment, as risk 
is commonly defined as a product of hazard, vulnerability and elements at risk [5]. Vulnera-
bility assessment defines the degree of loss or damage to a given element at risk affected by 
the hazard, and takes values on the scale between 0 and 1 [6].
Recent extensive reviews have focused on various levels of risk management like hazard 
assessment, risk assessment, and full risk management [2], [3], [7]. However, most of the lan-
dslide risk management procedures and methods produced have been developed to address 
the landslides on the natural slopes [8]. Even though the mechanisms of failure are largely 
the same for engineered slopes, certain aspects of the assessment of infrastructure networ-
ks require special consideration. Many major transport infrastructure owners use internally 
developed risk assessments and management tools, designed to address the specific needs 
and conditions present on the given network. 
In this paper, a risk management model and decision support tool recently developed for 
cutting and embankment assets on the Irish rail network is presented. The main advance 
brought by this method is the switch from a visual risk assessment, frequently used by road 
and rail operators, into a highly sophisticated and less subjective approach with high-end 
geotechnical calculations taking advantage of data which is available to the infrastructure 
managers. The risk model is versatile enough to be applied to all rail and road infrastructure 
networks in general. 

2	 Risk model Background

The Irish Rail network was among the first rail networks to be constructed with the majority of 
the network dating back to the mid-1800s. As a result of this, a significant proportion of the 
network is comprised of aged cuttings and embankments. Like much of the rail infrastructu-
re across Europe, the Irish network predates modern design standards and was built using 
basic construction techniques and readily mixed local materials. A significant proportion of 
the network, which has remained stable for over a hundred years, has slope angles far in 
excess of current design recommendations. Many of these steep slopes are also constructed 
at angles in excess of the material’s natural constant volume friction angle. Their stability is 
provided by transient suctions which makes them particularly susceptible to rainfall induced 
shallow failures. In light of changing climate conditions the incidence of slope failures is li-
kely to increase. Therefore to ensure optimum investment, it is imperative that infrastructure 
managers can quantify the risk represented by individual earthwork assets and rank them 
accordingly. This will allow for strategic investment to ensure optimum value for Irish Rail in 
terms of both cost and safety. 
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3	 Stage One – Data requirements and initial risk model

3.1	 Data requirements and failure modes

The first phase of the framework is predominately concerned with data collection and su-
bsequent database population. This involves collating existing asset information into a 
manner which can interface seamlessly with the risk model and compile additional material 
from external sources. To facilitate this, it is first necessary to identify the parameters critical 
to earthwork instability for each failure mode considered. This includes not only the geometric 
and material parameters, but also includes the natural and anthropogenic triggering factors 
that may lead to instability. Once this has been accomplished the parameters are broken 
down into lists of known variables and variables which can be inferred based on known pa-
rameters. An example of a variable which is known is slope angle. Whereas, an example of a 
variable which can be estimated with a reasonable level of confidence based off of national 
soil maps and existing geotechnical knowledge, is the internal angle of friction of a soil. Each 
parameter will have an associated coefficient of variation which measures the parameter va-
riability. When all variables have been identified, the database is expanded appropriately to 
account for new variables. The database is then populated using all available resources. In the 
case of Irish Rail, additional information was gathered from LiDAR scans, national soil maps, 
national borehole databases, site inspection reports and geological surveys. Naturally, if a 
parameter is inferred based off of known parameters it’s coefficient of variation is increased 
to reflect its origin. 

 

Figure 2	 Example of possible various dataset layers gathered from surveys

Soil slopes and in particular rock slopes are susceptible to a wide array of different failure 
mechanisms. For the purpose of this project a desk study was carried out to determine the 
failure modes most likely to occur for Irish slopes constructed from glacial till and it was de-
termined that shallow translational slips were most likely to occur due to the large volume of 
rainfall which occurs annually in Ireland. 
However rotational and wedge failures were considered as there is increased consequence 
associated with these failure modes due to the larger volumes they displace. Shallow transla-
tional slides normally result from rainfall infiltration and are generally superficial in nature 
with the depth of the slide being significantly less than its length, while rotational failures 
generally occur at depth with an approximately circular slip path. Rotational failures usually 
arise due to excessive loading in areas with low internal angles of friction or due to some other 
form of changing boundary condition. They have a much larger volume than translational 
slides and are usually slow moving. However, in some weak cohesive clays there can be an 
extremely rapid run-out. Rock slopes on the other hand are more susceptible to wedge failures 
along pre-existing cracks or faults. These failures vary in magnitude and usually occur rapidly.
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Figure 3	 Observed slope failure modes

3.2	 Probabilistic Model

Due to the heterogeneous composition of soil, huge variability can exist across relatively 
small sites [9]. In traditional deterministic analysis, factors of safety are calculated using 
either the mean parameter values or values slightly less than the mean. However this may 
not necessarily be conservative, for sites with huge variability this approach can actually 
overestimate the safety. Using a probabilistic based approach, two slopes which appear iden-
tical in terms of geometry and mean geotechnical parameters, could have vastly different 
probabilities of failure based on their natural variability. Probabilistic tools are extremely 
useful for extending the service life of existing infrastructure as they give a more accurate 
representation of stability, allowing designers to classify some assets which struggle to meet 
modern deterministic safety factors as safe and reliable. Furthermore from an economic point 
of view it is unfeasible to replace large sections of road and rail infrastructure. Therefore it 
is necessary to be able to classify the relative risk associated with each asset and fix critical 
infrastructure first. 
In the GEORISK framework, the Hasofer Lind [10] first order reliability method (FORM) is used 
to calculate the probability of failure associated with each asset and its coupled limit state. 
The Hasofer-Lind approach is an invariant method for calculating the reliability index β, which 
can then be transformed into a probability of failure pf. The first step using this methodology 
is to transform all variables into normalised random variables. This is accomplished by means 
of equation (1).

	 	 (1)

After normalising the variables the next step is to express the limit state in terms of the redu-
ced normal random variables, as in eqn. (2)

	 	 (2)

In this reduced variable space the limit state surface g(X)=0 describes the boundary between 
stable and unstable zones. The Hasofer Lind reliability index in then expressed as the mini-
mum distance between the origin (the mean value of the reduced limit state) and the failure 
zone. The point on the limit state surface which is closest to the origin is known as the design 
point. The distance to this point can be described using the following equation (3) [11].

	 	 (3)

where:

X	 vector representing the set of reduced random variables;
Ψ	 failure region defined by letting the performance function g(X)=0.

X
x E x

x
i nl

i i

i

=
− [ ]
[ ]

=
σ

( , ,..., )1 2

g X g x x xn( ) ( , ,..., )= 1 2

β
ψ

τ

HL X
XX= { }∈

min
/



1 2



Transport Geotechnics 577
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

By constraining this equation the user is able to obtain the reliability of the limit state at the 
design point. Assuming normal random variables, a probability of failure can then be obtai-
ned using the following equation (4).

	 	 (4)

where:

φ(∙)	 standard normal cumulative distribution function.

Randomly selected assets are then subjected to Monte Carlo simulation for verification. 

4	 Stage Two – Model refinement and Vulnerability assessment

4.1	 Model refinement and Degradation factor

In phase one, the probability of failure is calculated from preparatory variables using inputs 
like slope geometry and soil types and strength parameters. However, calculation of the pro-
bability of failure using this data still does not take account of two important groups of data: 
the current slope condition and data related to landslide triggering events.
The actual slope response is controlled by variables which cannot be easily described. These 
variables include data that is usually recorded in a qualitatively manner, such as: type and 
condition of drainage, type and density of the vegetation, slope erosion and overall condition, 
etc. Usually they are collected through road and rail infrastructure operators’ internal investi-
gations and visual assessments. These factors thus need to be quantified prior to inclusion in 
the risk model. This is done by introducing the Degradation Factor, which assigns numerical 
weightings for each qualitative variable and adjusts the probability of failure obtained from 
stage one. “Hotspots”. The past slope history is also accounted for at this stage, allowing 
previous failures or remediation works to be incorporated into the analysis through an adjus-
tment to the raw Pf. This process also allows the model to be live, with subsequent failures or 
corrective actions being incorporated into the network wide risk model and the overall relative 
ranking recalculated accordingly. 
Rainfall is by far the most important landslide trigger across Ireland, on the road, rail network 
or natural landscape. For that reason, rainfall values are considered directly within the da-
tabase and are inputted in the risk model which will also account for seasonal variability 
in precipitation. Another triggering input which is included in Pf calculation refinement is 
surcharge loading.

4.2	 Vulnerability assessment

In order to proceed from the hazard assessment done through a refined Pf calculation to risk 
analysis, a vulnerability assessment must be completed for the elements at risk on the asset 
network. This analysis includes the cuttings and embankments themselves as well as adja-
cent objects and structures on the line. 
For that reason, information on line ratings, line speeds, the number of tracks, flow, passen-
ger density, and other traffic related data are to be obtained and assigned. The information on 
adjacent objects’ (stations, buildings, adjacent land use) and clearances are also necessary 
to evaluate the impact of possible landslides. The level of impact can be obtained through 
the inventory of historical failures and subsequent damage (an example of which is given in 
the Figure 4), as well as through scenario modelling.

p p g Xf = <



 = −( ) ( )0 1 φ β
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Figure 4	 The effects of slope failure of 31/12/2013 on Waterford rail station

Finally, a risk value for each asset can be calculated as a function of hazard and vulnerability 
assessment outcomes, and the ranked list of assets is compiled.

5	 Stage Three – Decision support tool

After the risk values are assigned to each asset, a decision support tool will be developed. 
This will result in an array of possible answers and procedures for risk reduction. This process 
will involve some preliminary engineering to develop a slope asset management plan that 
incorporates generic remediation and mitigation strategies for slopes with different risk pro-
files. The slope management plan will be developed using an iterative approach that allows 
the user to test the impact of different maintenance strategies on the long-term risk rating 
of the assets in the network. Possible scenarios, such as modification of slope geometry, 
additional geotechnical investigation work for uncertainty reduction, installation of drainage, 
retaining structures, slope reinforcement, detailed finite element analysis or installation of 
slope monitoring equipment can be proposed. This will allow the slope management plan 
to cope with high risk assets that need urgent intervention using hard engineering solutions 
and also considering more strategic investment decisions that may change the national risk 
profile (e.g. installing simple drainage on entire set of asset classes).
A cost benefit analysis tool will be developed as an independent module that can be used in 
parallel with the slope management plan to inform decisions on where expenditure should be 
focused to maintain minimum safety standards and simultaneously offering value for money 
on annual maintenance budgets.

Figure 5	 Methodology flowchart
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Abstract

This paper describes methodology used in slope maintenance in cut area on 18.5 km Kra-
pina – Macelj section of Zagreb-Macelj motorway. Based on geotechnical investigations 15 
cut locations were treated in main design and for another 15 locations detailed design is 
made. After motorway opening annual monitoring program was conducted. Program inclu-
ded measurement interpretation, visual observation of slopes and periodical reports. Report 
contained description of observed slope instabilities and defects and proposed one-time and 
periodical maintenance measures. The report conclusions initiated slopes remediation. This 
paper show 2 cut locations, Gornji Macelj 4 and Straža-jug. After defect detection detailed 
visual observation was done and crackmeters were installed. Based on displacement mea-
surements and defect description back-analysis of slope stability was conducted. The result 
of analysis was remedial measures on slope protection system. Adaptation of slope stability 
protection within periodical maintenance allows on time detection of potential high risk situ-
ation, damage prevention and the use of optimal remediation measures.

1	 Introduction

This paper describes design methodology and implementation of rock slope protection and 
stability measures on the Zagreb-Macelj motorway. Final slope protection is based on investi-
gation works, local site experience, measurements and monitoring during construction and 
exploatation. The A2, Zagreb-Macelj, motorway is part of the Croatian motorway network and 
Pan-European Corridor Xa. It is part of Pyhrn motorway (Nürnberg–Graz–Maribor–Zagreb), 
which connects Croatian and European motorway networks. This paper describes the design 
solutions, slope excavation and exploatation phase for two locations: Straža Jug and Gornji 
Macelj 4, and also slope protection modifications based on the monitoring results.

2	 Slope stabilization system

Straža Jug slope location is built of a limestone and a tuffaceous dolomite. These deposits 
are massive. Limestone is crystalline with dark gray-brown color and intersected with veins of 
calcite. Upper 4.0 – 5.0 m is an overlying clay layer with fragments of base rock material. Cut 
has four floors, each 10 m high with 4 m wide bench between them. Slope inclination of each 
floor is 2:1. On the lowest slope clogged perforated pipes were installed at 2.0 x 2.0 m grid. 
Slope was protected with shotcrete and the anchors. On the northern edge of the cut slope 
inclination mitigates from 2:1 to 1:1.5 and fits with the natural terrain outside the highway 
fence. Toe of the first floor slope finished on the embankment around the bridge abutment. 
Because of that the slope protection was freely hanging on that part of the slope. 
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Gornji Macelj 4 slope location is built of mostly a fine-grained sandstone covered with a 
weathering rind, 1.0-5.0 m thick. An overlying crust consists of clayey sand with fragments 
of base rock material. Crust thickness is about 3.0 – 4.0 m. Figure 1 presents the slope du-
ring excavation. There is a visible boundary between the weathering rind and the sandstone 
bedrock. During the exploatation, the cracks in concrete revealed locations with the thicker 
weathering rind. Upper crust had displacement on the contact with the bedrock.

Figure 1	 Gornji Macelj 4 cut during construction.

Gornji Macelj 4 cut has one bench. The first, lower slope was excavated in the 2:1 slope and 
protected with shotcrete and the anchors. Southern part of the slope was mitigated and cove-
red with stone concrete wall. Anchors were placed in two rows at 3.0 x 3.0 m grid. In the upper 
row 6.0 m long and 3.0 m long in lower row IBO self-drilling anchors were installed. Between 
anchors clogged perforated pipes were installed for drainage. At the peripheral areas of first 
slope floor MacMat with anchors was installed. The second, upper slope has 1:1 inclination 
and was protected with MacMat and 6.0 m long anchors. In the highest cross-section second 
floor has 4 anchor rows. Between the two slope floors there is 4.0 m wide bench with the 
drainage ditch with concrete lining. 

3	 Monitoring and slope remediation

Main design has prescribed periodical monitoring of motorway by geotechnical designer and 
the motorway maintenance service. Design demanded monitoring during exploatation and 
to the inception reports. In the inception report defects were detected and quantified and 
also remediation measures were estimated with their priority order. Based on the report, the 
Investor ordered additional displacement measurement and detailed remediation design. On 
Straža Jug location during the visual observation the cracks in the shotcrete were detected 
on the northern part of the cut. It is peripheral part of the cut were slope changes inclination 
from 2:1 to 1:1.5. Crack was detected on the slope about 8.3 m from the beginning of the 
bridge. It was a vertical crack formed in the full height of the first slope floor. Crack width 
extended from 1.0 cm at slope toe to 5.0 cm at 10 m height. In period from autumn 2010 till 
spring 2011 crack displacement measurements were conducted. Measurements showed that 
crack was spreading and developing new cracks. This damage progression formed unstable 
blocks of shotcrete in size of a few square meters with potential risk for the motorway traffic. 
Defects were detected on the peripheral part of cut and eroded material from upper slope was 
deposited on the first bench. Also some material was carried out with water underneath of 
shotcrete in slope toe. Shotcrete has lost its slope protection function and was covering slope 
sliding like a mask. Monitoring results didn’t find global stability problem, but local surface 
erosion and a problem of contact between slope and shotcrete was confirmed. At the end of 
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the winter period displacement progress decreased. Decision to start with the remediation 
measures was made because of the threat of shotcrete blocks to fall down on the motorway.

 

Figure 2	 Defects and crack on Straža jug cut

Visual observation at Gornji Macelj 4 cut detected crack on the contact of concrete stone wall 
and shotcrete. During 2010 crackmeters were installed and displacements on the cracks were 
measured. Crack was continuing from the lower slope to the first bench and extended parallel 
to the motorway (Figure 3). Crack width was from 1.0 cm at the bench to 10.0 cm at the slope 
toe. At the slope toe soil material was flushed out through the crack. It happened because the 
large amount of water was drained from the slope in this zone. Wet stain on the slope surface 
was visible and increasing (Figure 3).

 

Figure 3	 Gornji Macelj 4 – installed crackmeter and vertical crack on the slope

Measurement and detailed visual observation determined that bench had 1.0 cm settlement 
on the side towards the motorway. Figure 3 shows installed crackemeter for measuring displa-
cement on the crack at the contact of two types of slope protection. The crack was expending 
and a measurement on installed crackmeters showed that slope with shotcrete protection 
was moving towards the motorway. This part of the slope had more than 5 mm displacement. 
Measured displacements and affected slope area indicated that defect was seriously impac-
ting the road safety. The result of the monitoring was the decision to start slope remediation.

4	 Mitigation and remediation

Interactive geotechnical design approach [1] prescribes monitoring in design and it is inte-
gral part of design process. Regular observation and monitoring during exploatation enabled 
prompt defect detection and effective remediation. Through interactive geotechnical design 
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slope protection was modified during construction based on the monitoring. Visual observa-
tion and measurements gave data about actual material behaviour and the slope protection 
measures. Local and global instabilities occurred along the motorway section at the beginning 
of the slope excavation and also during the exploatation. On some parts during design some 
modifications of solutions were predicted [2]. Additional geotechnical investigations with 
engineering-geological mapping of excavated slopes and geotechnical measurements were 
performed on critical locations. For these detected instabilities and with the results of addi-
tional investigation works numerical analyses were conducted and new protection measures 
were applied. Since this two described locations were spotted by applying monitoring system, 
the idea was developed to analyse mitigation of impact on traffic safety, people and property. 
Mitigation of slope impact on people and property safety is presented by 4 measures [3] and 
described in Figure 4. First measure is “Altering”. On the slope this measure can be achieved 
by peripheral channels for collecting rainwater and with the drainage. Next measure is “Aver-
ting” and uses constructions like retaining walls or rockfall protection barriers for redirecting 
the impact and for people protection. Third mitigation measure is “Adapting”. Adapting is 
used when risk is pre-identified and solution can be modified and upgraded to protect people 
and property. Last measure, “Avoiding”, is applied in a way to prevent or to limit the access to 
the risk area and to avoid or to limit construction. This measure is suitable in the conceptual 
design phase and through the design phase. In described case when defect occurred in explo-
atation, one of first three measures can be used. For remediation of cuts Gornji Macelj 4 and 
Straža jug optimal remediation measure was “Adapting”. Existing slope protection solutions 
were used, but differences observed during monitoring were analysed and final protection 
measures were adapted accordingly.

Figure 4	 Slope mitigation

At Straža jug cut first was removed cracked shotcrete and eroded material from the slope. In 
slope toe trench was excavated to the solid ground for the concrete foundation beam which 
supports renewed slope protection. Four rows of IBO anchors were installed at an angle of 15 
° from the horizontal and at 3.0x3.0 m grid. In upper two rows anchors with a length of 6.0 m 
and 3.0 m in a lower two rows were installed. The whole slope surface prepared for remediati-
on was covered with 10 cm thick shotcrete reinforced with steel fabric mesh. Existing clogged 
perforated pipes were protected with geotextile during shotcreting.
At Gornji Macelj 4 cut remediation covered 5 m of stone concrete wall for overlaping and thro-
ugh all area underneath a horizontal crack on the top of the first slope floor. Figure 5 presents 
a typical cross-section of slope remediation. 4 new rows of IBO anchors were installed at an 
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angle of 15° from the horizontal and generally at grid 3.0 × 3.0 m. In upper two rows are in-
stalled anchor with a length of 9.0 m and 6.0 m in a lower two rows. The whole slope surface 
prepared for remediation was covered with 5 cm thick shotcrete reinforced with steel fabric 
mesh. Existing clogged perforated pipes were kept and protected during shotcreting and few 
extra were installed on places with detected water leaking.

Figure 5	 Typical cross-section of slope remediation at cut Gornji Macelj 4

5	 Conclusion

This paper shows slope maintenance methodology at the Zagreb-Macelj motorway based on 
the interactive design approach. This methodology is suitable for linear structures, which in 
design phase are never ideally investigated and enables investor to seek for economically 
optimal solutions. The main design analyses the least favourable locations and provides clear 
guidelines for the construction phase and later exploatation. Continuous monitoring enables 
modification of solution and system optimization. This approach has benefit in economically 
favourable and faster construction, but demands planned and continuous maintenance and 
puts higher pressure on the designer. The final contribution for the user is constant level of 
safety for the structure, people and property achieved through continuous monitoring and 
remediation of weakened zones. 
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Abstract

Shallow landslides distinguish themselves with small failure depths or equivalently small 
volumes (up to 2 m or 200 m3 respectively). They release on steep slopes during intense 
rainfall and runout distances are usually smaller than a hundred meters. However due to 
their high bulk density and speed, shallow landslides represent a serious hazard to people, 
buildings and infrastructures such as roads or railway lines. The potential of damage is mate-
rialised through the pressure that they exert on objects during impact. The impact pressure 
is dependent on the kinetics and material properties of the flow as well as the geometry of 
the flow-object pair. Systematic study of full-scale shallow landslides was carried out at the 
Veltheim test site in Switzerland. Debris mixtures with volumes of 50 m3 were released down 
on 30° degrees steep and 40 m long slope on the hillside of a disused quarry. Mean front 
velocities between 5 and 11 m/s were measured, while ranged between 0.3 and 1.0 m. Thirty 
meters downstream of the release mechanism two square-shape obstacles with 12x20 cm 
sides were installed perpendicular to the flow. Strain-gauge sensors built in the obstacles re-
corded the forces experienced during the impact. In addition to the pressure measurements, 
distance sensors hung above the test slope measured flow depths over time and permitted 
the computation of flow surface velocities through a cross-correlation method. Along steep 
slopes often besides of shallow landslides, rockfall play an important hazard. Shallow lan-
dslide release zones are often caused by a bedrock layer underneath a loose vegetation cover. 
If the vegetation cover is already eroded or the bedrock layer is rising suddenly the poor rock 
is on the surface which leads sooner or later to rockfall problems besides the sliding hazard. 
Both load cases, impact pressures caused by landslides and rockfall impact can be modelled 
with our finite element software FARO which was originally developed for flexible rockfall 
barriers and after a certain research time adapted for impact pressure loads. Now suitable 
protection measures for both hazard can be provided to propose a save solution. Even small 
snow slides or snow gliding impact which act similar to shallow landslides can be retained 
within one barrier system.

Keywords:	rockfall, shallow landslides, multiple load case, barrier, debris

1	 Introduction

Multiple loading on protection measures are a common topic in flexible barrier design. For 
example, flexible snow nets installed in steep release zone often incur rockfall impacts in 
summertime, and hence there is a desire both from the customer and designer to combine 
several load cases within one protection system (Figure 1).
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Figure 1	 Snow net barrier loaded with rockfall (left), rockfall barrier loaded with a shallow landslide (right)

There are a number of possibilities to meet the design task of a flexible barrier suited to mul-
tiple load cases. One approach would be to conduct full scale tests for each of the expected 
hazard the barrier would face (i.e. rockfall, snow slides, mudslides or tree hit, shallow lan-
dslide and debris flow), however this would prove highly costly. A more measured approach 
is to assess the most important hazards for the design and test for these. Applicable to the 
case study in this paper the most severe and contrasting hazards were shallow landslides 
and rockfall. 
In this paper rockfall and shallow landside hazards are briefly classified and the important 
features of their load case are discussed. The approach to testing, modeling and designing a 
shallow landslides barrier are then presented. Following this the results from rockfall impact 
testing of the specially developed shallow landslide barriers are examined. The results are 
then discussed in the context of the multiple load case project for which the barrier system 
was designed. The paper concludes with a summary of the findings highlighting the require-
ment to consider multiple load cases in barrier design. 

2	 Shallow landslide process and flexible barrier development

2.1	 Shallow landslide process

Among the large family of landslides, shallow landslides or hill slope debris flows are sparsely 
documented and studied [1]. They distinguish themselves with small failure depths or equiva-
lently small volumes (up to 2 m or 200 m3 respectively). They release on steep slopes during 
intense rainfall and despite their small size they can reach high velocities. The failure process 
is fast and their location mostly unpredictable. Their evolution from failure to deposition is 
in the order of dozens of seconds which makes observing their behavior particularly difficult. 
Runout distances are usually smaller than a hundred meters, while if the slide is channelised 
by the terrain and is able to entrain material, runout distance may be multiplied several times 
and the flow will be regarded as a debris flow [2]. 
Due to their high bulk density and speed, shallow landslides represent a serious hazard to 
people, buildings and infrastructures such as roads or railway lines. The potential of damage 
is materialized through the pressure they exert on objects during impact. The impact pressure 
results from either stopping or deflecting of flowing material encountered by an object. The 
magnitude and duration of the pressure is dependent on the kinetics and material properti-
es of the flow as well as the configuration of the flow-impact object. Relationships defining 
impact pressure as a function of the aforementioned parameters are of great importance in 
mitigation studies delimitating hazard zones and in the design of protection measures like 
reinforced buildings, retaining walls or flexible barriers [1]. 
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2.2	 Shallow landslide barrier development

During shallow landslide testing debris mixtures up to 50 m3 were released down a 40 m 
long 30° slope, which reached on average 5 – 11 m/s. It was during these experiments that a 
flexible wire shallow landslides barrier could be developed to withstand shallow landslide 
impact pressures up to 200 kN/m2 and also their limit loading capacity could be observed.
All 20 experiments which were conducted permitted a detailed characterization of the flows, 
in addition to deriving a relationship between flow parameters and impact pressures. Impact 
pressures in the flow were measured with two square obstacles (12 by 20 cm) fitted with strain 
gauges placed approximately 10 m before the impact with the barrier. Flow heights and surfa-
ce velocities were measured with laser distance sensors hung above the flow. 
From the load cells installed in the barrier’s support ropes it was possible to measure the rope 
forces required to develop a standard design for shallow landslide barriers. This in addition 
to shallow landslide flow characteristics from the 20 experiments performed it was possible 
to develop a fluid structure interaction barrier design model, coupling both an open FOARM 
flow model and a FARO finite element barrier model ([3], Figure 2). Additionally, an engineered 
based quasi static pressure design model for the flexible shallow landslide barriers could be 
developed [3]. 

Figure 2	 Modeled shallow landslide impact to the flexible barrier with coupled OPEN FOARM software (fluid 
code) with FARO software (Finite Element Software for barrier design) [4]

From the testing an modeling, two standard barrier systems small shallow landslide with 
impacts up to 100 kN/m2 and a stronger one designed for impact pressures up to 150 kN/m2 
could be designed. Higher impact pressures up to 200 kN/m2 could be achieved only once 
due to the limitations of the test facility. However, with the aid of the calibrated computer 
simulation model a design systems for higher pressures shallow landslides could be realized. 

3	 Rockfall process and flexible rockfall barriers

3.1	 Rockfalls 

Rockfalls are initiated by detachment of rock debris from cliffs or rock-walls with volumes 
between 10-2 and 102 m3 which enter down-slope motion under the influence of gravity [5]. 
Rock mass instabilities resulting in rockfall are common along natural rock-cliffs and enginee-
red rock-cuts, and can pose a sever threat to settlement and infrastructure situated beneath. 
The release mechanism, shape and sizes of detachable rocks are governed by failure along 
joint planes or discontinuities [6], and detachment is primarily driven by the weathering and 
erosion acting upon the rock-mass. Following release, rockfall motion consists of falling, bo-
uncing, rolling or sliding [7], the combination of these modes of motion defines the runout 
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path and hazard intensity of the area inundated with rockfalls [8]. Typical propagation speeds 
can be on the order of 25 m/s; jump heights can reach 20 m or more. This is significant be-
cause it gives rockfalls substantial damage potential and it is understandable why steps are 
taken to predict their runout dynamics and dimension protection structures to mitigate the 
hazard the pose. 

3.2	 Flexible rockfall barriers

Rockfall protection structures design spans simple fences to massive earthen dams capable 
of protecting against rockfall impacts between 100 and 50,000 kJ [9] respectively. On the 
spectrum of rockfall protection solutions, flexible rockfall barriers are generally designed to 
deal with impacts in the range of 500 – 5,000 kJ, while flexible rockfall barriers have been 
designed to withstand impacts up to 8,000 kJ [10]. A key aspect to their design is the flexibility 
built into the netting and special break elements which extend during an impact and enable 
the high impulsive and punctual forces of a rockfall to be absorbed over a greater distance 
reducing the peak forces that act on the barrier. None the less the forces involved during a 
rockfall are instantaneous relative to a shallow landslide impact and if a barrier is to deal with 
both these contrasting impacts, adaptations to the barrier system must be made. 

4	 Rockfall test on standard shallow landslide barriers

To address the differences in load case, the shallow landslides barrier system developed du-
ring the testing in Veltheim was tested under the punctual impact load case of rockfall at the 
Dynamic Test Centre in Vauffelin, Switzerland. The test setup consisted of a 500 kJ horizontal 
rock impact into the standard SL 150 barrier (impact pressure strength of 150 kN/m2). The 
shallow landslide barrier was able to absorb the 500 kJ impact and remained well within its 
serviceable condition. Tests up to its maximum design capacity of the components were never 
performed (see Figure 3). However it is expected that the standard system can absorb rockfall 
energies between 1000 – 1500 kJ with limited damages. It was observed that for higher ro-
ckfall impact energies that a few structural system modifications would be necessary.

Figure 3	 500 kJ rockfall impact into a standard SL 150 shallow landslide barrier
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Comparing rope forces of 500 kJ rockfall impact with forces measured during the shallow 
landslide impacts the most important differences are the following:
·· impact of rockfall is highly impulsive visible on the recorded rope forces with 200-300 ms 
compared to slide impact which last over 4-5 s;

·· peak rope forces similar for both load cases in the support cables;
·· peak rope forces in the retaining cables are, however, higher for shallow landslides because 
each retaining cable due to the accumulated static load of material that piles up behind the 
barrier as it fills to the full height;

·· pressure force in the posts are higher for shallow landslide impacts compared to rockfall 
impact. We could see plastic deformation at post base plate after area loaded landslide 
impact. No plastic deformation at the post foundation was visible at the rockfall tests. 

These important results have been crucial in making the barrier adaptations for multiple 
load case rockfall to shallow landslide barriers. The details of the design adaptations are 
discussed in the following section on the Balisberg project which was the main motivation to 
perform testing on the barrier for both hazard cases.

5	 Project Balisberg – Multiple load case designed rockfall barrier

The Balisberg project was commissioned by the Swiss railway and presented a multiple ha-
zard case involving shallow landslides and rockfalls which threatened the safety of the railway 
line. We were charged with the task of developing a flexible barrier system to withstand both 
hazard cases according to the hazard assessment provided by a third party engineering office. 
Hazard maps were provided for shallow landslide and rockfall in which the intensity, return 
period and inundated area were delineated (Figures 4 and 5). Both hazard maps give a similar 
intensity and probability of return period. 

Figure 4	 100 year return period intensity map of shallow landside shows for the area of projected nets a 
middle intensity
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Figure 5	 Intensity map of rockfall for 100 year return period shows at the area of projected nets a high intensity

Middle shallow landslide intensity means slight break failure depth M between 0.5 < M < 2 
m and flow height h up to 1 m. From the landslide working group suggestion AGN [11] impact 
pressures up to 60 kN/m2 have to be considered for middle intensity. The rockfall hazard map 
gives rockfall energies with high intensity which means energies larger than 300 kJ (see Table 
1). From rockfall field investigation and simulation results the design energy results in 2’000 
kJ for the net impact. 

Table 1 	  Intensity classification of rockfall and shallow landslide hazard maps in Switzerland acc. to AGN [11].

Process Weak intensity Middle intensity High intensity
Rockfall E < 30 kJ 30 < E < 300 kJ E > 300 kJ
Shallow landslide M < 0.5 m 0.5 m < M < 2 m

h < 1 m
M > 2 m
h > 1 m

M = failure depth; h = deposition height of the material; E = Rockfall energy

5.1	 Numerical simulation and barrier adaptation 

The required barrier system to meet the hazard case was a combination of a standard SL 100 
(design pressure of 100 kN/m2) system, which would fit for the landslide impact with design 
pressure of 60 kN/m2, and a rockfall barrier designed for energies up to 2’000 kJ. This requ-
ired that the barrier design be verified for this particular load case since these were not the 
conditions tested during the full scale experiments. The numerical models developed during 
the full scale testing facilitated the verification and adaptation of the barrier design. 
The approach was to take a standard RXI-200 rockfall barrier certified under the Swiss rockfall 
testing guideline [12] for impacts up to 2’000 kJ to fulfill the rockfall requirements acc. to the 
rockfall design energy, and expose it to the impact pressures of the expected shallow landsli-
de using FARO (Figure 6.) numerical simulation models. Fig. 6 shows the first impact pressure 
of the landslide with 60 kN/m2 dynamic impact over a flow height of 1 m acc. to the hazard 
map. On the right side the complete filled up barrier is modeled loaded by the hydrostatic 
pressure of the mud material over the barrier height of 4 m. 
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Figure 6	 First load case for rockfall barrier dynamic impact pressure of 60 kN/m2 acting over flow height of 1 m 
(left) and second load case of hydrostatic pressure acting over filling height of 4 m (right)

Full details of the results of the simulation are given in internal design report for SBB [13]. 
Most important adaptations to the rockfall barrier meeting the addition shallow landslides 
load were to strengthen the retaining ropes and their anchors, in addition to strengthening 
the lateral and vertical ropes and selecting a stronger post profile and foundation. All these 
required adaptation according to the simulation results did not alter the functional capacity 
of the tested rockfall barrier [14]. That was and important design criteria that had to be proven 
in the simulations.

6	 Conclusion

Through this work it has been proven that flexible wire protection barriers can be designed 
for greatly differing impact load cases of shallow landslides and rockfalls and has clearly illu-
strated the case for their requirement. Within the paper two procedures to combine rockfall 
load with shallow landslide impact pressure have been explained in detail. The first method 
was based on full scale tests of a shallow landslides barrier system which was additionally 
exposed to rockfall impacts. This demonstrated how the retaining, lateral and vertical ropes, 
along with the posts and post foundations of a standard rockfall barrier have to be strengthe-
ned to withstand the accumulative pressure loads of shallow landslides. It was found that 
the area loads of shallow landslides lead to higher forces to the posts due to the spreading 
behavior of the impact load across all barrier fields. Consequently also higher forces goes to 
the retaining ropes because of higher slope parallel force component resulting from impact 
pressure of landslides. Rockfall as highly dynamic impact results in shorter force transmission 
to the ropes in milliseconds compared to impact loads of shallow landslide filling which can 
last several seconds. These results can be also transferred to rockfall barriers impacted by 
creeping snow or small snow slide impacts [15]. 
Summarized each load case from a different natural hazard has to be considered separately 
in the calculation but similarities between spread out area loads like snow pressures and 
landslide and debris flow pressures are obvious for the general loading behavior but of course 
pressure values vary.
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Abstract

Geosynthetics in the form of geotextiles and geogrids made of polymeric materials are being 
used to improve the bearing capacity of railway trackbeds. These materials provide a confi-
nement effect through friction. In the same manner, geocells refer to a synthetic, honeycomb-
like cellular material, the structure of which is interconnected by joints to form a cellular 
network used for the confinement of soils. A literature survey reveals that the introduction of 
a 200-mm-high geocell into the upper subgrade layer increases the resilient modulus of this 
reinforced layer by an average multiplier factor, termed MIF (Modulus Improvement Factor), 
of 2.5. The MIF is supported both by in-situ FWD and by pressure-cell testing. Empirical cal-
culations, furthermore, indicate that MIF is a function of the properties of the geocell. Thus, 
this reinforced layer can be regarded as part of a railway trackbed structure. Given these 
findings, the paper suggests the use of an equivalency procedure in order to calculate the 
effective thickness of a 200-mm reinforced subgrade layer in terms of the thickness of type 
A (CBR=60%) sub-base material in railway trackbed structures. For example, when a given 
subgrade with a CBR value of 10% is reinforced by the 200-mm height of a high-standard 
geocell, this reinforced subgrade can substitute for a 150-mm type A sub-base layer. Finally, 
it should be pointed out that (a) the proposed equivalency procedure is valid for a subgrade 
CBR of up to 12%, and (b) the use of geocell reinforcement should be accompanied by a strictly 
detailed QA plan for in-situ density and modulus (plate-load testing) of the reinforced layer. 

Keywords:	CBR, confinement, equivalency factor, geocell, Modulus Improvement Factor 
(MIF), Railway-trackbed, resilient modulus 

1	 Introduction

With increased use and development of transportation facilities in Israel, railway trackbeds 
need to be stable, with no excessive deformation under load, in addition to satisfying the 
tolerable criteria in terms of load repetitions for fatigue and rutting mechanisms. Often, 
when carriage loads are increased, there is the possibility of plastic deformation owing to 
the absence of confinement in the lateral direction when vertical loads are applied. Thus, 
the effects of confinement on the performance of the railway trackbeds are significant. In the 
absence of proper confinement, failures in these beds are likely to occur. 
Geosynthetics in the form of geotextiles and geogrids made of polymeric materials are being 
used to improve the bearing capacity of railway trackbeds. These materials provide a confi-
nement effect through friction. In the same manner, geocells, which are a three-dimensional 
form of geosynthetic materials with interconnected cells filled with soil, have many important 
advantages when used in railway trackbeds (see Fig. 1). In more detail, a geocell refers to a 
synthetic, honeycomb-like cellular material; a structure of these cells interconnected by joints 
to form a cellular network is used for the confinement of soils.
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Figure 1	 Typical geocell mattress, after [1]

In Israel, the present design guidelines for railway trackbeds given by Livneh et al. in [2] do 
not include the use of geocells. Thus, it seems necessary to include this use in the design 
guidelines. In light of all the above, the objectives of this paper are as follows:
·· conducting a literature review of the increase of the resilient modulus as a result of introdu-
cing geocell enforcement into a given layer;

·· examining the values of the Modulus Improvement Factor (MIF) through empirical equations 
to display the influence of the geocell properties on these values;

·· developing equivalency factors for the geocell-reinforced layer as a function of (a) the MIF 
value and (b) the CBR value of the given layer prior to reinforcement.

The sections to follow will detail the process of attaining this paper’s three objectives and 
present associated conclusions. 

2	 Literature review of resilient modulus increase

Al-Qadi and Hughes [3] conducted field studies to evaluate the use of geocells in flexible pa-
vements. The researchers selected the reconstruction of a road that showed excessive rutting. 
The use of geocells was chosen as the solution on an experimental basis, and the results 
pointed to the fact that the pavement laid on the confined base showed no signs of rutting. 
Unfortunately, it was difficult in all these cases to isolate the effect of the geocell-confinement 
system as has been used in combination with geogrid, geotextile, or both. However, it can 
be concluded that in sections where 100-mm-thick geocells were used, the resilient modulus 
of the aggregate layer increased almost twofold owing to the material’s confinement—i.e., 
MIF=2.0. As a result of the aggregate confinement provided by the geocell and the subgrade 
separation from the sub-base provided by the geotextile, it appears that a geotextile-geocell 
combination may provide a significant improvement to overall stability when used on top of 
a weak subgrade of a heavily trafficked pavement. 
Emersleben and Meyer [4] conducted large-scale model tests and field tests, and these 
showed similar results to [1], which verified the fact that geocells reduce surface deflections 
and vertical pressure on the subgrade. The tests also studied the effect of aspect ratio, and 
these results demonstrated that performance improved as the height-to-diameter ratio was 
increased. At the end of the study period, it was found that the use of geocells not only redu-
ced the material required, but also improved the speed of construction. Along with these field 
tests, Emersleben and Meyer conducted large scale model tests in test boxes measuring 2m 
x 2m x 2m. Those tests showed that surface deflection was less in a geocell-confined section. 
The results were verified by falling weight deflectometer (FWD) measurements carried out in fi-
eld studies. More specifically, compared to an unreinforced test section, the stresses beneath 
the geocell layer were reduced by about 30 percent. In addition, the FWD results showed that 
back-calculated layer modules in the first test section were 290 MPa for 400 mm gravel and 
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320 MPa for 200 mm gravel plus 200 mm geocell. In the second test section, the back-calcu-
lated values were 350 MPa and 450 MPa, respectively. With the aid of these values, it can be 
shown that the resilient modulus of the gravel layer increased for the first test section by only 
MIF=1.2, and for the second test section by MIF=1.6, both because of the gravel confinement.
Rajagopal and Kief [5] argued that results of studies demonstrated that the unique interaction 
of soil, cell, and shape in cellular confinement systems acted to stiffen pavement foundations 
as a result of the soil-confinement mechanism. Their paper describes a case study, together 
with the in-situ testing details, and the analysis and explanation of the structural contribu-
tion of a three-dimensional cellular confinement system on soft soil. The authors came to 
the conclusion that the resilient modulus of the gravel layer increased by MIF=5.0, from 100 
MPa to 500 MPa, because of the gravel-confinement effect as expressed in the readings of 
the installed pressure cells. This conclusion is derived for a case in which the loading has 
been induced directly on the surface of the granular reinforced layer, and not for the case of 
real structures (i.e., on top of additional structural layers covering the reinforcement layer). 
Again, note should be made that the conclusion was not derived from FWD measurements, 
but from cell readings. For this type of loading, the installed pressure cells showed, that 
compared to an unreinforced section, the stresses beneath the geocell layer were reduced 
by about 51 percent.
Hegde and Sitharam [6] indicated the beneficial effect of geocell reinforcement in soft clay 
beds through 1-g model plate load tests and numerical simulations using FLAC2D. Results 
showed that the provision of geocells leads to a fivefold increase in the load- carrying capa-
city of a very soft clay bed. This impressive finding, however, is limited to cases in which only 
plasticity failure takes place. Thus, for cases in which the theory of elasticity holds (such as 
the design of a railway trackbed), this finding is not applicable. The paper also revealed that 
the overall performance of the very soft clay bed improves further because of the provision 
of planar geogrid at the base of the geocell. Numerical results were also in line with the 
experimental findings.
In contrast to the aforementioned plasticity case, Zang et al. [7] showed for the elasticity 
case that by confining the upper 200 mm of the soil surface with geocell, it can be assumed, 
based upon laboratory and field-test results, that the reduction in maximum vertical stress is 
about 35%. This finding led Kief [8] to obtain an increase in the resilient modulus by MIF=4.7, 
together with an unexplained transition zone beneath the reinforced layer that possessed a 
1.5-time increase in resilient modulus. Here, it must be noted that Reference [8] also objects 
to the running of FWD measurements for exploring the rate of increase in the resilient modulus 
resulting from the geocell confinement effect. This objection, however, is not compatible with 
the use of FWD measurements in [3] and [4].
Kief [8] showed that the resilient modulus of the gravel layer increased by MIF=2.4, from 420 
MPa to 1,010 MPa, because of the gravel-confinement effect. As in [5], this conclusion is derived 
from pressure-cell readings (and not from FWD measurements) for the in which the loading 
has been induced directly on the surface of the granular reinforced layer, and not for the case 
of real structures; i.e., on top of additional structural layers covering the reinforcement layer. 
To sum up, the range of the multiplier increase in the resilient modulus of a given layer be-
cause of geocell reinforcement varies between MIF=1.2 and MIF=5.0 according to the afo-
rementioned findings. Kief [14] makes almost the same statement that MIF varies between 
1.5 and 5.0. The upper values of this range, however, are rather questionable, as no FWD 
measurements have been conducted to prove the existence of these upper values. Here it is 
important to note that according to Han [15], FWD measurements utilize too small deformati-
ons to mobilize geosynthetic to be effective. Thus, this method is incapable of detecting the 
benefit of geosynthetic reinforcement. If this last statement is true, one may question Han’s 
[15] contention that this method is capable of detecting the above-mentioned benefit for 
trafficked pavements if a control section is available. FWD measurements, then, cannot be 
ruled out for pavements containing geosynthetic reinforced layers. 
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3	 Geocell reinforcement equations

Rajagopal et al. [9] proposed the following equation for the layer modulus of geocell-confined 
granular material in terms of the secant modulus of the geocell material (M) and the modulus 
number of the unreinforced sand (Ku):

	 	 (1)

where:

EG	 layer modulus of geocell-confined granular material, in kPa;
Ku	 modulus number for unreinforced granular material as defined by Duncan and 
	 Chang in [10];
M	 secant modulus of geocell material, in kN/m;
σ3	 confining pressure, in kPa.

This equation is based on the older model of the dependency of granular modulus on con-
fining pressure. However, newer equations for the granular modulus exist in the technical 
literature [16]. Also, the additional confining pressure owing to the membrane stresses can 
be calculated using the following equation given by Henkel and Gilbert in [11]:

	 	 (2)

where:

Δσ3	 increase in the lateral pressure base on the membrane correction theory, in kPa;
Do	 initial diameter of the geocell, in meter;
εa	 axial strain of the geocell.

Figure 2	 Geocell confinement effect on the resilient modulus as calculated from Eq. (1) and Eq. (2)
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In the calculated example of [1], Ku is equal to 1,000 and M=4,500 kN/m. For these values, Fig. 
2 shows that the ratio of the increased resilient modulus of the reinforced layer to its original 
resilient modulus prior to reinforcement varies as a function of the ratio of the increased late-
ral pressure to its original pressure from MIF=1.8 up to MIF=2.9 (MIF - Modulus Improvement 
Factor). For the reinforcement of a stiffer granular layer possessing Ku=2,000 with the same 
geocell possessing M=4,500 kN/m, the above range is lower, starting at MIF=1.4 and then 
increasing up to MIF=2.2. For the example in [1], the calculated value of the increased resilient 
modulus of the reinforced layer was 760 MPa. This value seems to be rather high.
As a result of this high value, Fig. 2 includes the two MIF curves calculated for a lower value 
of M—i.e., 2,250 kN/m. These two curves indicate that their associated MIF are lower than 
those associated with M=4,500 kN/m.
In addition, Fig. 2 indicates that the resilient modulus of the reinforced granular layer incre-
ases with the increase in the value of M—i.e., the secant modulus of the geocell material. 
Values of M, which are given in [12], vary from 100 kN/m up to 1,000 kN/m. Thus, the use of 
geocells possessing these low values of M leads to lesser MIF values shown in the figure. To 
sum up, it seems that for design purposes, the suggested MIF value can be taken as 2.5. This 
value is supported by both the literature review presented earlier and the geocell reinforce-
ment equations given in the present section.

4	 Geocell reinforcement equivalency 

The Israeli guidlines for the structural design of railway sub-ballast trackbeds [2] utilizes the 
equivalency method. In this method, 100 mm of sub-base type A (CBR =60%) are equall to 125 
mm of sub-base type B (CBR=40%) or 175 mm of subase type C (CBR=20%). In other words, it 
can be shown that for 100 mm of sub-base type A (CBR=60%), their eqivelancy in terms other 
sub-base types possessing any design CBR can be formulated as follows:

	 	 (3)

where:

HEQ	 equivalent thickness of 100 mm of sub-base A in terms of a sub-base with an inferior  
	 strength value type, in mm;
CBR	 design CBR of the inferior sub-base, lower than 60%.

Obviously for CBR=60%, HEQ=100 mm. Now, the suggested method outlined in the present 
section is based on the fact that the introduction of the geocell reinforcement increases, as 
mentioned in the two previous sections, the existing resilient modulus of the infill material 
by a ratio of M. This increase also increases the CBR rate of the reinforced material in the 
following way: 

	 	 (4)

where:

EEX	 existing resilient modulus; 
EIN	 reinforcement resilient modulus;
CBREX	 existing CBR value;
CBRIN	 increased CBR value.

At this junction, it is worth noting that Eq. (4) is based on the following equation, taken from 
[13]:

H CBR CBREQ = × − × +0 03125 4 375 2502. .

CBR CBR E E CBR MIFIN EX IN EX EX= × = ×( )/ ( ). .1 41 1 41
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	 	 (5)

where:

E	 existing resilient modulus of the given mateial; 
α	 regression coefficient; 
CBR	 existing CBR value of the given material.

From the material equivalence thickness reported in Eq. (3), and the proper substitutions, it 
can be shown that CBRIN leads to the following equivalence thickness (HEQIN):

	 	 (6)

Here, HEQIN denotes the equivalent thickness of 100 mm of sub-base A in terms of a reinforced 
subgrade layer with a strength value (prior to the reinforcement) of CBREX. In other words, 
a 200-mm reinforced subgrade layer can reduce the subgrade type-A layers in the railway 
trackbed by ΔHA, a value expressed in the following expresson:

	 	 (7)

Finally, Fig. 3 depicts the variation in ΔHA with the increase in CBREX for the various rates of 
MIF. As shown at the end of Section 3, the suggested design rate of EIN/EEX is MIF=2.5. For this 
rate of MIF and CBREX=10%, the figure shows that ΔHA is equal to 150 mm. Furthermore, it 
is suggested that the final structure will contain at least a sub-base type-A layer of 200 mm 
thickness. Obviously the figure allows ΔHA determinations for other values of CBREX and MIF.

Figure 3	 Thickness replacement of sub-base type A as a function of installing Geocell into the subgrade 
material possessing a given CBR value
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To conclude, it should be stated that the present proposed equivalency procedure is valid for 
a subgrade CBR of up to 12%. Also, beacuse of locally mixed experience, both reasonable and 
bad, the use of the geocell reinforcement should be accompanied by a strict and approved QC 
and QA plan for the in-situ density and in-situ modulus of the reinforced layer.

5	 Conclusions 

This paper dealt with the issue of reinforcing the upper subgrade layer beneath the railway 
trackbed structure with a net of geocells. The literature review conducted in this paper reveals 
the increase in the resilient modulus of the reinforced layer as a result of the geocell reinfor-
cement. The increase in the resilient modulus described is expressed by a multiplier factor, 
termed MIF (Modulus Improvement Factor). According to the literature, MIF varies between 
1.2 and 5.0. The upper values of this range, however, are rather questionable, as no FWD 
measurements have been executed to prove the existence of these upper values.
Following the literature survey and the geocell reinforcement equations presented in the pre-
sent paper, it seems that for design purposes, the suggested MIF value can be taken as 2.5. 
To conclude, this paper has developed the necessary equations for calculating the equiva-
lent thickness of a 200-mm-thick, geocell-reinforced, upper subgrade layer in terms of the 
thickness of sub-base type A (CBR=60%). It has been shown that this equivalent thickness 
is a function of the existing subgrade CBR (with a maximum value of 12%) and the MIF rate. 
For a subgrade CBR of 10% and MIF=2.5, this 200 mm can replace 150 mm of subgrade type 
A in the railway trackbed structure. Finally, it should be emphasized that as the railway-de-
sign method does not allow any thickness reduction for upgrading the sub-base layers from 
CBR=60% to higher CBR values, no thickness reduction is allowed for reinforcing a sub-base 
layer with geocells.

References
[1]	 Babu, S.G.L., and Kumar, P.: An Approach for Evaluation of Use of Geocells in Flexible Pavements, 

Proceedings of Indian Geotechnical Conference, (Paper No. E502), Delhi, 2012.

[2]	 Livneh, M., Craus, J., Sloosker, K., and Rabinovitz, A.: Design Methodology for Railway Subballast 
Trackbeds, Proceedings of the 2006 International Railway Symposium, Ankara-Istanbul, Turkey, 
2006. 

[3]	 Al-Qadi, I.L., and Hughes, J.J.: Field Evaluation of Geocell Use in Flexible Pavements, Transportation 
Research Record 1709, pp. 26-35, 2000.

[4]	 Emersleben A., and Meyer N.: The Use of Geocells in Road Constructions-Falling Weight Deflectometer 
and Vertical Stress Measurements, EuroGeo4, Paper No. 132. Proceedings of the 4th European 
Geosynthetics Conference, Edinburgh, 2008.

[5]	 Rajagopal, K., and Keif, O.: Three Dimensional Cellular Confinement System— Contribution to 
Structural Pavement Reinforcement, Geosynthetics India-08, Hyderabad, India, 2008. 

[6]	 Sitharam, T.G., and Hegde, A.: Performance of Shallow Footing on Geocell Reinforced Clay Bed Using 
Experimental and Numerical Studies, Proceedings of Indian Geotechnical Conference, (Paper No. 
E512), Delhi, 2012. 

[7]	 Zang, L., Zhao, M., Shi, C., and Zhao, H.: Bearing Capacity of Geocell Reinforcement in Embankment 
Engineering, Geotextiles and Geomembranes 28, pp. 475-482, 2010.

[8]	 PRS Mediterranean Ltd.: Construction of a High Diameter Road, St. Petersburg By-pass, Russia, Using 
Neoweb Reinforcement, Private communication, 2013. 

[9]	 Duncan, J. M., and Chang, C. Y.: Nonlinear Analysis of Stress and Strain in Soils, Journal of the Soil 
Mechanics and Foundations Division: American Society of Engineers 96 (5), pp. 1629-1653, 1970. 



Transport Geotechnics602
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

[10]	Rajagopal, K., Krishnaswamy, N.R., and Madhavi L.G.: Finite Element Analysis of Embankments 
Supported on Geocell Layer Using Composite Model-Computer Methods and Advances in 
Geomechanics, in C. S. Desai, T. Kundu, S. Harpalani, D. Contractor, and J. Kemeny, Eds., Balkema, 
Rotterdam, the Netherlands, pp. 1251-1254, 2001. 

[11]	 Henkel, D. J., and Gilbert, G. C.: The Effect of Rubber Membranes on the Measured Triaxial Compression 
Strength of Clay Samples, Geotechnique 3, pp. 20-29, 1952.

[12]	Madhavi, L.G., and Rajagopal, K.: Parametric Finite Element Analyses of Geocell-Supported 
Embankments, Canadian Geotech Journal 44 (8), pp. 917-927, 2007.

[13]	Livneh, M.: Correlative Studies of FWD, LDW, and DCP Testing of Railway Track Sub-Ballast Structures 
in Israel, Proceedings of the 9th International Conference on Bearing Capacity of Roads, Railways, 
and Airfields (BCRR 2013), Trondheim, Norway, Vol. 1, pp. 209-218, 2013.

[14]	Kief, O.: Neoweb® 3D Cellular Confinement System for Structural Pavement Reinforcement of Roads 
& Railways. Geotec. Hanoi, 2011.

[15]	Han, J.: Geosynthetics Recent Research and Development, an Oral Presentation, Long Beach 
Convention Center, Long Beach. CA, Private communication, 2013.

[16]	Uzan, J.: Resilient Characterization of Pavement Materials, International Journal for Numerical and 
Analytic Methods in Geomechanics, Vol. 16, No. 6, pp. 435-459, 1992.



Transport Geotechnics 603

Subsoil stone forest discovered during 
the construction of the motorway (SE Slovenia)

Martin Knez, Tadej Slabe
Karst Research Institute, Research Center 
of the Slovenian Academy of Sciences and Arts, Slovenia

Abstract

The monitoring of the construction of the motorway in SE Slovenia by karst researchers has 
also proved to be of great value in the exploration of natural heritage through the deepe-
ning of knowledge about the formation and development of this part of the Slovenian karst. 
Characteristic subsoil karst surface was formed under a cover of sediment of varying depth. 
Subsoil formation of carbonate rock also marks the entire epi-karst and vadose zone. The 
surface is carved into subsoil stone forests, the surfaces of the karren are smaller and nume-
rous hollow shafts are filled with fine-grained sediment. The outstanding characteristics of 
the karst surface are primarily the result of large surfaces of stone forests, which are difficult 
to detect prior to earthwork or geo-physical research. Most of the surface is above the un-
derground water level. There is only one exception of the motorway section, which was not 
fully uncovered due to the construction method and because lower road beds were put upon 
a special grounding. For this reason we could only research the karst formations that had 
been shaped by water percolation through the karst surface. We did not find the characteri-
stic subsoil karren as those discovered during the earthwork along previous sections, which 
were also formed by the fluctuation of underground water. Karst features discovered during 
construction work give us insight into the characteristics and manner of formation of the 
karst in the wider area of south-eastern Slovenia; they thus unveil yet another characteristic 
of karstic natural heritage that was hidden from view, but which also provides guidelines for 
planning activities on the surface. 

Keywords:	stone forest, subsoil formation of carbonate rock, Dolenjska karst, Slovenia

1	 Introduction

The monitoring of the construction of the motorway in SE Slovenia by karst researchers has 
proved to be of great value in the exploration of our natural heritage through the deepening of 
our knowledge about the formation and development of this part of the Slovenian karst. This 
characteristic subsoil karst surface was formed under a cover of sediment of varying depth. 
Subsoil formation of carbonate rock also marks the entire epi-karst and vadose zone. The 
surface is carved into subsoil stone forests (Figs. 1, 2), the surfaces of the karren are smaller 
and numerous hollow shafts are filled with fine-grained sediment. The outstanding characte-
ristics of the karst surface are primarily the result of large surfaces of stone forests, which are 
difficult to detect prior to earthwork or geo-physical research. Most of the surface is above the 
underground water level. Karst features discovered during construction work give us insight 
into the characteristics and manner of formation of the karst in the wider area of southern 
Slovenia; they thus unveil yet another characteristic of our karstic natural heritage that is 
hidden from view, but which also provides guidelines for planning activities on the surface. 
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Figure 1	 Uncovering of subsoil stone forest

Figure 2	 Subsoil shaped wider pillars of stone forest

2	 Main characteristics of the landscape

The north-eastern part of the motorway section starts in the vicinity of a swallow hole of the 
Igmanca stream at characteristic Dolenjska lowland. Lateral, changing and relatively thick 
beds of sediment and soil cover the land. The underground water is close to the surface of 
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the predominant Fluviokarst [1]. Here we find individual karstic features, among them minor 
swallow holes, esatavellas and, to a lesser extent, an outcrop of carbonate rock. We have 
detected thinner sediment beds and frequent outcropping of karstified rock, which mostly 
disintegrates into small fragments. There is less surface water at that location since it flows 
into the subsoil relatively quickly due to the inclination of the terrain, the thin sediment 
beds and fragmentary cover of disintegrated rock. The stone forests and karren, which reach 
various depths, are composed of compact and also tectonically very crushed rock. Where the 
rock is not crushed and where compact blocks of limestone occur between the cracks, we 
noticed stone teeth on the surface. During the earthwork, these had in many cases revealed 
themselves as real stone pillars. Where the rock was tectonically cracked or crushed, we did 
not find karren on the surface; however, at some locations rudimentary stone teeth hidden 
beneath the soil immediately disintegrated during earthwork. A rare network of streams is 
formed on the surface, but a substantial part of the source and side channels do not have 
permanent flows. Minor springs of underground water are frequent and flow along narrow, 
corroded cracks in the rock. Surface and subsoil karst features are rare. The surrounding 
valleys are dry for most of the year, and streams and floods only occur after downpours. Per-
colating water feeds small but permanent sources. Fluctuation of the flow from these sources 
is minimal and rarely more abundant, which reflects greater permeability and cavernosity. 
Underground water flow is close to the surface, for which reason karst formations such as 
this are called “shallow karst”.
Thick beds of Plioquaternary sediments on carbonate rock, especially on a moist surface, 
are usually acid. It is not yet fully understood whether these sediments are autochthonous 
or brought from the nearby dolomite surroundings. After comparison with the circumstances 
in tropical karst, the opinion developed that in these valleys the thick layers of disintegrated 
material could have been preserved only because of the high underground water level and 
poor erosion, and thus developed into subsoil karst.

3	 Karst features

3.1	 Karren surface

Most of the surface of the higher-lying land is karren. The bottoms of dales are covered by 
sediment beds. Two types of karren can be clearly distinguished. Karren in their original mea-
ning occur in areas that are not covered by sediment, but with thin layer of soil. They cover the 
major part of the surface. The carbonate rock is dissected along the cracks, and on the rock 
we can detect the traces of its former a) subsoil formation [2, 3] – these are relatively few, b) 
and indirectly transformed by precipitation, the surface was overgrown and c) finely shaped 
by bio-corrosive factors. The surface was mostly forested. Such karren existed on the surface 
of the cone in the dale at the beginning of the motorway section. 
Especially in one area we observed well-expressed bio-corrosive activities on numerous 
karren outcrops of carbonate rock. The rock was more diluted by bio-corrosion on the shadier 
sides. Moss mostly grows there while lichen can also be found on areas exposed to the sun. 
Bio-corrosive processes do not take place equally on the entire surface of the rock, but selec-
tively. Most probably lithologically slightly different clasts in crushed and then cemented rock 
are diluted to various depths or else there are different organisms in the various neighbouring 
clasts. The contact areas between the various clasts are especially corroded, in some spots 
up to several mm deep.
The major part of the forest-covered surface was dissected mainly by individual rocks of va-
rious sizes with partially similar traces of formation to the karren described above. They are 
frequently defined by funnel-shaped mouths of larger subsoil channels. The rocks reach up 
to one to two metres in height, with a narrowing on top and with large areas of soil between 
them. The earthwork uncovered them as the tips of the larger areas of stone forests. 
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3.2	 Subsoil stone forest

Relatively large areas of subsoil stone forests illustrate the manner and long-lasting subsoil 
formation of this part of the karst surface, covered by fine-grained sediment and soil. The stone 
pillars are completely covered by the sediment and soil, or their tips protruding on the surface.
The configuration of the surface includes smaller or larger dolinas. The largest have a diame-
ter of several tens of metres. Some are filled with grey clay, the origins of which we are still 
investigating. Both are dissected by subsoil stone forests.
The subsoil stone forests are composed of a dense network of more or less thickset and po-
inted pillars, which reach up to 8, sometimes even 10 metres, although most are lower. The 
narrower pillars with a diameter of one to two metres have sharp or rounded spire, while the 
thickest ones reaching up to ten metres (Fig. 3) in width have one or more spires or their tops 
are composed of more or less curved crests. Among them in most parts are funnel mouths of 
the perpendicular subsoil channels or horizontal subsoil channels. 

Figure 3	 Pointed top of narrower pillar

Subsoil rock features predominate in the rock relief of the pillars [2, 3], which indicates gra-
vitational flow of water from the surface. These are mainly subsoil channels. The most typical 
are the vertical ones (Fig. 4) with diameters that can reach up to one metre, the largest of 
which, as we shall explain below, can also be called subsoil shafts, which at the top develop 
into funnel-shaped mouths. Surface water that flows from the soil along the rocks collects in 
them. In cross-section the funnel-shaped mouths can take various shapes. They can be open, 
semicircular or nearly round. Their shapes are often the result of the permeability of the rock 
and the sediment contact along which the water flows downwards. Long, drawn-out formati-
ons of the mouth at less permeable connections causes the rock features to erode deeper into 
the rock. The water found its way through the rock less frequently and veritable funnels were 
shaped. Smaller and curving channels are formed at less permeable connections or when 
minor quantities of water collect on the surface. This is characteristic for smaller pillars with 
tops that project out of the earth. Subsoil scallops are rare and generally indicate a well-per-
meable rock connection with the sediment that surrounds it, and moreover, we find elongated 
notches on the pillar walls, which are traces of water accumulation at the less permeable part 
of the connection and accelerated corrosion of the rock next to it. 
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Figure 4	 Subsoil channel

Close below the surface where the rock is covered with soil the rock surface of the stone 
pillars is relatively smooth, while deeper, at the connection with the sediment that covers 
the surface, it is coarse and often has a configuration of rounded pendants. The rock there is 
weathered. The thickness of the weathered layer measures up to 1 cm. It is soft when moist, 
but as it dries out after being exposed on the surface for a longer period and the water evapo-
rates from it, it hardens. The state of weathering of the top layer of the rock is the result of the 
connection with the sediment, which is moist most of the time. The connection is relatively 
less permeable, and the water that does permeate it only slowly washes the solution. The 
connection with more permeable soil is correspondingly also more permeable. 

3.3	 Karst hollows

Uncovered hollows are generally the result of vertical water percolation through the epi-karst 
and the vadose parts of the aquifer. The shafts can be classified as hollow and those filled 
with sediment (Fig. 5). The latter are termed subsoil due to the similarity of their features with 
subsoil rock, mainly with vertical subsoil channels. 
The fifteen shafts, vertical and mostly simple with only one in level, the deepest measuring 
24 m, three others deeper than 10 m, while the rest were less deep, with diameters reaching 
up to 5 metres, but in most cases less, indicate here and there, greater permeability, allowing 
dense vertical water percolation due to their expressed vertical cracks and vertical rock strata. 
The shafts occur among the subsoil karren and forests. They do not reach the surface. Their 
walls are carved with larger or minor vertical channels and often covered with a thin layer of 
sediment, which causes their thiny dissection [2, 3]. The floors of the shafts are often covered 
by sediment or sediment fills their lower part. 
Subsoil shafts are more or less vertical hollows, similar to ordinary shafts, through which 
water also percolates from the karst surface, but they are almost entirely filled with sediment, 
with only individual vertical sections hollow. The water that flows through them deposits the 
sediment that covers the surface. Their cross-sections are more or less round or extended at 
the cracks and bedding planes. Their diameters reach two metres. Sediment filling facilitates 
the shaping of their periphery, and notches appear at less permeable connections. Subsoil 
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shafts are formed at local dense flow of larger quantities of water. They can develop from 
subsoil channels. Their walls are carved with along-sediment rock features, which are the 
traces of formation at the connection with fine-grained sediment. With greater permeability 
in the karst interior, the subsoil shafts can be emptied. 

Figure 5	 Subsoil shaft along fault

Above-sediment channels often occur on horizontal bedding planes and in cracks, or networks 
of anastomoses, the traces of paragenetic stratification. Thus, temporarily flooded areas occur 
locally and the water, which carries fine-grained sediment and deposits, cuts its way upwards. 

4	 Conclusion

More and more, the unique natural heritage and development of the Dolenjska karst reve-
al themselves. The importance of the participation of karst researchers in planning major 
activities in the environment and monitoring the work has been demonstrated once again. 
Cooperation with the road constructors has set an excellent example for many years. 
This time we were given the opportunity to follow the water precipitating into the epi-karst and 
the upper part of the vadose zone, which were shaped under a relatively thick cover of sediment 
and soil and where stone forests, shafts and subsoil shafts have been formed over large areas.
The scarcity of stone forests and special geomorphological karst features characteristic of 
this part of the karst [4] demand that we prepare guidelines for further planning of activities 
in the karst landscape. 
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Abstract

Urbanization process inevitably leads to lack of suitable construction surfaces for further de-
velopment activities. Therefore, locations which were in past neglected, due to their inadequ-
ate ground characteristics, are nowadays reconsidered for construction purposes. In order 
to enhance geotechnical characteristics of ground, various ground improvement techniques 
have been developed. This paper discusses existing technologies which use man-made or 
natural materials in ground improvement process. One of the biggest issues, regarding tech-
nologies which use cement or lime as binder, is in their environmental impact. To produce 
one ton of improved soil, grouting and admixture techniques require 20 kg of cement or lime 
which release 18 kg of CO2 into atmosphere. Hence, these technologies are environmentally 
suboptimal and there is a large potential in developing new methods which tend to reduce 
environmental footprint. This can be achieved by partially replacing standard binders with fly 
ash, which is residual waste material. Other possibility of achieving sustainability is replace-
ment of standard gravel or crushed rock aggregate in stone columns technique with industrial 
slag. Application of waste materials in sustainable ground improvement is a rapidly-develo-
ping research area. Besides potential environmental benefits, utilization of waste materials 
would also solve issue of their disposal, what is significant due to large deposit amounts of 
fly ash and slag in region.

Keywords:	ground improvement, sustainability, fly ash, slag, deep soil mixing, 
vibro-stone columns

1	 Introduction

Cities worldwide are rapidly developing and the rate of urbanization is such that by 2050 two-
thirds of the world’s population will live in urban areas [1]. The urbanization leads to deve-
lopment of industrialization process which brings along a number of negative effects to the 
environment and on social life. One of such negative effects is production of industrial waste 
materials, where the process of waste management is very complex and it deals with huge 
amounts which need to be disposed in a proper manner, with primarily all safety aspects met, 
following the other aspects (finances, time, etc.). For some time, there is worldwide trend of 
reusing industrial waste as secondary raw material in many applications. The reason for this is 
twofold – due to the rapid consumption of natural resources they become more expensive, whi-
le on the other hand waste material landfills are becoming larger, and countries are committed 
to their reuse and recycling. Further, it is inevitable to find solutions for lack of suitable construc-
tion surfaces for further development activities caused by urbanization process. Two solutions 
are possible to overcome the problem of construction site deficiency. First one is expansion 
of cities in underground where increasing number of underground structures gives rise to the 
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complexity of underground building systems. Second solution is to ‘stay on surface’ and to 
utilize the ground which is, from geotechnical aspect, originally unsuitable for construction. 
These two problems of non-satisfactory ground characteristics and accumulation of industrial 
waste materials on deposits can be dealt through a ground improvement as one of disciplines 
which tend to reuse waste materials. In second part of 20th century, a series of techniques 
for engineering treatment of ground were developed in order to enhance its geotechnical 
characteristics making it suitable for construction. But even though these techniques lead to 
enhancement of ground characteristics, they sometimes require usage of large amounts of 
natural resources and can cause, to a lesser or greater extent, pollution of the surrounding 
environment. Cerić et al. [2] analysed risks of ground improvement and stated that risks may 
impact time, cost, quality, or the environment. This negative environmental footprint can be 
manifested not just through pollution of environment, but also through extensive usage of 
natural resources. Two waste materials, most commonly mentioned in terms of ground im-
provement, are fly ash and slag, Fig 1.

 

Figure 1	 Industrial waste materials: fly ash (left) and slag (right)

With the aim of responsible waste management Croatian Government has adopted, in 2005, 
the ‘Waste Management Strategy’, which is based on reducing the amount of waste by the 
separation of waste and the promotion of its reusing. However, this concept of waste reuse 
is not implemented on large scale. Since application of ground improvement techniques is 
emerging discipline with large number of projects in Croatia, it is interesting to mention some 
potential positive environmental aspects of using waste materials for ground improvement.

2	 Sustainable ground improvement using fly ash 

Fly ash is a by-product from combustion of coal in thermal power plants and it became avai-
lable in the 1930s. Approximately at the same time, a research based on the use of fly ash in 
concrete started, where shortly thereafter, industry based on fly ash started its ascent when 
it was used in concrete to build dams. From the point of fly ash application in ground impro-
vement, techniques which use cement and lime to improve the characteristics of the ground 
are interesting. Production of standard binders, cement and lime, consume large amounts 
of natural raw materials and fossil fuels. As a result of chemistry, this leads to the release of 
significant amounts of CO2 into the atmosphere. Any reduction in the consumption of cement 
and lime for soil stabilization process so far (according to previous experience of 2-5% by 
weight of cement stabilized soil) will contribute in reducing the consumption of natural raw 
materials and fossil fuels and thus reducing CO2 emissions [3]. 
Today, dominant application of fly ash is through chemical soil stabilization techniques which 
form a mixture of soil and binder and which are applicable in shallow layers, where expansion, 
rise of pressures and shear strength present a serious problem in geotechnical engineering. 
Expansion characteristics come to the fore at the surface, where soils are most susceptible 
to climate change. Numerous studies show that fly ash has a high level of effectiveness in 
reducing expansive characteristics of soils. When such soils were treated with fly ash, they 
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did not show a significant improvement of the current strength, but the seven-day strength 
was significantly higher than that of expanding soils. To prevail problems of soil expansion, 
unsatisfactory shear strength or stiffness, a cement or lime can be partially substituted with 
fly ash which has pozzolanic characteristics. When used for stabilization of foundation soil 
under roads, it is desirable to use fly ash of C class, according to ASTM D 5239 standard, 
because of its pozzolanic characteristics. F class fly ash is not recommended in this applica-
tion, due to its insufficient pozzolanic characteristics, but instead it can be efficiently used 
in well graded sandy soil as suitable filler, where it can ‘complement’ the missing fraction of 
sandy soils. This would increase density, and thus compaction characteristics, and decrease 
permeability. As such it could be effectively used to form embankments.
Some tests, in which fly ash was used in grouting techniques, were carried out but the results 
are not as satisfactory as is the case when using it for the soil stabilization. However, good re-
sults were obtained in technique of deep soil mixing. This technique can achieve great depth 
of soil improvement, but the soil is improved only locally. This is in contrast with soil stabili-
zation method, which encompass a large area but the depth is limited to a couple of meters of 
surface. Technology includes rotation of mixing equipment down to the planned depth of the 
column, Fig 2. On its way down, equipment breaks soil structure and, after reaching the final 
depth, the equipment is taken out to the surface by rotating in opposite direction than the one 
when going down. In its return, mixture containing binder is implemented in the soil, under 
pressure, thus forming the final cylindrical pillar of improved soil. In his research, Hansson 
[4] has completely substitute lime with fly ash in deep soil mixing technique. Results showed 
unsatisfactory results, considering that it was still necessary for mixture to have cement or 
lime. However, more satisfactory results were obtained as a result of mixing fly ash, cement 
and lime where fly ash involved with as much as 70%, indicating the potential use of larger 
amounts fly ash in the process of deep soil mixing. 

Figure 2	 Deep soil mixing technique

A similar mixture, with large amounts of fly ash, was used by Ohishi [5]. He conducted a se-
ries of analysis and experiments in order to determine the characteristics of the mixture. The 
motive for research was the idea that this kind of mixture can be used in deep soil mixing for 
the execution of the foundation pit in the following way. The excavation of the pit included the 
construction of the diaphragm to greater depths since the subsoil had extremely unfavorable 
characteristics. By using deep mixing technique, an artificial layer within the thick layer of soft 
soil was formed and the diaphragm was ending in this layer. Requests for this layer implied 
sufficient strength to support the walls of the diaphragm, but at the same time it had to be 
soft enough so that diaphragm can be easily constructed.
The main problem that arises when using fly ash is finding a market in which there is a de-
mand for it. The largest producers of coal combustion by-products (CCP) are associated in the 
organizations which represent the interests of CCP producers in the market. Furthermore, the 
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organizations of individual countries or regions are united in a worldwide umbrella organiza-
tion of The Worldwide Coal Combustion Product Council. And while the annual production of 
fly ash quantities are rising, regulations and laws for their disposal all the more restrictive. 
However, governments of some countries provide significant incentives to civil engineering 
companies and to specific projects in order to encourage fly ash usage. 

3	 Sustainable ground improvement using slag 

Slag is a waste product generated by the purification of metals, its casting and alloying and 
it can be divided into iron slag (blast furnace slag) and steel slag (steelmaking slag). Three 
types of blast furnace slag can be distinguished – air cooled, pelletized and granulated slag. 
Air-cooled slag is formed by slow cooling of slag deposited outside of power plants. The 
most common use of this slag is as aggregate in concrete and asphalt mixtures, as well as 
ballast material in railways or filling material in the embankments. Pelletized slag is obtained 
by cooling the molten mass with controlled amount of water, air or foam. This type of slag, 
due to low weight, is frequently used for construction of embankments on low bearing soils. 
Granulated slag is formed by rapid cooling the slag to the glassy state, using jets of water or 
air. As a product, sand-size grains are formed which, when grinded and with water added, 
show pozzolanic properties. This makes granulated slag usable for the cement industry and 
consequently in shallow soil stabilization and deep soil mixing technique. One of advantages 
of using granulated slag as cement components is in more efficient grinding than standard 
cement which saves considerable amounts of energy (only 10% of the total energy required 
for the production of Portland cement). 
However, if the slag is coming from steelmaking, due to significantly lower quantities of C3S 
than in Portland cement, it does not have very good pozzolanic characteristics. It can be there-
fore potentially used as aggregate in concrete or as filling material in embankments, a railway 
ballast material or to form a road substructure. In studies, in which the comparison is made 
between layers containing steelmaking slag and layers with natural aggregate, it is shown 
that the slag layers achieve greater strength immediately after compaction of the material. 
Increased strength can be justified by the shape of the slag grain, which favors the “fixing” 
of grain after installation and compaction, forming a very solid, compact and durable surface 
that can be submitted to heavy traffic loads. This characteristic of being able to be utilized 
as aggregate is of interest in one of soil improvement technique – vibro-stone columns. A 
method of vibro-stone columns consists of formation of columns in the ground by using heavy 
vibrator which displaces in-situ ground and compacts the imported material, Fig 3. 

Figure 3	 Vibro-stone columns (vibro–replacement) technique
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This method has increasing trend of usage in Croatia. For example, on seven sections of 
Zagreb-Macelj motorway, 13 090 of vibro-stone columns were made, total of 104 780 m’. 
As aggregate filler, crushed stone obtained from quarries was used. This, in addition to the 
financial burden, also contributed to the depletion of natural resources. At the same time, 
Croatia is faced with increasing amounts of steelmaking slag to be deposited in landfills, what 
represent a major environmental problem.
An idea of using slag as an aggregate for vibro-stone columns is not new. Even in ‘BRE Report 
391 – Specifying vibro-stone columns’ [6], a steelmaking slag is mentioned as one of aggrega-
te potentially to be used in vibro-stone columns. In Saudi Arabia, until today, over one million 
tons of steelmaking slag was incorporated in soil through this technique [7]. However, this 
extent of application practice is not implemented worldwide, because possibility of applica-
tion largely depends on type of slag and ground conditions. A range of testing procedures 
must be conducted prior to implementation. This includes both laboratory test of slag as well 
as field trial area where its interaction with surrounding soil will be examined. Extensive load 
trial tests provide most reliable interpretation of soil improvement, even though degree of 
improvement can be tested with alternative, simpler methods, such as Spectral Analysis of 
Surface Waves [8].
On Department of Materials, Faculty of CE in Zagreb, a series of tests were conducted tests 
on steelmaking slag from landfills in Split and Sisak [9]. This was done in order to examine 
the slag’s potential as aggregate in concrete. In addition, some other properties of slag were 
presented, which authors considered as interesting to compare with standard dolomite ag-
gregates. According to report [6], the material used as aggregate in the vibro-stone columns 
must be clean, hard and inert material, with sufficient hardness and weathering resistance to 
prevent degradation during installation which would lead to forming of sand or silt particles, 
and consequently lower friction angles. Material needs to have less than 5% of fine-graded 
fraction and grain size usually between 20 and 75 mm (depending on the method of execu-
tion). It also must suit the soil conditions in which columns are formed. British standards 
further require that the aggregate with value of the impact (BS 812-112) and the value of crus-
hing (BS 812-110) larger than 30% are not suitable for use in vibro-stone columns, as well as 
aggregates which degrade or significantly weather when saturated. The following rules also 
apply: fragmentation resistance LA50 (ie Los Angeles coefficient <50), freeze / thaw resistance 
MS35, no dicalcium silicate (Ca2SiO4) and iron disintegration, volume instability (expansion) 
less than 5% and sulphate content less than 0.5%. Table 1 presents some results of slag te-
sting from Split and Sisak which are of interest for vibro-stone columns application.

Table 1 	  Possibility of using slag from Split and Sisak in vibro-stone columns

Criteria Split (ST) Sisak (SI) stone column use ST / SI
clean, hard and inert yes yes yes / yes
requested fraction achievable achievable yes / yes
fine-graded fraction < 5 % < 5 % < 5 % yes / yes
fragmentation resistance < LA50 24.8 (LA25) 21.7 (LA25) yes / yes
freeze / thaw resistance < MS35 8.3 (MS18) 5.7 (MS18) yes / yes
no Ca2SiO4 & iron disintegration no no yes / yes
volume instability < 5 % 1.6 % 2.2 % yes / yes
sulphate content < 0.5 % < 0.5 % < 0.5 % yes / yes

Even though results from Table 1 show good potential for Croatian slag to be used in vi-
bro-stone columns, additional test must be conducted prior to any finite conclusions. These 
especially include testing of value of the impact and value of crushing according to British 
standard. Some investigations made on slag from Germany [10] show that these parameters 
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could be achieved since value of impact was in range of 18-22 % and value of crushing was 
in range 13-15%, all lower than requested 30%. Even though Steel Slag Coalition confirmed 
that usage of steel slag is safe for environment, extra care for heavy metals and other harmful 
substances in slag needs to be conducted. There are tests which have purpose of secretion 
testing, such as DEV-S4 method described in DIN 38 414. This technique was introduced in 
the third part of the EN 1744.

4	 Fly ash and slag quantities in Croatia

In Croatia, the only coal combustion thermal power plant, Plomin, is located on the east coast 
of the Istrian peninsula. It is the only thermal power plant due to the fact that energy sources 
in Croatia are mostly focused on hydropower. Today two blocks of Plomin annually use about 
800 000 tons of imported (USA, Colombia, Venezuela, Russia, South Africa, Indonesia and 
China) coal. When Plomin operates in normal mode, approximately 90 000 tons of fly ash is 
produced and it is used as raw material in cement factory. In present, there is no deposited fly 
ash in Croatia. However, until 2017 a construction of a new block is planned, with total annual 
coal usage increase up to 1.9 million tons. This would mean significantly higher amounts of 
produced fly ash. Same as in Croatia, where deposition of fly ash is managed properly due to 
small deposits, neighboring Slovenia has also ‘settled problem’ with fly ash. With total three 
thermal power plants in operation, Slovenia annually produces around 970 000 tons of fly 
ash of which most is used as fill material in construction and mining operations, while only a 
small portion is deposited. However, if fly ash is needed for soil improvement, it can be found 
in neighboring countries of Bosnia and Herzegovina and Serbia which still have huge deposits 
of fly ash due to large quantities of fly ash produced on annual basis. Additionally, these two 
countries still do not have a clear vision on managing fly ash and deposits are increasing. 
Four thermal power plants in Bosnia and Herzegovina, which is characterized by extremely 
large amounts of coal resources, produce annually around 2 million tons of industrial ashes 
(more than 9 million of coal is combusted). In Serbia, situation is even more alert, since five 
thermal power plants combust more than 35 million of coal per year, with close to 7 million 
tons of industrial by-products annually produced. Currently, only in Serbia there are around 
180 million tons of deposited industrial by-products.
Unlike fly ash, Croatian slag deposits are huge. While some closed factories have exported 
their deposits of slag or used it to form embankments, 1.8 million tons of steelmaking slag 
from landfills in Sisak and 30 000 tons of steelmaking slag from landfills in Split are still on 
deposits without vision for their management. It is expected that amount of slag from Split 
will be doubled within one year. Slag from Sisak and Split is easily available as an aggregate 
for vibro-stone columns. 

5	 Conclusion

Soil improvement techniques lead to enhancement of soil characteristics, but require usage of 
great amount of natural resources and they can cause, to a lesser or greater extent, pollution 
of the surrounding environment. In the same time, urbanization leads to industrialization 
process which brings along a number of negative effects, such as deposition of large amounts 
of industrial waste materials. To achieve sustainability, fly ash and slag can be incorporated 
in soil improvement techniques and thus achieving dual positive effect – reducing pollution 
and extensive usage of natural resources while in the same time reducing waste material 
deposit amounts. Fly ash can be efficiently used as partial replacement for cement and lime 
in techniques of shallow soil stabilization or deep soil mixing. Depending of their origin and 
on type of their cooling, slags can be used also as replacement of cement or lime (granulated 
slag) or they can be used as an aggregate. This later application is especially interesting to 
be used as material in vibro-stone columns technique where it could replace natural gravel or 
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crushed stone. In region, Bosnia and Herzegovina and Serbia have huge deposits of fly ash 
which can be potentially used for soil improvement. Unlike fly ash, slag deposits in Croatia 
are large and there is huge potential of using them as material for vibro-stone columns. Some 
preliminary laboratory results show that Croatian slag meets requirements for being used in 
vibro-stone columns, but more extensive laboratory and field test are necessary. 
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Abstract

Rockfalls are common in the countries with significant amount of mountain area. It is esti-
mated that 27 percent of the world’s land surface are mountains and about 12 percent of the 
world’s population lives in the mountains. Due to that fact, there is a need of constructing 
new roads and railways along mountain slopes. In those areas, rockfalls can cause serious 
damage to infrastructure with possible human losses. Ensuring rockfall stability is a major 
safety goal along railways and highways. In order to simplify the complicated equations invol-
ved in rockfall modeling, computer simulation programs have been developed, both in two-
dimensional and three-dimensional domains. The analysis of rockfalls includes estimation of 
trajectories of the boulders that falls from specific height along the slope. Once movement of 
the rock has been initiated, its falling behaviour is controlled by slope geometry, slope proper-
ties and boulder properties. The geometry of the slope represents one of the most important 
parameters and therefore it has to be accurately measured and determined as an input para-
meter for calculations of rockfall stability. Two-dimensional simulations require slope profile 
divided into several segments along slope, while the three-dimensional simulations require 
dense and accurate data in the form of digital terrain model. In this paper available methods 
for determining the geometry of slope are presented. Advantages and disadvantages of each 
method are discussed taking into account how it affects the final result of rockfall analysis.
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1	 Introduction

Croatia’s transport infrastructure network plays significant role in the European network, as it 
is located at the crossroads of transit routes between western and south-eastern Europe and 
between the central Europe and the Mediterranean. The territory of the Republic of Croatia is 
crossed by three traffic corridors, Pan – European traffic corridors V, X and VII. 
52 % of Croatian land surface, or almost whole coastal and mountainous regions of Croatia, is 
situated in karst. Karst is specific type of terrain mostly covered by barren limestone or dolomite, 
easily soluble rock characterized by strong karstification formation– progressive mechanical, 
physical and chemical disintegration of karstic rock, which leads to widening of joints system 
in rock mass. Together with weathering of exposed rock on the slopes, it can create systems of 
blocks, which can easily cause rockfalls under certain triggering situation. Triggers are usually 
weather conditions, in most cases intense precipitation or extreme temperature highs [1].
Croatian karst regions typically belong to medium scale surface karst (Dinaric region, Alps, 
Pyrenees, Appalachian Mountains, Australian Mountains, etc.), which stand out due to their 
thick (up to 8 km) carbonate Mesozoic and Paleozoic sediments with the pronounced tectonic 
fragmentation equally affecting the occurence of horizontal and vertical (speleological) forma-
tions. Croatian karst extends from Slovenia in the northwest to Montenegro in the southeast 
with its northern boundary running south from the city of Karlovac towards the east passing 
into Bosnia and Herzegovina [2]. 
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The vast majority of sections of Croatian Highways A1, A6 and A7, in total 570 km of length, 
are situated in the hilly karst terrain with numerous slopes cut in the karstic rock. Even worse 
situation is on over 2200 km of National roads situated on the same terrain, where the slopes 
are steeper, older (and subsequently more weathered), closer to the road and less protected, 
owing to less strict demands for construction. In addition, many urbanized areas are situated 
directly under natural or man-made slopes, such as Opatija Riviera, city of Omiš and Makarska 
Riviera. In the last several years, a number of rockfalls was documented to have occurred in 
the mentioned highways, roads and urbanized areas [3].
Current approaches to the analysis of rockfalls require knowledge of the geometrical, structu-
ral mechanical properties of slopes, as well as boulder properties. The mechanical properties 
of rock slope material and boulder properties can be derived from in-situ and laboratory tests, 
whereas the geometrical characteristics only come from the field measurements.
The inaccessibility of steep rock slopes does not allow direct measurement of slope surfaces 
and collecting structural properties by traditional methods. Breaking point in slope geometry 
data acquisition system have come in the past several years, when some new measuring 
methods and techniques have become more available such as laser scanning and digital 
photogrammetry.

2	 Total-station measurements

Total-station enables to measure heights, distance and angles to provide accurate positio-
ning data. Total-station measurement depends greatly on the skills of the operator in terms 
of both capturing a sufficient number of points and selecting suitable points to represent the 
surface of the rock or slope. It is usually used for the purpose of two-dimensional simulations 
of rockfalls, when the slope profile is divided into several segments along the observed route. 
Rockfall simulations are carried out for each segment. Protection measures against rockfalls 
are designed according to the most critical segment. A major disadvantage of this approach 
is that the lateral dispersion of rock boulders is not taken into account. It doesn’t provide 
sufficient amount of information required for rock fall analysis and can sometimes lead to an 
improper solution. An example is given in Figure 1.

Figure 1	 Typical total station equipment [5] on the left; Example of representative profile for rockfall analysis 
for the Stupica location on the state road D512 Makarska-Vrgorac [4] on the right
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The rockfall protection barriers are calculated for the Stupica location on the state road D512 
Makarska-Vrgorac in The Republic of Croatia. Stupica slope was divided into several represen-
tative profiles and two protection barriers were chosen according to the most critical slope [4]. 
Total station measurements are still usual method for obtaining geometrical characteristics 
of the rock slope for the rockfall stability analyses in Croatia. Structural properties of slopes 
and information about boulders’ volumes are being collected by such traditional methods 
which can often take a lot of time.

3	 Laser Scanning 

Laser scanning or “3D laser scanning” is also known as ground based LiDAR which stands 
for “Light Detection and Ranging” system. LiDAR is an emerging three dimensional mapping 
technology that employs a laser and a rotating mirror or housing to rapidly scan and make 
image volumes of surficial areas such as: rock slopes and outcrops, buildings, bridges and 
other natural and man-made objects [6]. First it appeared in 1990’s and to these days is be-
coming more and more popular in different fields.
There are two LiDAR types depending on the position of measuring equipment: – 1.terrestrial 
or ground based LiDAR (TLS), which refers to the tripod-based measurements and 2.airborne 
LiDAR (ALS), which refers to measurements made in the air by using a helicopter or an airpla-
ne. 3D laser scanners work by emitting immense number of laser beams to chosen surface 
and recording the reflection of the beam in order to accurately determine the distance to the 
reflected object (Figure 2).

Figure 2	 Principles of laser scanning for terrestrial lasser scanner (TLS) [7]

In this way 3D point cloud is created which represents an image of the rock slope face. The 
rotating mirrors or rotation of the housing allows millions of measurements to be made in just 
a few minutes which depend on the type of the scanner. Immediately after one pulse is recei-
ved and measured, the scanner transmits another optical pulse slightly horizontal (or vertical 
– depending on the scanner) to the previous pulse using a rotating mirror or rotation of the 
housing. This process is repeated thousands of times per second, thus generating distance 
values for millions of points on a reflected slope. From the distance and the orientation of the 
laser pulse, the xyz coordinates associated with each reflected pulse can be determined. In 
addition, the intensity of the returned pulse is determined. In general, light coloured objects 
and closer objects give a higher reflection compared with darker objects and objects farther 
away. Together, the xyz coordinates and associated intensity values for millions of data points 
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outputted by the laser make up the “point cloud” [6, 8]. Point cloud is the basic output from 
a 3D laser scanner. The most generic point cloud file format is a 3D coordinate file. The point 
clouds are then processed to extract geotechnical information, which includes discontinuity 
orientation, length, spacing, roughness, and block size. The first step in point cloud proce-
ssing is to orient the point cloud into the real world coordinate system, based on data taken 
in the field. Most of the laser scanners are also equipped with high-resolution cameras, thus 
providing digital images of the scanned slope which can be draped onto the point cloud to 
provide a 3D colour digital terrain model, DTM. An example of a DTM from LiDAR measure-
ments is shown in Figure 2. The main advantages of this technology are high accuracy, high 
resolution (mm to cm order) and very high data acquisition speed [8].

Figure 3	 Digital terrain model (DTM) based on laser scanning, Veyrier-du-Lac, France [9]

According to Jaboyedoff [7], the application of laser scaning in rockfall engineering can be 
divided into four types: detection and characterization of rockfalls, hazard assessment and 
susceptibility, rockfall modelling and rockfall monitoring. To detect and characterize rockfalls, 
precise maps of surface need to be collected. Airborne LiDAR (ALS) has shown as a good tool 
for precise mapping of a large area, but still it is an extremely costly technique. It enables do-
ing structural analysis at regional scale without entering the dangerous zone beneath a slope 
in a much faster and safer way, compared to the traditional methods. It is also very useful for 
hazard assessment since it enables to determine input parameters for rockfall hazard rating 
systems, such as: joint orientation and boulder volumes. It enables to accurately estimate 
volumes and positions of unstable boulders as input parameter for any rockfalls trajectory 
simulation, which enables to determine the influence area. Also, by repetitive measurement 
of rock slope face, 3D images are compared to previous images with precise incremental mo-
vements to cover big area of slope face, and not just one block, can be obtained in due time, 
by usage of an available software. 

4	 Digital photogrammetry

Photogrammetry is an optical method which allows to determine the geometric properties of 
objects to metrically reconstruct them by means of measuring and interpreting photographic 
images, using Image-based Modelling (IBM) [10].
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There are two types of photogrammetry, depending on the position of the measuring 
equipment – 1. terrestrial, which refers to terrestrial photogrammetry and it refers to me-
asurements from a fixed terrestrial location and 2.aerial photogrammetry, which refers to 
measurement made from an aircraft and is usually oriented vertically to the ground. Figure 
4 shows a basic principle of photogrammetry. The 3D coordinates of a slope are determined 
from digital images taken of the same slope from different directions. It is necessary to collect 
at least two images of a slope, since the 3D coordinates are determined from at least two 
corresponding rays which are defined by perspective centre and each image point, showing 
spatial direction to the corresponding object point [9]. The advantage compared to LiDAR is 
that it directly provides colour image which enables to create textured 3D model.

Figure 4	 Basic principle of photogrammetry [11]

The equipment includes high resolution digital cameras, a tripod and markers which need to 
be attached to the slope as reference points. It is relatively inexpensive equipment, easy to 
handle which enables to take a large number of photographs in a short time. In terms of cost, 
photogrammetry equipment is less expensive than LiDAR, but photogrammetry softwares can 
sometimes be very expensive depending on data that need to be collected by such method. 
Today, there is a large number of photogrammetry software which are designed for extracting 
structural properties of the slopes such as number of trays and orientations of discontinui-
ties. Those parameters also are basic input parameter in most of the rockfall hazard rating 
systems. Also, by comparing images taken in different times, displacement and deformations 
can be detected.
It must be emphasized that the advantage of LiDAR, as opposed to photogrammetry, is in 
scanning a slope that has vegetation. LiDAR light can penetrate through small openings 
between the slope and its vegetation to provide information of the rock underneath. On the 
other hand, obtaining a good result of photogrammetry depends on the available natural 
light available behind vegetation as it is affected by changes in light in different directions 
due to basic principle of photogrammetry to take multiple images of the same scene from 
different locations. 
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5	 Conclusion

The traditional and new techniques in rock slope geometry data acquisition methods are descri-
bed in previous chapters. Traditional total station measurements are very widespread in Croatia, 
though it doesn’t provide sufficient amount of information to do for rock slope stability and 
rockfall analyses. In terms of cost, it still represents the lowest cost, but with major limitations. 
In the recent years, laser scanning and photogrammetry has become more and more popular 
in rockfall and rock slope stability applications in the whole Europe starting from Italy to France 
and Spain. There are different types of applications for each technique, from rockfall identifica-
tion, modelling and monitoring. Even though both techniques are based on different principles, 
both produce a high-resolution 3D image of the analysed area. Obtaining the same amount of 
informations using total station would be highly impractical.
In terms of accuracy, compared to traditional method, both LiDAR and photogrammetry are 
suitable for rockfall stability analyses. It’s believed that both of these methods provide accu-
rate digital terrain models needed for the numerical analyses, as well as enough and accurate 
data with sufficient amount of information to do structural analyse for the rockfall hazard rating 
systems. 
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Optimization of geotechnical investigation works 
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Abstract

This paper will analyse the optimal number of required data within geotechnical investiga-
tion works with the cost estimation of performed tests and the duration of the testing (line 
closure). Deviation of the geotechnical parameters obtained from various research works 
will be shown. Special attention will be paid to the review of the quality of non-destructive 
methods that require a minimum of line closures. In the paper a case study of extensive ge-
otechnical, geophysical and laboratory investigation works will be presented at the location 
before and after the Buna Railway Bridge (railway line M104 Novska – Sisak – Zagreb) as part 
of an international research project SMART RAIL. Conducted investigation works consisted of: 
engineering geological mapping of the location, exploratory drilling with continuous coring, 
performance of standard penetration testing in boreholes, field vane testing in boreholes, 
excavation of trial pits, testing with nuclear densimeter, cone penetration testing with pore 
pressure measurement (CPTU), testing with flat dilatometer (DTM) and geophysical testing 
methods; geoelectric tomography, seismic refraction, MASW/REMI, downhole and crosshole 
seismic survey and ground penetrating radar (GPR). 
The works are made with the aim of defining the physical and mechanical properties of the 
existing geotechnical structures (embankment) and foundation soil (primarily the stiffness 
of individual embankment layers), and general geotechnical conditions at the site. This is 
essential for the assessment and valorisation of any potential geotechnical problem that arise 
in the transition zones, and finally to create the reliable geotechnical models and to design 
the reconstruction of the new transition zone between the bridge abutments and geotechnical 
structures (embankment).

Keywords:	 transition zones, geotechnical investigation works

1	 Introduction

Geotechnical investigations are necessary to define the soil layers and / or rock mass at each 
location, and geotechnical properties of these layers. From the results, the geotechnical mo-
del can be defined which shows geotechnical layers with related parameters.
Today is in use a lot of different geotechnical investigation techniques: extraction of core 
samples using a drilling machine, CPT tests, dilatometer tests, field vane tests and various 
geophysical methods.
Exploration drilling gives us continuous and direct view of materials, but the values of geo-
technical parameters, obtained from the samples that were tested in the laboratory, are point 
data and represent a random sample.
CPT testing gives a continuous vertical display of soil with a series of parameters, but depends 
on the correlations with laboratory tests and depends on the interpretation of results.
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Geophysical surveys provide 2D profile cross section at the location, but also depend on the 
correlations with the results of exploration drilling and parameters obtained by laboratory tests.
In addition to the field and laboratory works, systematized and long-time collected data can 
be used. This, for example is, engineering geological, hydrogeological and seismic maps. The-
se maps provide a general, outline of specific locations, and are done for each State. If data of 
previously conducted researches are available, they can be used for studies or geotechnical 
projects. Based on the background and current data necessary geotechnical investigation 
works can be reduced and rationalized.

2	 Cost and cost-effectiveness of geotechnical investigation

When the costs and benefits of geotechnical investigation works are discussed there is a 
wide range of personal opinions “on this issue” among investors, designers as well as among 
geotechnical engineers. In most cases, these opinions are derived, formed and generalized 
into empirical opinions, based on personal contact with geotechnical issues in certain cases 
from practice. Depending on the “experience” (the number of individual cases and covered 
range of geotechnical problems), there are evaluations ranging from “unnecessary costs” to 
“extremely significant need for research”. Neither of these extreme statements is applicable 
to all cases in practice, because there are always examples to the contrary. It can also be 
concluded that individual examples are generally not always adequate as arguments, becau-
se they contain a number of specific factors which generalize the conclusions.
Temple and Stukhart (1987) attempted, on the basis of data on dozens of cases in US practice, 
to assess the feasibility of geotechnical works by comparing the costs of inadequate investi-
gations and additional costs during construction that they may have incurred, and the costs 
of additional investigations and savings in geotechnical solutions, [1].
Cases with available data showed that the savings are 2 to30 times higher than the total costs 
of geotechnical investigation works. These cases also indicate that the initial extensive and 
more complete investigation works can reduce or completely avoid the costs and time lag of 
subsequent studies.

3	 Optimal conception of geotechnical investigation works

When selecting procedures and methods of investigation works, technological possibilities 
and disadvantages of different methods are taken into account, but also the costs involved 
in obtaining the required data reliability. Soil profile and geotechnical parameters are deter-
mined by:
·· Drilling, extraction and testing of samples. This method is indispensable if we want to get 
verifiable material facts about the soil. Quality techniques of drilling and extracting samples 
are relatively expensive, and also the appropriate laboratory tests on undisturbed samples. 
The time required to obtain the data is relatively long.

·· In-situ tests usually indirectly provide information about the mechanical properties of the 
soil, but can also be used to determine the soil profile. These tests provide useful results 
faster, avoiding the need for undisturbed samples and are generally cheaper than fully im-
plemented direct examination. The lack of them is (relatively) less reliable, indirect use of 
the results and for example in static penetration tests (CPT), the absence of any soil sample 
from a specific depth profile.

·· Surface geophysical survey methods are generally the cheapest, but to obtain detailed data 
of soil relatively unreliable. Surface methods can quickly cover a larger area, but usually give 
average results, and sensitivity to changes in soil materials is usually small. Better perfor-
mance is achieved with larger, more clearly differentiated environment in combination with 
boreholes that provide a landmark for interpretation.
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The optimal strategy of investigation works seeks to use most of the advantages of the pre-
viously mentioned groups of procedures for obtaining a larger number of high-quality data 
with maximum rationalization of time and money. Of course, any optimization makes sense 
to implement in cases where the massive investigations are expected or very high demands 
on the reliability of the results. In cases where there is limited field research, rationalization 
is achieved by a more detailed processing of the soil data, using the appropriate correlation 
and analysis. Using the benefits of various methods of investigation works can be carried out 
in the following way:
·· On characteristic places on site, detailed investigation works with drilling, extraction of sam-
ples and detailed, rigorously conducted laboratory tests are carried out. Close to boreholes 
(or in them) in-situ testing is carried out, enabling the establishment of the local correlation 
between the two types of tests. These correlations are limited to a specific location and 
specific technological procedures and are not related with potential unreliability of correla-
tions from the literature (although those can be used in the interpretation for comparison)

·· For further application in the wider area only in-situ testing are used. If with a representative 
surveys the extremes at the site are covered, the in-situ tests are usually the interpolation 
within extremes. Any deviations or significant deviations from established local trends allow 
rational positioning of detailed research.

4	 Transition zones

Transition zones are defined as parts of the railway track where a change of basic characteri-
stics that define a railway structure in its entirety takes place, [2, 3, 4]. Under the basic cha-
racteristics following parameters are considered: substructure and superstructure stiffness, 
deformation of each substructure layer and each superstructure part, overall value of track 
deformations, geometric restraints. The transition zones in general represent the appearance 
of discontinuity in the track structure, [5]. Within the SMART RAIL project, focus is on solving 
the problem in the transition zones between two different types of substructure, between the 
open track on embankment and the bridge, [6].

4.1	 Negative mechanisms that occur in the transition zones

Poor condition of the transition zones is a consequence of numerous complex and interrelated 
mechanisms. In order to find the best possible solution for solving the problems that happen 
in the transition zones, all the negative mechanisms which influence the behaviour of the 
track structure should be taken into account and analysed. Negative mechanisms that occur 
in the transition zones are:
·· discontinuity in the stiffness of the track structure;
·· differential settlements of the rail track structure;
·· influence of rail services speed;
·· influence of the direction of the train.

The above-mentioned degradation mechanisms, which in fact act each on their own, may also 
be conditioned by each other. Cyclic repetition of these processes accelerates degradation of 
track geometry, with reduced quality and safety of driving as an immediate consequence, [7].
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4.2	 Role of transition zones

A certain structural solution is in fact hidden behind the term “transition zones”. The main 
role of transition zones is to prevent sudden changes in stiffness of the load-bearing structural 
elements of the track. The aim is to minimize or prevent the occurrence of additional negative 
dynamic loads over a part of a transition zone, which additionally accelerate the track geo-
metry degradation, with reduced quality and safety of driving as an immediate consequence. 
This can be achieved by linearly changing certain properties of the surrounding structures at 
a reasonable distance by dividing one differential change into smaller steps, i.e. dynamically 
irrelevant intervals, [2,4]. Ideally these inconsistencies occurring in parts of transition zones 
do not influence the performance of a passing train in terms of safety but rather they more 
often reflect upon the quality and comfort of rail services and other dynamic occurrences, [3].

5	 Case study: transition zones at “Buna” bridge

“Buna” bridge, situated at the railways track M104 Novska – Sisak – Zagreb at km 398+422, 
is selected for the case study because of the obvious problems in the transition zones, imme-
diately before and after the bridge. In the transitions zones irregularities in the geometry have 
been noticed, such as track unevenness and under ballast gaps, and vertical displacements 
of the whole track structure. These were caused by differential settlements and by dynamic 
impacts of the train due to the changes in the track stiffness. In order to detect the causes of 
degradation in the transition zones and also to perform the appropriate reconstruction of the 
same area it was necessary to collect all the information’s about the existing embankment 
and foundation soil.

Figure 1	 “Buna” bridge
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5.1	 Performed geotechnical and geophysical investigation works

An extensive geotechnical and geophysical investigations have been carried out on site in 
March 2012. Field tests have been supplemented by numerous laboratory tests to provide 
accurate information about ground conditions. Based on investigation program, the following 
works were conducted at the “Buna” bridge site:
·· engineering geological mapping of the site;
·· drilling of four geotechnical structural boreholes (B1-B4) 12 m’ in depth;
·· excavation of four trial pits by the railroad line (R1-R4), and nuclear densimeter
·· measurement with dynamic plate load testing of embankment bed;
·· cone penetration testing with pore pressure measurement, CPTU on four positions (CPT1-
CPT4);

·· dilatometer testing on four positions near the CPTU locations (DMT1-DMT4);
·· field vane testing, FVT, in four boreholes B1-B4;
·· geoelectrical tomography. The surveyed profiles are designated with the initial and the final 
length of geotechnical profile and their designations are GT-1, GT-2, GT-3 and GT-4.

·· seismic refraction surveying. The surveyed profiles are designated SRRF-1, SRRF-2, SERF-3 
and SERF-4;

·· seismic tomography, characteristic in-depth cross sections SRST-1 and SRST-2, recorded 
perpendicular to the railway track at the position of borehole B-2 and B-3, were determined 
on the basis of P-wave propagation velocities;

·· MASW / REMI surveys. Results of MASW surveys are shown as 2-D seismic cross sections 
on both sides of Bridge location;

·· boreholes seismic survey, downhole in four boreholes B1-B4 and crosshole between bore-
holes B1-B2 and B3-B4;

·· ground penetrating radar, GPR, was used for profiling along railroad line;
·· laboratory testing of soil samples.

Generally, ground on “Buna” bridge location is composed of fine grained surface material – 
high plasticity clay, in the middle part there is mixed material – silty sand, and the substrate 
consists of coarse grained material – poorly graded gravel. It can be said that the stiffness of 
the soil increases with depth. The increase in stiffness is best seen in downhole, crosshole and 
MASW-SRRF tests. One can see an increase of 100 MPa in clay up to about 600 MPa in gravel.
Also the difference in stiffness is seen by the number of SPT strokes, which is in lower part of 
clay layer N=7-11 in sand N=5-7 and in gravel layer N=15-54.
CPT, DMT, FVT and laboratory tests are limited to the clay and sand layers. These layers are 
important for determining main part of deformation under railway line. According to CPTU 
and DMT tests moduli for clayey materials are 20-40 MPa, while dynamic moduli are 100-200 
MPa. According to the overconsolidation ratio from CPTU test, which is OCR=5 – <10 for these 
soils, clays are mostly classified as very stiff fine grained soils. Values of geotechnical para-
meters are also shown graphically in Figure 2. Parameters obtained from laboratory tests, in 
situ testing and geophysical exploration are also shown. Material from depth 0,0 to 1,0 m, is 
railway embankment.
Generally it is very difficult to establish a link between non-destructive and destructive inve-
stigation works for the reason that the results of these methods are not mutually comparable. 
Non-destructive methods generally give us the dispersion of soil layers, and dynamic modules 
of deformability. What we have noticed is the relationship between the number of SPT strokes 
and Vs speeds. The ratio is in the coherent material ranged from 15-30 while in the incoherent 
material is between 5-20 what gives us the data for interesting correlations that should further 
be establish and verified in the future.
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Figure 2	 Obtained values of geotechnical parameters
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6	 Geotechnical investigation works optimization

Display of relationship between costs and applicability of certain geotechnical investigation 
works is shown in Table 1.

Table 1 	  Display of relationship between costs and applicability of certain geotechnical investigation works

Evaluation was carried out on the basis of cost and applicability of the work to determine 
the parameters of the soil. From the evaluation can be concluded that the CPTU and DMT 
tests have the best ratio of costs and quality of the data obtained. All these methods have 
limitations and conditions conquer. Therefore, it is impossible to compare with each other. 
Each project and each site is specific and therefore the most important factor is the human. 
In other words, for good optimization of each individual situation, the most important is the 
experience of the person who is caring out the optimization.



Transport Geotechnics630
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

7	 Conclusion

Optimization of investigation works must achieve the following:
·· optimum relationship between the quality of the data obtained and the cost of investigation 
works;

·· if possible, carry out investigation works without closing traffic on the railroad, then again 
the criterion of cost reduction is present;

·· in the framework of the conducted works it would be necessary to systematically monitor 
the investigation works on the railways, including the creation of database and continuous 
settlement monitoring of transitional zone.

The results of this study suggest the following:
·· reduce the scope of investigation drilling and trial pits at the minimum allowed;
·· conduct an analysis of all previous investigation works on railway lines;
·· use to the fullest extent CPTU tests and geophysical profiling

Based on the analysis of the obtained results during the rehabilitation of the existing transiti-
on zones, the authors of this article recommend the following investigation works as optimal: 
drilling with laboratory testing and depending on the type of foundation soil and geotechnical 
structure, performing CPTU or DMT method of soil profiling and geophysical methods: geoe-
lectric tomography or seismic refraction.
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Abstract

The present research focuses on improvement of various soil properties and strength para-
meters of clayey subgrade using geogrid (biaxial) and geotextile (nonwoven) placed through 
various reinforcement systems viz. Single layer reinforcement system (SIL), composite layer 
reinforcement system (COL), multi layer reinforcement system(ML) at various position/levels 
of subgrade thickness. A high strength geotextile and a biaxial geogrid are used as geosynthe-
tic reinforcement materials in this study. Soaked and Unsoaked CBR tests were performed 
on expansive soil (CI and CH soil) using above mentioned reinforcement systems. The main 
objective of this study is to know the most efficient geosynthetic reinforcement system and 
position of reinforcement for medium expansive soil (CI) and highly expansive soil (CH) of 
Gujarat region.. Given results depicts that infusion of geosynthetic reinforcement at various 
levels of subgrade note only improves CBR value but overall its increases the structural stabi-
lity of the subgrade. Out of various subgrade systems composite reinforced system at position 
of h/5 gave the maximum CBR value and its calibration with modulus of subgrade reaction 
(K) was quite compatible. 

Keywords:	subgrade, geosynthetics, reinforcements, expansive soils, CBR value

1	 Introduction

Pavement is a durable surface having materials laid down on an area subjected to sustain 
mainly the vehicular traffic, such as a road or highway. Subgrade is the foundation layer; 
the structure must eventually support all the loads which come on to the pavement. The 
performance of the pavement is affected by the characteristics of the sub-grade. Desirable 
properties which the sub-grade should possess are: strength, ease of compaction, perma-
nency of compaction and permanency of strength, low susceptibility to volume changes and 
frost action. Since sub-grade soils vary considerably, the inter-relationship of texture, density, 
moisture content and strength of sub-grade materials includes maximum dry density (MDD), 
optimum moisture content (OMC), CBR and E-value of sub-grade material. To understand the 
behavior of failure and minimize it, a compressive laboratory program was made to study 
the strength characteristics of both reinforced and un-reinforced soil. This work describes 
the beneficial effects of reinforcing the sub-grade layer made up of expansive soil (CH & CI) 
with either single, double or multiple alternate layers of geo-grid and geotextile at different 
positions to determine the optimum position based on CBR test values.

28–30 April 2014, Split, Croatia
3rd International Conference on Road and Rail Infrastructure
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1.1	 Theoretical developments 

The concept of reinforcement is not new. Early civilizations commonly used sun-dried soil 
bricks as a building material. And in their experience it became an accepted practice to mix 
the soil with some kind of fiber to improve the properties (Dean, 1986)[1]. The materials used 
as reinforcement in sub-grade soil can vary greatly, either in form (strips, sheets, grids, bars, 
or fibers), texture (rough or smooth), and relative stiffness. Nejad and Small (1966)[2] inve-
stigated that geogrid could significantly decrease the permanent deformation in the pave-
ment by 40% to 70%. Ling and Liu (2001)[3] carried out some static and dynamic tests on 
model sections to find out the contributions of geosynthetic reinforcement to the stiffness 
and strength of asphalt pavements. The study showed that the settlement over the loaded 
area of reinforced pavement as reduced when compared with un-reinforced pavement. Also 
C.R. Lawson (1995)[4], Asha (2010)[5], M.S. Natraj (1997)[6], Minu Michal (2009)[7], they all 
studied about geosynthetic as reinforcement.

1.2	 Laboratory investigations

Soil collected from Kheda region and Sanand Region of Gujarat State has been used as 
subgrade material in the experiments. The soil is classified as CI and CH. Index properties 
are found out in the laboratory. The properties of the soil used in the study are given in Table 
1. Geosynthetic material was carried from TECHFAB INDIA and also property of goetextile and 
geogrid as in Table 2 and Table 3 geogrid and geotextile respectively. 

1.3	 Testing methodology

California Bearing Ratio tests were conducted on CI and CH soils, unreinforced and reinfor-
ced with a single layer and double layers of geotextiles or geogrids and either composite 
layer of geogrids & geotextile.To reinforced a sample, composite material of geogrids & ge-
otextile were placed in a single layer at different positions: h/2, h/3 & h/5 & multi layer of 
geogrids & geotextile were placed at h/3 & h/6 of the specimen height from the top surface. 
The dry weight required for filling the mould was calculated based upon the maximum dry 
density(MDD) and corresponding optimum moisture content was achieve from standard proc-
tor test. A total of 15 samples of reinforced and unreinforced both unsoaked were tested (as 
per IS 2720-16)[4] the load penetration readings were noted for all the samples to obtain CBR 
value, modulus of subgrade reaction (K) and secant modulus. 

Table 1 	  Physical properties and classification 

Index Properties Kheda Region Sanand Region
Liquid Limit (LL) 35.75% 66.30%
Plastic Limit (PL) 19.09% 23%
Soil Classification CI CH
Optimum Moisture Content (OMC) 21.70% 22.55%
Max. Dry Density (MDD) 1.60 gm/cc 1.645 gm/cc
Specific Gravity 2.59 2.60
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Table 2 	  Properties of Geogrid

Sr. No Experiment Work ASTM Code Biaxial geogrid
1 Ultimate tensile strength (KN/m) MD D-6637 90

CD 90
2 Elongation at maximum load (%) MD 15

CD D-6637 15
3 Tensile strength at 2% elongation (KN/m) MD 11

CD 9
4 Tensile strength at 5% elongation (KN/m) MD D-6637 21

CD
5 Aperture Size (±2mm) MD X CD 23x23

Table 3 	  Properties of Geotextiles

Sr. No Experiment work ASTM Code Unit Nonwoven geotextiles
1 Mass per unit area D-5261 g/m2 200
2 Grab Tensile strength D-4632 N 720
3 Elongation @ break D-4632 % 60
4 Trapezoidal Tear D-4533 N 300
5 Puncture Strength D-4833 N 400
6 Permeability/ Flow rate D-4491 l/m2/s 100
7 Mullet Burst D3786 kPa 2175
8 Thickness D-5199 mm 1.6
9 Apparent Opening Size D-4751 µm 150

2	 Plots for Comparison

Figure 1	 Load v/s penetration curve for SIL of GT at different position (SC)
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Figure 2	 Load v/s penetration curve for SIL of GT at different position (UNSC)

Figure 3	 Load v/s penetration curve for SIL of GG at different position (UNSC)

Figure 4	 Load v/s penetration curve for SIL of GG at different position (SC)
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Figure 5	 Load v/s penetration curve for COL for various positions of GG and GT 

Figure 6	 Load v/s penetration curve for COL for various positions of GG and GT 

Figure 7	 Load v/s penetration curve for MLL for various positions of GT and GG 
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Figure 8	 Load v/s penetrations for MLL for various positions of GT and GG 

 

Figure 9	 Load v/s penetration curve for comparison of WR with COL and WR with MLL for GT and GG at h/5 (UNSC)

Figure 10	 Comparison of CBR v/s depth 
ratios for WR, SIL, COL and MLL

Figure 11	 Percentage increment of CBR v/s various efficient 
reinforcement systems



Transport Geotechnics 637
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

3	 Results, analysis and discussion

The relative performance of various geosynthetic reinforcement systems in terms of CBR value 
and its interaction with subgrade is discussed below.

3.1	 Effect of single layer of geotextile (GT) and Geogrid (GG) at various locations

From figures 1, 2, 3, and 4 it is observed that geotextile placed at h/5 shows more load carrying 
capacity compare to h/3 and h/2 under soaked and unsoaked condition. From the plot it is 
reflected that load carrying capacity of geotextile at h/5 is nearly 1.1-1.5 times to h/3 and h/2 
at same penetration of 5mm and 10mm under soaked condition and 1.5 – 1.8 times to h/3 
and h/2 under unsoaked condition. In case of CI soil Geogrid placed at h/5 shows more load 
carrying capacity compare to h/3 and h/2 under soaked condition while under unsoaked con-
dition geogrid is effective both at h/5 and h/3. From the plot it is reflected that load carrying 
capacity of geogrid at h/5 is nearly 2-2.5 times to h/3 and h/2 at same penetration of 5mm 
and 10mm under soaked condition while load carrying capacity remains almost same at h/5 
and h/3 under unsoaked condition. While in case of CH soil geogrid placed at h/5 shows more 
load carrying capacity compare to h/3 and h/2 under soaked condition while under unsoa-
ked condition geogrid is effective both at h/5 and h/3. From the plot it is reflected that load 
carrying capacity of geogrid at h/5 is nearly 1.1-1.7 times to h/3 and h/2 at same penetration 
of 5mm and 10mm under soaked condition while load carrying capacity remains almost same 
at h/5 and h/3 under unsoaked condition.

3.2	 Effect of combined layer of geotextile (GT) and Geogrid (GG) at various locations

From Fig 5, and 6, it is observed that combined composite layer of geogrid and geotextile 
placed at h/5 shows more penetration compared to h/3 and h/2 under both soaked and 
unsoaked condition for both types of soil i.e. CI & CH. From the plot it is clear that the nature 
of curve is quite linear in case of CH soil when composite reinforcement placed at h/5, while 
some curvature is seen for h/3 and h/2 for CI type of soil. Curve of h/5 remains above curve of 
h/2 and h/3 both under initial and final penetration. From the plot it is also observed that load 
carrying capacity of combined reinforced mass at h/5 is nearly 1.25-1.7 times to h/3 and h/2 
at same penetration of 5 mm and 10 mm under soaked and unsoaked condition. Resistance 
to penetration is observed for initial loads when composite reinforcement placed at h/5 indi-
cating the superimposed layer of geotextile on geogrid offers more resistance because of its 
high interface friction, more compression capacity and high strain compatibility. More load 
carrying capacity with less penetration is observed in case of CH soil at initial level up to 5 mm 
but thereafter in increases linearly showing constant amount of penetration with increasing 
trend as compared to decreasing trend seen in CI soil. 

3.3	 Effect of multi-layered composite layer of geotextile (GT) and geogrid (GG) at various 
locations 

From fig 7 & 8, it is observed that multi layer reinforcement (one layer of geogrid and one 
layer of geotextile) placed at h/3 shows more penetration compared to h/3 under unsoaked 
condition for both CI and Ch soils. Four combinations of multi layered system were tested 
using CI and CH soil in following way: GT at h/3 & GG at h/6, GG at h/3 & GT at h/6, GG at 
h/3 & GG at h/6, GT at h/3 & GT at h/6 respectively. Combination of GG at h/3 & GG at h/6 
shows maximum load carrying capacity at 5mm and 10mm penetration compare to other while 
combination of GG at h/3 & GT at h/6 showed better results compared to others. It is also 
noted that initial nature of curve for all combinations is same except in case of GT at h/3 & GT 
at 2h/3 which is quite distinct showing very less value of load carrying capacity both at 5mm 
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and 10mm penetration. Curves almost remain linear during initial period of load showing less 
penetration compare to geotextile which in other words can be said that geogrid offers more 
resistance to penetration under 5mm and 10mm. Curve of h/3 remains above curve of 2h/3 
both under initial penetration and final penetration. Resistance to penetration is observed 
for initial loads when geogrid placed at h/3 and at 2h/3 indicating that biaxial geogrid placed 
near to surface offers more resistance because of its high tension capacity, more interlocking 
friction and rigid strain compatibility (more resistance to deformation). Also cross plane (la-
teral) resistance to load is much more compare to geotextile. Here also as we move away from 
surface (load area) effect of reinforcing soil decreases.

3.4	 Effect of WR and various reinforcement systems under various conditions

Referring to figure 9 showing the comparison of load vs. Penetration plots between unrein-
forced soil (WR) and single layer reinforced soil (SIL) with geotextile (GT) at h/5 for CI and CH 
soil, we can conclude that for unsoaked condition load carrying capacity is more compared to 
soaked condition and with infusion of single layer geotextile load carrying capacity increases 
rapidly both at 2.5mm and 5mm penetration. For COL with geotextile (GT) and geogrid (GG) at 
h/5 for CI and CH soil the nature of plot is quite similar both in case of CI and CH soil i.e. very 
narrow increasing trend in load with more deformation. Multi layer reinforcement system is 
more beneficial as higher resistance is offered by reinforcement against shearing phenomena 
of CI soil particles as both layers of geogrid are offering tenacity, shear resistance and lateral 
spreading of soil. 

3.5	 Comparison of CBR for WR and various reinforcement systems under various 
conditions

Referring to figure 10 & 11, showing comparison of composite reinforcement and multi-layered 
system reinforcement it is very clear that multi-layered system reinforcement is more advanta-
geous as compared to composite system. Hence it can be said that location of reinforcement 
is playing a vital role CBR value or we can say that CBR value is related to the location of 
reinforcement particularly in case of expansive soils. In case of composite reinforcement for 
CI & CH soil, location of reinforcement at h/5 shows maximum CBR value of 17.35% and 6.3 
% respectively, while if we compare layered reinforcement system then combination of GG at 
h/3 & GG at h/6 shows increment of CBR value of 15.2% for CI soil and 6.44% for CH soil under 
unsoaked condition. Referring to fig 9 which shows increment of CBR value for composite and 
multi-layered system, it is very clear that composite system shows nearly 480% more CBR 
value for CI soil while 200% more CBR value for CH soil and in case of multi-layered system 
it shows 396 % for CI and 179% for CH soil respectively. This concludes that under unsoaked 
condition, composite geogrid shows better results and is more efficacious at location h/5. On 
comparing CBR results of reinforced soil using MLL of GG at h/3 & GG at 2h/3 and GT at h/3 
& GG at 2h/3 separately the CBR value increases from 178% and 56% for CI and CH soil. Very 
peculiar phenomena was observed in case of CBR samples interfaced with geogrid, that as 
load increases from zero to 50kg penetration value is very less, just 2mm it means much of 
load is occupied as seating load and because of high rigidity of MLL, GG at h/3 & GG at 2h/3 
of, almost interfaced soil layer would get compressed to same amount to occupy aperture size 
or geogrid superimposing with soil layer, while in case of geotextile at 50kg load penetration 
was almost nearly 44mm double to that of geogrid which indicated that as geotextile fiber 
is soft enough that compression of soil sample along with compression of geotextile is such 
that at interface, tension is developed between partile-to-partile along with bearing capacity 
failure at the end is noted. In case of geogrid sliding failure is observed at the end of test. 
Computing modulus of subgrade reaction (K) from CBR value it is observed that value are 
within acceptable limits and higher k value s observed for geogrid at h/5 as shown in table 4.
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Table 4 	  Comparison of CBR Value and modulus of subgrade

Location CBR [%] K-value [kg/cm2]
GG @ h/5 Composite (CI) 17.35 6.51
GT @ h/5 Composite (CH) 6.93 4.81
GG @ h/3 & h/6 Multi-layered (CI) 15.2 6.23
GG @ h/3 & h/6 Multi-layered (CH) 6.44 4.64

4	 Conclusions

The following major conclusions drawn from this study:
·· Improvement of clayey subgrade by using any geosynthetic reinforcement system yields gain 
in CBR value as compared to unreinforced troublesome expansive soil.

·· Reinforced subgrade soil system performs better than unreinforced in terms of CBR value 
increment and reduction in penetration at specific load.

·· Composite reinforcement system shows better and reliable results as compared to multi-
0layered system both for CI and CH soils. Location of geosynthetics at particular height of 
subgrade and its interaction with soil under various loads plays a vital role in predicting 
failure mechanism of subgrade.

·· Highest CBR value is achieved with subgrade reinforced with geogrid at location h/5 for 
given OMC and densification. While in case of multi-layered system GG ath/6 and GG at h/3 
showed maximum CBR value under unsoaked condition.

·· Modulus of subgrade reaction (k) value is much nearer to standard range and can equally 
be applied for settlement predictions and design of pavements. 

·· Design of clayey subgrade using geosynthetic reinforced systems in terms of relative effici-
ency of various reinforcement systems at various positions of subgrade and their effect on 
the load-penetration behavior.
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Abstract

Use of Floating Slab Track (FST) type infrastructure systems in high speed railway (HSR) em-
bankments is becoming increasingly popular in the world today as well as a mean of vibration 
isolation and safe and fast rail travel. The main emphasis of this study is on the application 
of non-ballasted concepts for high-speed operation used in the design of Far Eastern HSR 
embankments and a manufactured floating slab track system. In this paper, finite element 
method (FEM) is used to model soil-structure interaction. Effects of soil stiffness (ks) are 
carefully investigated. Longitudinal settlements are obtained and checked against allowable 
values. The study has confirmed the quality and reliability of the FST systems, which continue 
to have huge use in high speed rail design-construction projects nowadays. 

Keywords:	soil-structure interaction, coefficient of subgrade reaction, High Speed Railway 
embankments, slab track

1	 Introduction

New slab track designs are being developed in the world today, in order to come across with 
a need for safe and fast passenger-load carriage along heavy transportation service lines 
that will operate with low maintenance costs. The so-called slab track is a concrete or asphalt 
surface made of stiff and brittle materials with resilient components to provide the required 
elasticity. Factors like ground conditions, life cycle duration, cost, construction time, availa-
bility and durability are the main factors in designing railway lines nowadays. With regard to 
the specified factors, modern slab-tracks are replacing the traditional ballasted track designs 
nowadays. The significant increase and popularity is mainly due to the low maintenance and 
efficient life-cycle costs. However both ballasted and unballasted track designs have their 
advantages and disadvantages and in some cases still standard ballasted track designs may 
have more advocates, as they are widely used in high speed operation areas, especially when 
embankments are built on soft clays or soft peat layers, as well as in earthquakes areas. There 
are basically 2 types of embankment lateral-sections, namely The European type – ballasted 
and the Far-Eastern type – slab track (Fig. 1) though the longitudinal sections are very similar. 
The trend shows that; although the standard ballasted concepts are still popular in general, 
they will lose their attractiveness in favour of slab tracks systems, due to this new attitude. 
In this study we have analyzed the Far-Eastern case. In the Far-Eastern slab track type em-
bankment one fill strata called ‘Uncemented-Prepared Subgrade Layer (U-PSL)’ is replaced 
with a cemented one called ’Cemented-Prepared Subgrade Level’ (C-PSL) (Fig. 1a) [1].

28–30 April 2014, Split, Croatia
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Figure 1	 (a) Cross-section of a HSR embankment (Far-Eastern type) [1], (b) FST Type 1, (c) FST Type 2

Moreover, vibration isolation and sound effects’ reduction play an increasingly important role 
during design and performance evaluation of a HSTR. With the increase in traffic intensity, it 
becomes more and more difficult to ensure comfort, security and to avoid problems, due to 
vibrations induced. For the slab track design, inserting elastic materials like elastomer layer is 
an effective method for reducing vibrations transmitted into the soil and to surrounding buil-
dings (Fig. 1b-c). There are basically two most commonly used Floating Slab Track (FST) types, 
built within the unreinforced concrete layer. These are: FST sitting on a continuous elastomer 
layer-Type 1 (Fig. 1b) and FST sitting on spring units – Type 2 (Fig. 1c). The groundborne noise 
and vibration mitigation performance of a (FST) is determined by its first natural frequency. 
The vibration mitigation performance of a FST can be increased by lowering its resonance 
frequency; either by increasing the mass of the concrete slab or by increasing the resiliency 
of the elastic layer. Xin and Gao have investigated the problem of vibration transmission from 
a slab track structure into a bridge in a HSR by a theoretical analysis [2]. They have confirmed 
the great influence of stiffness of a slab mat on both rail and slab displacements, as well as 
on bridge and rail accelerations. There, total settlements have decreased and, but train acce-
lerations also have suffered. Hence, many researchers and engineering institutions suggest 
optimizing the stiffness, by selecting an appropriate thickness of elastomer membrane, along 
with an appropriate choice of material [2]. However, in this study we did not consider to inclu-
de such a slab mat layer, because of its minor impact on the total settlements. 
The complexity of design of HSTR requires performance of a detailed analysis in order to ma-
intain security and ride comfort in the trains and to avoid problems, due to vibrations induced 
in nearby buildings by waves transmitted through the soil. In recent years, there has been a 
huge expansion in the power and availability of numerical analysis techniques with a particu-
lar popularity of finite elements methods (FEM), with which both non-linear and linear elastic 
models are widely used in engineering practice. However, there are many researchers, who 
also favour to use soil structure interaction methods (SSI). In contrary to standard application 
of Elasticity modulus (Es) and Poisson ratio (ν), the concept of modulus of subgrade reacti-
on (ks) is adopted. This widely used SSI concept refers to the relationship existing between 
soil pressure and deflection. It is applicable for various geotechnical problems, including 
continuous footings, mats, piles etc. ks is described as the ratio of the increment of contact 
pressure (Δσ) to the corresponding change in settlement or deformation (Δδ). Commonly 
plate load test is performed to obtain and plot values of σ versus δ to estimate a laboratory 
value of ks. Results are usually non-linear and ks needs to be obtained as a slope of either 
a tangent or secant line with preference of using the initial values. Thus, ks is not an input 
parameter, but a determined value, whose magnitude must be calculated beforehand, based 
on current knowledge and available models. This fact was used subsequently by us, as one 
way of evaluating the accuracy of various subgrade models, where it is necessary to assume 
ks as part of the analysis. 
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Bowles [3] has suggested that using SSI method over the FEM approach is preferable because 
of greater ease of use and more efficient computation time. Some scientists have tried to 
find a direct relationship between Es and ks. Terzaghi [3] was one of the first contributors, 
who attempted to make a correlation from plate load tests to estimate a numerical value of 
ks. He has suggested an empirical method for ks as an input value for the structural analysis 
of slab foundation design. However, the relationships found by Terzaghi are dependent on 
results from the plate load tests and they are exposed to size effects [3]. So the contribution 
by Terzaghi is mentioned only for historical reasons and it is not used in our analysis. 
Earlier, Winkler (1867) has proposed a more specific formulation of the concept [4]. Thus, 
thanks to this significant contribution, the term ‘Winkler foundation’ or ‘Winkler method’ has 
been established. To describe this concept briefly; the coefficient ks is transformed into a 
discrete spring element or support. In this concept of subgrade reaction, the foundation slab 
is assumed to act as an element, capable only of bending behaviour, as a plate or a beam [5]. 
The term ‘elastic foundation’ refers to the Winkler foundation model, and therefore analyses 
of this type are known as ‘beams on elastic foundation (BOEF)’ analyses. Although BOEF is 
widely used in geotechnical engineering practice, Winkler’s assumptions cause some errors, 
as the model cannot transmit the shear stresses. It is because of the lack of spring coupling. 
Although various researchers have tried to deal with this limitation, those mitigation methods 
did not gain much popularity among majority of designers. Scientists like Filonenko and Boro-
dich, Pasternak, Kerr and Hetenyi in their modified models found connectivity between indivi-
dual Winkler springs by merging an elastic plate, which sustains some flexural or transverse 
shear deformations [6]. However during the settlement analysis, shear stresses do not play 
important roles, though in our study Winkler model was still employed. Numerical simulations 
of the static behaviour of a HSR were conducted in this study, but further dynamic and seismic 
analyses, together with numerical modelling of the vibration mitigation were not included.

2	 Methodology 

2.1	 Soil-Structure Interaction 

The soil-structure interaction (SSI) analysis evaluates the behavior of three linked systems. 
These systems include; the structure, the foundation and the soil underlying, as well as 
surrounding the foundation. The determination of the coefficient of subgrade reaction (ks) is 
crucially important to obtain reliable results in the SSI concept. There are various relations 
proposed by some researchers in order to specify the ks. The most common relations sugge-
sted for the coefficient of subgrade modulus are given in Table 1 [7].

Figure 2	 The variation of the coefficient of subgrade reaction depending on width and flexural rigidity of footing
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In this study, Biot (1937) and Vesic (1961) findings are used, in order to determine the ks [8, 
9]. For various widths of footings (B) and various flexural rigidities of footings, ks is calculated 
and these results are illustrated in Figure 2. According to these results, the ks values of the 
Biot relation are greater than the ks values of the Vesic relation for different values of widths 
of footings (B). With increase of B, ks decreases significantly, whereas any significant increase 
in the ks is not observed, despite substantial increases in flexural rigidity of footings. 

Table 1 	  Common relations suggested for the ks [7]
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where: 

Es	 modulus of elasticity of soil; 
νs	 Poisson’s ratio; 
B	 width of footing;  
EI	 flexural rigidity of footing; 
μ	 non-dimensional soil mass per unit length;  
B’	 least lateral dimension of footing;

ks1	 the coefficient of subgrade reaction 
	 for a plate 1 ft wide; 
Is and IF	 influence factors which depend 
	 on the shape of footing;  
m	 takes 1, 2 and 4 for edges, sides 
	 and center of footing respectively.

As seen in Table 1, the coefficient of subgrade reaction is related to the elasticity modulus of 
soil, which directly affects the coefficient of subgrade reaction. In order to accurately specify 
ks values, it is required that realistic values of Es of soil must be determined. The selection of 
the elasticity modulus of soils depending on only first soil layer beneath the footing will not 
give realistic results. Therefore, the effects of stratification on elasticity modulus of soil must 
be taken into consideration. Approach of an equivalent modulus of elasticity which includes 
the mechanical properties of soil layers within the influence depth is used in this study [7]. 
To explain this with respect to the Boussinesq theory, the contribution of external load to the 
increment of soil stress decreases with depth. Therefore, the upper layers have an important 
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role for settlement of footings subjected to external loadings. Therefore, the equivalent ela-
sticity modulus of soil (Eeq) is calculated by considering thicknesses of each layer and the 
depth factor (Iz) [7]. The equivalent elasticity modulus is calculated with the aid of Equation 1.

 
	 	 (1)

where:

Esi	 elasticity modulus of soil at mid-point of each layer;
Izi	 depth factor at midpoint of each layer;
Hi	 thickness of each layer;
n	 numbers of layers.

The equivalent elasticity modulus of soil is calculated as 68144 kPa by using the data given 
in Table 2.

Table 2 	  Equivalent elasticity modulus parameters for High Speed Train Embankments

Number of 
Layers

Unreinforced 
Concrete Layer

Bearing 
Base Layer

Prepared 
Subgrade Layer

Subgrade  
Layer

Natural  
Subgrade Layer

Esi (kPa) 300000 120000 80000 60000 40000
Hi (m) 0,30 0,50 2,00 2,00 5,00
Izi 0,99754 0,9918 0,9713 0,9308 0,73175

The coefficient of subgrade reaction is calculated by using both the Biot [8] and Vesic [9] 
relations, existing between Es and ks. The ks values for these two relations are given in Table 3. 

Table 3 	  The coefficient of subgrade reaction values for Biot [8] and Vesic [9] relations

Relation ks (kN/m3)
Biot [8] 36645
Vesic [9] 23480

As seen in Figure 2 and Table 3, the Biot [8] relation gives greater results than the Vesic [9] 
relation. Thus, it is clear that the total settlements of slab track will be lesser, when the Biot 
[8] relation values of ks are used in the Winkler model. In other words, critical settlement 
values will occur, when the Vesic [9] relation values for the ks are used in the Winkler model. 
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Figure 3	 (a) Load Model 71, (b) Load Model SW/0 [10]

Another point is to determine external loadings on footings in the SSI concept. Rail traffic 
loads can be defined by means of load models. General rules about these load models are 
given for the static load condition of a High Speed Train load in the EN 1991-2 standards [10], 
where there are two different load models; as the Load Model 71 and the Load Model SW/0. 
These 2 load models represent the static effect of the vertical loads, due to normal HSR traffic. 
These load arrangements are shown in Figure 3a-b. In the EN 1991-2, the designated distance 
(1) varies, but it was taken as 20m in this study [10].

3	 Results

Various load combinations are taken into account, while conducting settlement analyses. 
The total longitudinal settlement and contact pressure diagrams of HSR embankments for 
the model 71 and SW/0 are presented in Figures 4-5. Contact pressures obtained by Biot [8] 
and Vesic [9] relations are fairly the same. However, there is a slight difference in the total 
settlements computed by both approaches. The load combination SW/0 gives 10% greater 
contact pressures, than the load model 71. Contrary to the contact pressure diagrams, there is 
a significant difference in the total settlements by the Biot and the Vesic formulas. The reason 
of this different results lies with the ks parameter, which is significantly greater for the Biot 
than the Vesic formula. The load model 71 gives 12% greater total settlements, than the load 
model SW/0 for the Vesic and 14% for the Biot formulas. For these investigated concepts, the 
total settlement does not exceed the limiting value of 0.01m per any 20m of embankment 
length, which is widely accepted criterion for any track design of an HSR in the Far East. Egeli 
and Usun [1] calculated the total settlement for the load model SW/0 by Plaxis (FEM) and 
obtained the value of 0.0075m, which is in agreement with our SSI analysis’ results, obtained 
by using the Vesic equation. 

 

Figure 4	 Calculations of (a) total settlement, (b) contact pressure, using the load model 71

 

Figure 5	 Calculations of (a) total settlement, (b) contact pressure, using the load model SW/0
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4	 Final conclusions

Numerical test methodology presented in this work and applied to the SSI model allows exa-
mining of the total settlements and contact pressures under a typical slab track subjected 
to HSR loads. Analyzed parameters (ks, Es, Eseq) estimate the amount of total settlements. 
Stratification effects of soil layers are taken into account thanks to considering the concept of 
equivalent elasticity modulus. In this study, it is proven that Eeq approach is a convenient tool 
to predict such critical total settlements. Numerical tests have been performed using diffe-
rent load arrangements and obtained results allow to evaluate the accuracy of different SSI 
approaches. Because implementation of the Vesic formula always produces the higher and 
more critical total settlements and the convergence of such results with the traditional FEM 
approach shows the usefulness of the approach used in engineering practice. Furthermore, 
the SSI concept has another distinct advantage above the standard finite element method, 
which is a timewise computation efficiency. Thus the study conducted has shown that the 
Floating Slab Track (FST) systems can be used successfully in HSR embankments without 
endangering passenger/load safety and with increased ride comfort. All these improvements 
have opened a new era in the analysis, and design of modern HSR infrastructures with variety 
of applications

References
[1]	 Egeli, I. & Usun, H.: Designing High-Speed Train Railway Embankments using Finite Element Analysis, 

The Arabian Journal for Science and Engineering, 37, Issue 8, 2012.

[2]	 Xin, T. & Gao, L.: Reducing slab track vibration into bridge using elastic materials in high speed 
railway, Journal of Sound and Vibration, 330, pp. 2237-2248, 2011.

[3]	 Bowles, J. E.: Foundation Analysis and Design, Fifth edition, The McGraw-Hill Companies, Inc. pp.501-
523, 1996.

[4]	 Winkler, E.: Die Lehre Von Elasticitaet Und Festigkeit. First Edition, H. Dominicus, Prague, 1867. 

[5]	 Hetenyi, M.: Beams on elastic foundation; theory with applications in the fields of civil and mechanical 
engineering, The University of Michigan Press, Ann Arbor, Michigan, 1946.

[6]	 Dutta, S. C. & Roy, R.: A critical review on idealization and modelling for interaction among soil-
foundation-structure system, Computers and structures, 80, issues 20-21, pp. 1579-1594, 2002

[7]	 Sadrekarimi, J. & Akbarzad, M.: Comparative Study of Methods of Determination of Coefficient of 
Subgrade Reaction, EJGE, 14, 2009. 

[8]	 Biot, M. A.: Bending of Infinite Beams on an Elastic Foundation, Journal of Applied Mechanics, Trans. 
Am. Soc. Mech. Eng., 59, A1-7, 1937.

[9]	 Vesic, A. B.: Beams on Elastic Subgrade and Winkler’s Hypothesis, Proc. 5th Int. Conf. on Soil 
Mechanic and Foundation Engineering, Paris, pp. 845-850, 1961. 

[10]	EN 1991-2: Eurocode 1: Actions on structures – Part 2: Traffic Loads on Bridges, European Standard: 
CEN-Cenelec (www. cenelec.eu), Brussels, 1991.





Transport Geotechnics 649

Deformational properties of unbound 
granular pavement materials

Andrea Načinović Margan, Željko Arbanas, Aleksandra Deluka-Tibljaš, Marijana Cuculić
Faculty of Civil Engineering, University of Rijeka, Croatia

Abstract

Selection of pavement materials takes very important role in pavement design procedure. The 
understanding of pavement structure behavior under cyclic loading is necessary in order to 
assure its serviceability during a predicted structure life. Unbound granular material layers 
in pavement structure represent a base for upper construction and their compaction and de-
formational behavior under cyclic loading have significant impact on the bearing capacity of 
upper layers and overall pavement construction. Unbound granular materials show complex 
behavior under cyclic loads with gradual accumulation of permanent deformation. Accumula-
tion of a large number of small permanent deformation in unbound granular material usually 
affects on behavior of the sub-base layer and larger irreversible deformations in the upper 
layers of the pavement structure. Several analytical models have been developed to describe 
the development of the permanent deformations and behavior of unbound granular materi-
als affected by these deformations. Recent studies and analyses are oriented on laboratory 
testing of different types of unbound materials under triaxial loading. These studies aim at 
developing analytical models which are more accurate in predicting deformation behavior of 
particular local materials under specific stress and moisture conditions.
The purpose of this paper is to present an overview of the models that describe permanent 
deformation in unbound granular materials and correlation between permanent deformation 
and number of load cycles. Particular emphasis in the analyses would be on models that 
can be applied on unbound pavement layers constructed of local materials used in Croatia.

Keywords:	unbound granular material, pavement construction, permanent deformation, 
analytical models, triaxial loading 

1	 Introduction

Flexible pavement consists of one or more bound asphalt layer overlying one or more sub 
layers consisted of unbound granular material which are together compacted over a suitable 
soil subgrade and they are the most frequently used pavement type. These flexible road 
pavements deteriorate under effects of traffic load and weather over time. Because of that, 
selection of pavement materials takes very important role in pavement design procedure. The 
understanding of pavement structure behaviour under cyclic loading is necessary in order to 
assure its serviceability during a predicted structure life. Structure life of a pavement depends 
very much on the response and the quality of unbound granular layer material [1]. Unbound 
granular materials in sub-base and base layers have very important role in overall structural 
performance of the pavement and in general consisting crushed rock particles with certain 
amount of fines and different various water content [7]. Unbound granular layers in pavement 
structure have complex elastoplastic response under traffic loading. In this paper the idea 
is to present a short overview of the existing models for the description of performance of 
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unbound layers and materials. Basic analyses of the factors influencing on that performance 
during time will be also presented.

2	 Permanent deformations and appropriate behaviour models

Vehicles’ wheeling causes repeated cyclic loads on pavement structures and two types of 
deformation, resilient and permanent deformations, occur (Fig.1.). Resilient deformations 
are recoverable part of deformations and they are related to the fatigue cracking of overlying 
asphalt layers. Permanent deformations are irreversible, very important accumulated plastic, 
non-recoverable deformations which may lead to rutting, one of the principal failure of flexible 
pavement structures. Accumulation of a large number of small permanent deformation in 
unbound granular material during each loading cycle usually can cause that failure or collapse 
of the sub-base layer and larger irreversible deformations like rutting in the upper layers of 
the pavement structure. These larger deformations accumulate during all service life [2,4,6]. 
Pavement design is made in the way that it can allow a very small number of a permanent 
deformation that does not threaten the stability of the pavements. 

Figure 1	 Strains in Granular Materials During One Cycle of Load Application [4]

Permanent deformation behaviour of unbound granular material is less studied than the re-
silient deformation because of influence of stress history on material behavior, difficulties in 
results of different laboratory test correlating, the complexity of the tests, so as complex and 
nonlinear constitutive relations [9, 10]. 
The most important and the best laboratory simulation of traffic loading to test the deforma-
tion properties is cyclic load triaxial testing [5]. Repeated load triaxial apparatus is device 
for cyclic load triaxial testing on prepared cylindrical specimen in order to investigate the 
mechanical behaviour of unbound granular material. Similar stress like in the field can be 
simulate with triaxial apparatus on prepared specimen – a cyclic vertical stress σ1 and a 
cyclic horizontal stress σ3 after that the corresponding deformations are measured. Unbound 
granular material under cyclic loading expose elastoplastic behavior by increasing of perma-
nent deformation with load repetitions [7, 8, 9, 10]. Triaxial apparatus has a three controllers 
to generate back and air pressure and chamber in the partially saturated samples [1]. With 
repeated load triaxial test more information can be obtain from a single specimen because 
the experimental dispersion is reduced as is the amount of time and materials required [10].

2.1	 Methods and models

The older method that is used for describing permanent deformations is empirical traditional 
method. Traditional design methods are based on experience with certain types of pavement 
material. That approach has a lots of disadvantages and limitations because of increases in 
traffic loads and growing transportation needs that resulted in rapid deterioration of road 
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networks. Because of that, nowadays, there is a strong desire to develop and study analytical 
methods and models to establish with more changes in loading and environmental conditi-
ons, construction techniques and materials [4]. Empirical models consider unbound granular 
material as linear elastic material with elastic moduli that is often determined on the empiri-
cal base [9]. Analytical models imply experimental approach application and mathematical 
characterization of behavior of unbound granular material under cyclic loading [3]. Models 
treat road pavement as a structure and they are based on analyzing the response of pavement 
layers and all structure under traffic cyclic load in certain environmental conditions [4]. The 
aim is to leave the traditional methods and develop an analytical model that can better des-
cribe permanent deformation behaviour. Analytical approach requires better understanding 
of the behavior and properties of the materials. A large number of tests in laboratories can 
enable development of models that can predict the permanent deformations. In laboratory it 
is possible to simulate the properties of material and response of unbound granular materials 
under cyclic traffic loading. Analytical pavement models can correlate deformations with layer 
thicknesses, layer material, conditions, traffic load which enable a prediction of permanent 
strain value at any loading cycle at any stress [2, 7]. 
Resilient response (Fig. 1.) is non-linear and these deformations can be interpreted using 
several models like Uzans and k-θ models [3, 5]. Irreversible, permanent deformations and 
strains are more complex and on their behaviour affect many factors such as stress, number 
of load cycles, grain shape, stress history, density, mineralogy, water/moisture content, fines 
content, etc. [5]. 

2.1.1	 Impact of stress
Stress has a significant influence on the permanent deformations in unbound granular layers. 
Stress state similar to the stress in the field is simulated in triaxial apparatus. One of first 
significant conclusion that accumulation of axial permanent strain is related to deviator stress 
and confining pressure is given by Morgan (1966) [4].

Table 1 	  Equations that describe relationship between permanent strain and stress 
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Barksdale [13] relates the permanent strain to the ratio of repeated deviator stress and con-
stant confining pressure with equation presented in Table 1. Expression depends on apparent 
cohesion C, angle of internal friction f, constants K and n and constant relating the compre-
ssive strength to an asymptotic stress difference Rf. Pappin [15] also gives expression for 
accumulated permanent strain that depends on shape factor ¦nN, modified deviator stress 
q0 and modified mean normal stress p0, stress path length L. He also declares that the large 
permanent strains did not occur unless the material was stressed close to the static failure 
limit. At the University of Nottingham an experiment on five different specimens (aggregates) 
was carried out and none of listed equations and models seemed to give a satisfying expla-
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nation of the influence of stresses on accumulation of permanent deformation [7]. It was 
estimated that the non-linear model proposed by Paute (Table 1.) [14] the best fits the data 
at low levels of shear stress ratio when the material have almost total resilient behavior. The 
model is weak for high shear stress ratios when the accumulation of permanent deformations 
is progressive and cause deterioration [7]. Paute defines the hyperbolic expression for limit 
value of maximum permanent axial strain (A). Limit value A increases when the maximum 
shear stress ratio increases and it depends on parameters m (slope of the static failure line) 
and p* (stress parameter defined by intersection of the static failure line and the p-axis in p-q 
plane). It also depends on slope of static failure line m, maximum mean normal stress pmax 
and regression parameter b [14].

2.1.2	 Effect of number of load applications, cycles
Some researchers [11-14] have followed another one approach trying to relate the value of 
permanent deformation with a number of load applications. Number of load traffic cycles is 
very important factor for deterioration of pavements. Cyclic traffic loading is also very often 
simulated in laboratories using triaxial apparatus test. In Table 2. is presented an overview of 
analytical models that offer good expression of the correlation between the strain and number 
of loading cycles [11-14].

Table 2 	  Equations that describe relationship between permanent strain and number of load cycles 
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Every equation is obtained on the bases of triaxial test results on differently prepared speci-
mens. Barksdale [13] proposed an equation after tests with 105 load applications where strain 
depends on number of cycles N and a and b, constants for a given level of σ1- σ3 and σ3. Swerre 
[12] proposed a non-linear model which depends on regression parameters a and b after 106 
load cycles (N). Sweere’s model equation is based on Korkiala-Tanttu’s model (Eqn. (1) [16].

	 	 (1)

Difference between the Korkal-Tanttu’s and Sweere’s equations is in an effect of stress levels 
based on classic soil mechanics laws. C and b in eqn (1) are material parameters and R is 
shear stress ratio q/qf., deviator stress/deviator stress at the failure [8]. Khedr [11] presented 
the model with conclusion that the rate of permanent strain accumulation decreases loga-
rithmically with number of cycles where m is material parameter and A is material and stress-
strain dependent parameter given as a function of shear stress ratio and resilient modulus. 
Together with previously described studies that examined influence of stress on permanent 
strain accumulation an experiment that studied effect of load cycles on the same five speci-
mens was carried out. Paute’s non-linear model [14] fit the data the best and showed the least 
error in most cases in relation to others models that depend on number of load cycles [7]. 
Paute’s model depends also on regression parameters A and B after 8x104 load repetitions.
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2.1.3	 Effect of moisture content
Moisture is mostly related with the fines content of the unbound granular material. Adequate 
amount of water doesn’t have a negative influence on unbound granular material behavior, 
but in combination with rapidly applied loads lied to high pore pressure and saturation. 
The effective normal stress is reduced by that pore pressure generation and can lead to the 
occurrence of permanent deformation. Haynes, Barksdale, Dawson and others concluded 
that combination of low permeability and high degree of saturation lead to lowering effective 
stresses and high pore pressure generation that lead to the lowering deformation resistance 
and stiffness [4].

2.1.4	 Others Effects possible impacts
Other parameters that effect on deformations are stress history (Brown and Hyde 1975), den-
sity (Barksdale 1972, Allen 1973, Holubec 1969), fines content (Barksdale 1972, 1991, Thom 
and Brown 1988), aggregate type (Allen 1973), grain shape (Barksdale and Itani 1989, Janoo 
1998), surface texture and mineralogy. Some models also give a correlation between static 
and cyclic loading tests (Gerrard 1975, Lentz and Baladi 1981) and correlation between resili-
ent and plastic behavior (Veverka 1979 [5, 10]. 

3	 Local source for unbound granular layers in Croatia

The aggregate type and mineralogy of origin are very important parameters for unbound 
granular materials. Crushed rock have to be resist on crushing under traffic loading. Unbo-
und granular layers are mostly made of local stone materials. The construction of pavement 
structure can be accelerated if local materials are used. In Croatia, the aggregate used for 
pavement base and subbase is a crushed limestone aggregate that is local material with a 
good quality and parameters required in Technical Specifications [17]. 
Lekarp and Dawson studied the permanent deformation behaviour of five different aggregates 
and one of these was crushed limestone. Test that depends on number of cycles load show 
that Paute’s model (Table 2.) the best fit the data. Test related to the effect of stress also 
shows that Paute’s model (Table 1.) is the most appropriate model for limestone materials 
[6]. Khedr [11] was also studying crushed limestone material under repeated loading in triaxial 
apparatus. The conclusion was that the rate of permanent strain accumulation decreases 
logarithmically with the number of load repetitions according to the equation:

	 	 (2)

where:

m	 material parameter;
A	 material and stress-strain parameter given as a function of shear stress ratio and 
	 resilient modulus.

At the University of Perugia and Marche Polytechnic a crushed limestone aggregate through 
was investigated under repeated loads in triaxial tests. They made tests on two mixtures: one 
was typical mixture for unbound layers according to the Italian Technical Specifications and 
the second was combination of the first with addition of a silty clayey soil fraction [2]. The re-
sults were analyzed and compared with a few known models proposed from Barksale, Sweere 
and Paute given in Table 2. Also is given a new linear-exponential model [2] is prosed as:

	 	 (3)
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where:

A	 constant expressing the variability of permanent strain accumulated during the first 
	 load cycles;
B	 strain rate per load cycle.

Figure 2	 Design gradation for tested materials in reference band from Italy and Croatia [2, 17]

The determination coefficients R2 which are obtained for every model provide that the highest 
value have a last model – greater than 0,95 [2]. Gradation of materials that have been tested 
are located in reference band in Italy but also in reference band in Croatia (Fig. 2.) and given 
model can be used for Croatians unbound layers although some more detailed analyses will 
help in estimating better permanent deformation behaviour in crushed limestone material.

4	 Conclusion

In this paper an general overview of the most used models for the determination of permanent 
deformation behaviour in unbound pavement layer is presented. It can be established that 
the impact of stress and the number of load cycles have the most important effect on unbound 
granular material deformation behavior. Each model also has different influence factors such 
as cohesion, angle of internal friction, different material constants, shape factor, stress path 
length and regression parameter. Models that relate the permanent deformation with the 
number of load cycles mostly depend on the number of load cycles. Every model has several 
parameters like regression, material, stress-strain parameter which also have a major impact 
on deformation behavior. Results in the mentioned experiments that studied the impact of 
stress and the number of load cycles shown that Paute model fits the data best.
Crushed limestone is the mostly used local material in Croatia for pavement structures. In 
this paper an overview of a few analytical models that describe deformation behavior in that 
material like Paute’s and Khedr’s model are presented. Also, a linear- exponential model is 
given that can be used for Croatian unbound pavements’ materials because that model the 
best fits the data with the determination coefficient greater than 0,95.
Analytical models are very complex because of the effect of a lot of parameters that impact on 
deformation behavior of unbound pavements’ materials. It is necessary to conduct detailed 
analyses for crushed limestone locally used in Croatia in order to establish detailed models 
for the pavement constructions’ design.



Transport Geotechnics 655
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

Reference
[1]	 Perez, I., Medina, L. & Romana, M.G.: Permanent deformation models for a granular material used in 

road pavements, Construction and Building Materials, 20, pp. 790-800, 2006.

[2]	 Cerni, G., Cardone, F., Virgili, A. & Camili, S.: Characterisation of permanent deformation behaviour 
of unbound granular materials under repeated triaxial loading, Construction ann Building Materials, 
28, pp. 79-87, 2012.

[3]	 Cuculić, M., Arbanas, Ž. & Deluka-Tibljaš, A.: Deformacijske značajke nevezanih zrnatih materijala, 
Zbornik radova, Građevinski fakulet, 12, pp. 232-253, 2009. 

[4]	 Lekarp , F., Isacsson, U. & Dawson, A.: State of the Art. II: Permanent strain response of unbound 
aggregates, Journal of transportation engineering, 126/1, pp. 76-83, 2000. 

[5]	 Uthus, L.: Deformation Properties of Unbound Granular Aggregates, Thesis for the degree of 
philosophiae doctor, NTNU, Trondheim, 2007. 

[6]	 Lekarp, F. & Dawson, A.: Analysis of permanent deformation behaviour of unbound granular materials, 
International Symposium on Thin Pavements, Surface Treatments, Unbound Roads, Canada, 1997. 

[7]	 Lekarp, F. & Dawson, A.: Modelling permanent deformation behaviour of unbound granular materials, 
Construction and Building Materials, 12, pp. 9-18, 1998. 

[8]	 Erlingsson, S. & Rahman, M.S.: Evaluation of Permanent Deformation Characteristics of Unbound 
Granular Materials from Multi-Stage Repeated Load Triaxial Test, TRB, 2013.

[9]	 Hornych, P. & Absamad, A: Selection and Evaluation of Models for Prediction of Permanent 
Deformations of Unobund Granular Materials in Road Pavements, Publication SAM-05-DE10. s.l., 
Competitive and Sustainable Growth (GROWTH) Programme, 2004.

[10]	Gidel, G., Hornych P., Chauvin, J.J., Breysse, D. & Denis, A.: A new approach for investigating the 
permanent deformation behaviour of unbound granular material using the repeated load triaxial 
apparatus, Bulletin de Liaison des Laboratoires des Ponts et Chaussees, 233, pp. 5-21, 2001.

[11]	 Khedr, S.: Deformation characteristics of granular base course in flexible pavement, Transportation 
Research Record, 1043, pp. 131-138, 1985.

[12]	Sweere, G.T.H.: Unbound granular bases for roads, PhD Thesis, University of Delft, 1990.

[13]	Barksdale, R.: Laboratory evaluation of rutting in base course materials, Proceedings of the Third 
International Conference on Structural Design of Asphalt Pavements, London, pp. 161-174, 1972.

[14]	Paute , J., Hornych, P. & Benaben, J.: Comportement mecanique des graves non traitees, Bull Liasion 
Laboratories Ponts Chaussees, 156, pp. 21-36.1988

[15]	Pappin, J.W.: Characteristics of a granular material for pavement analysis, PhD. Thesis, Department 
of Civil Engineering, University of Nottingham, 1979.

[16]	Korkiala-Tanttu, L.: A New Material Model for Permanent Deformations in Pavements, Proceedings of 
the 7th Conference on Bearing Capacity of Roads and Airfields, Trondheim, Norway, 2005.

[17]	Opći tehnički uvjeti za radove na cestama, Hrvatske ceste – Hrvatske autoceste, Zagreb, 2001.





Transport Geotechnics 657

Application of neural networks in analyzing 
of rock mass parameters in tunnelling

Zlatko Zafirovski, Milorad Jovanovski, Darko Moslavac, Zoran Krakutovski
University Ss. Cyril and Methodius, Faculty of Civil Engineering, Skopje, Rep. of Macedonia

Abstract

One of the key problems in tunnelling is to define realistic parameters for rock mass pro-
perties as a basis for successful numerical modelling. The main goal of this problem is how 
to extrapolate the parameter from the zone of testing to the whole area (volume) that is of 
interest for interaction analyses of the system rock mass-structure. So it is necessary to find 
an appropriate way to find intelligent tools to combine data from empirical classification rock 
mass methods having in mind that there are a lot of variations in statistic values.
First step in the procedure is to divide the tunnel length in quasi-homogenous zones, while 
the second is to define adequate geotechnical and numerical models as a basis for interac-
tion of rock – structures system and stress-strain behaviour of rock massif. Artificial neural 
networks (ANN) have been found to be powerful and versatile computational tools for many 
different problems in civil engineering over the past 2 decades. They have proved useful for 
solving certain types of problems, which are too complex, or too resource-intensive nonlinear 
problems to tackle using more traditional computational methods, such as the finite element 
method. ANN-s are intelligent tools, which have gained strong popularity in a large array of 
engineering applications such as pattern recognition, function approximation, optimization, 
forecasting, data retrieval, automatic control or classification, where conventional analytical 
methods are difficult to pursue, or show inferior performance. A review of some problems in 
tunnelling that were successfully solved by using neural networks is presented in this paper. A 
general introduction to neural networks (NN), their basic features and learning methods is gi-
ven. After that, it is possible to use neural networks to solve necessary problems in tunnelling. 

Keywords:	 tunnelling, rock complexes, classification, extrapolation, neural networks

1	 Introduction

Neural Networks have made a remarkable contribution to the advancement of various fields 
of endeavor and have become very popular for data analysis over the past 2 decades. Their 
application in the civil engineering field is considered in this paper. Neural networks are intelli-
gent systems that are based on simplified computing models of the biological structure of the 
human brain, whereas the systems based on traditional computer logic require comprehensive 
programming in order to perform a given task. Artificial Neural Networks (ANN-s) are suitable 
for multivariable applications where they can easily identify interactions and patterns between 
inputs and outputs. ANN models do not require complicated and time consuming finite element 
input file preparation for routine design applications. They are able to infer important informa-
tion for the task, which is being solved by them, if data that is representative of the underlying 
process to be implemented, is provided. Neural networks have a self-learning ability, which is 
particularly useful where comprehensive models that are required for conventional computing 
methods are either too large or too complex to represent accurately, or simply doesn’t exist at all. 
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2	 Artificial Neural Networks – general overview 

The functioning and the survival of intelligent systems depends on their system for proce-
ssing information. The nervous system is the system for processing information in biological 
systems. It consists of the brain, as the central processing system for processing information 
and a set of sensors. The basic information element in biological systems is the neuron or 
the neural cell. There are billions of such processors in the brain. They are distributed, work 
simultaneously and cooperate. The neuron processors make the microstructure, the mate-
rial basis of the biological intelligence. An approach to research of artificial intelligence is 
motivated by this observation and deals with the concepts of artificial neuron and artificial 
neural network, as the microstructure of artificial (synthetic) intelligence. Artificial neurons 
are inventions that are inspired by the anatomy and physiology of biological neurons. Figure 1 
presents the morphology of a human neuron. It is assumed that the neuron is of an electrical 
nature – it has an electrical potential in respect to the environment. This electrical potential is 
changed due to external influences. The neuron has several inputs through which it receives 
electrical impulses, and only one output through which it sends an electrical impulse in the 
environment.

Figure 1	 Example of a neuron morphology 

Modeling of a neuron can be a very complex task. It involves the following key notions:
·· body of the neuron (soma);
·· axon – output neural strand through which it sends signals to other neurons;
·· dendrites – growths of the soma which form a dendritic canopy;
·· synapses – places in dendrites or soma where the neuron receives signals from other neu-
rons; synapses are connections with other neurons;

·· cumulative postsynaptic potential (SPP) is a cell potential, which is formed due to the cumu-
lative synergistic influence of synaptic potentials;

·· synaptic influence (weight): synapses have different influence on the formation of SPP. 
Some of them have a positive influence (excitation), while some have a negative effect 
(inhibition). Every synapse has its “weight” in the formation of SPP;

·· threshold of the neuron excitation: minimal SPP needed for the triggering of an output signal 
from the neuron;

·· presynaptic processing: processing of the biosygnals by direct connection of the axon with 
the synapses, before the potential is transmitted to the soma of the neuron;

·· neural network: the structure of the connected neurons.
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3	 Artificial Neural Networks – general overview 

Software NeuralTools ver. 6 provides a tabular view of all data analysis. Initially, it is nece-
ssary to define the variables and cases in which you need to model the problem. The values 
of variables are grouped in columns and name of them are written in the first row of the table. 
Each cases is represented by a series of table and is composed of a group of independent 
variables and known (or unknown ) value of the dependent variable output . The goal is to 
predict the values of output variables for the cases for which they are unknown. To solve the 
given assignment problem, all data were grouped into two separate tables: the data for tra-
ining and testing the neuronal network and data to predict the value of the output variable. 
Adopted the following independent variables:
·· Bulk density (volume weight) γ;
·· Compressive strength σp;
·· Ingress of water;
·· RQD – Rock Quality Designation;
·· Average distance between leak (crack) Ls;
·· Seismic velocity Vp.

Neuronal network has one output variable whose value depends on the input variables:
·· RMR – Rock Mass Rating.

Figure 2	 Model onelayer artificial neural network

Figure 3	 The neuron activation function

To solve the given problem were analysed 97 cases, of which 78 (80%) belong to the group 
of cases for training and the rest were used for testing the network.
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Figure 4	 Cases of training

It may be noted that the trained neural network predicts a good quality rock masses RMR for inputs 
belonging to the interval sizes with which it was trained, or training for the 78 cases analyzed. 
The following figure shows a histogram of actual and predicted values for training cases and 
the frequency of their recurrence. Most of the residual values are around 0 which is a good 
indicator of the accuracy of the model for predicting RMR.

Figure 5	 Histogram of residual values of training cases

Table 1 	  Residual values for test cases and their frequency of repetition

Residual value Frequency of repetition
-7,030006814 3
-5,165334925 1
-3,300663036 9
-1,435991147 16
0,428680742 26
2,293352631 14
4,15802452 6
6,022696409 3

∑ = 78
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Neuronal network testing was performed on 19 data set that were not involved in the trai-
ning of the network. Comparison of predicted RMR values obtained using the trained neural 
network and the expected results of the analyzed test cases is presented in follows figure.

Figure 6	 Graphic review of actual and predicted values for RMR test cases

Figure 7	 Histogram of residual values of testing cases

Testing the trained neural network confirms the fact that the model allows qualitative fore-
casting RMR on one side of the input data that were not used in the training of the network, 
for 19 cases of testing.

Table 2 	  Residual values for test cases and their frequency of repetition

Residual value Frequency of repetition
-5,6423958 3
-3,5696133 1
-1,4968307 9
0,5759518 2
2,6487343 3
4,7215168 1

∑ = 19
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4	 Conclusion

Although the first information about neural networks dates back to 1940, their practical appli-
cation begun only four decades later, after discovery of appropriate algorithms which signi-
ficantly increased their applicability. A lot of research is currently conducted in the sphere of 
neural networks, and these networks are increasingly studied at many universities all over 
the world. Neural networks are an example of a sophisticated modeling technique, and they 
have found their practical application in different areas, namely as a method for solving a 
variety of difficult and complex engineering problems. The application of neural networks 
for prognostic modeling aimed at predicting Rock Mass Rating – RMR is highly significant for 
the construction design process. Most experimental models are extremely expensive, while 
analytical models are quite complicated and time consuming. That is why a modern type 
of analysis, such as modeling based on neural networks, can be considered as extremely 
helpful, especially in cases when some prior analyses had already been made.
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Abstract

Tunnel excavation by blasting inevitably results in the rock mass damage around the exca-
vation profile. The rock mass damage immediately next to the tunnel profile emerges as the 
expanding of the existing cracks and the appearance of new cracks, i.e. as the change of the 
physical and mechanical properties of the rock mass. Measurements were obtained from the 
surface and from the tunnel opening by using geophysical and visual methods. 

Keywords: blast induced damaged zone, underground excavation, in situ investigations, 
rock mass physical and mechanical properties

1	 Introduction

In underground structures, unlike in other structures, the ground (soil and rock mass) acts 
not only as the loading mechanism, but as the primary supporting medium as well [1]. When 
an excavation is made, if the ground respond elastically, the strength of the ground keeps 
the hole open until support elements are installed. Even after support is in place, the ground 
provides a substantial percentage of the load-carrying capacity. The rock mass surrounding 
an underground structure is a construction material and its characteristics are as important 
as those in other aspects of civil engineering.
When an underground object is excavated in rock mass, the equilibrium state within a rock 
mass prior to the excavation is disturbed and the material particles surrounding the ope-
ning have to resist that pressure as an excess pressure which before was supported by the 
excavated material. The excavation boundary becomes a principal stress plane with one of 
the principal stresses (of zero magnitude) being normal to the surface, which causes a ma-
jor disturbance of the pre-existing stress field in the principal stress magnitudes and their 
orientations [2]. The original stress field in a rock mass is deviated by the opening of a cavity 
and channelled around it to create a zone of increased stress deviator around the walls of the 
excavation. This natural phenomenon of channelling of stresses around the cavity (an arch 
effect) ensures the stability and the duration of the cavity [3]. Another effect of excavation 
is that any fluid pressure existing in the rock mass prior to the excavation will be reduced to 
atmospheric pressure at the boundary of an excavation open to the atmosphere, so any fluid 
within the rock mass will tend to flow into the excavation.
When an underground excavation is carried out by drilling and blasting, it inevitably results 
in the damage of the rock mass around the excavation profile [4]. The damage is manifested 
in the form of opening the pre-existing fractures, creation of new fractures and redistribution 
of stresses [4, 5, 6]. Consequences of these processes are considerable changes in physical, 
mechanical and hydraulic properties of the rock mass. The region in which irreversible chan-
ges to the physical, mechanical and hydraulic properties of the rock mass occur is referred to 
as Blast-Induced Damage Zone (BIDZ) [4, 7].
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Figure 1	 Schematic view of Blast-Induced Damage Zone (BIDZ)

Since the stability of the underground structure is dependent upon the integrity of the rock 
mass immediately surrounding the excavation, it is a usually considered that the presence 
of the BIDZ can seriously affect the stability and performance of an underground excavati-
on. However, this consideration is largely based on methods related to overbreak (which 
represents only a part of the damage zone), rather than accounting for the actual features 
of the damage [4, 7]. To be able to assess the significance of the BIDZ and its influence on 
the performance and stability of an excavation, the mechanical properties of this zone must 
be understood, especially the inherent properties of damaged rock such as its strength and 
stiffness [4, 7]. The importance of BIDZ depends on the sort, purpose and the required life 
span of an object, and BIDZ is present during the following works:
·· surface and underground excavations in the exploitation of mineral resources;
·· excavations in civil engineering (construction of roads, geotechnical and hydro-technical 
objects, foundation pits, road, railway and road tunnels);

·· excavations for deep underground repository for dangerous materials (nuclear, medical and 
chemical waste, oil and gasses).

2	 State of the art 

In spite of the fact that many of the present and future major civil engineering underground 
projects are planned and executed in jointed carbonate rocks, only a few studies for civil 
engineering structures (road tunnels, railway tunnels, hydropower caverns, underground 
storage caverns) have considered the influence of excavation by drilling and blasting on the 
extent and properties of the BIDZ. Most of the investigations of BIDZ were carried out in hard 
rocks such as granites and gneisses, which are completely different in terms of physical, 
mechanical and hydraulic properties from carbonate rocks, so that the extent of the BIDZ 
and its influence on the excavation contour stability, support costs and safety of the workers 
and equipment are much smaller than those in carbonate rocks. In BIDZ research for nuclear 
waste repositories, BIDZ is treated from the perspective of potential path for the nuclear wa-
ste leakage, so only the hydraulic properties of BIDZ were the main subject of the research. 
Important research of rock mass damage around the excavating profile was done by Kujundžić 
in 1970’s. In 1979 the measurement results using the cross–hole method in gallery tunnels 5 
meters in diameter, during the construction of the Martinje dam were published.
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Figure 2	 Graphical presentation of vp wave velocity changes from the tunnel boundary and the characteristic 
zones around the excavation profile [6]

The measurements showed changes in the values of vp wave velocities from the edge of 
the profile to the rock mass, and the authors defined three characteristic zones around the 
tunnel profile: the loosened zone (with lowest velocities), the stress bearing ring (with highest 
tangential stress and velocities) and the uninfluenced zone (with declining velocities and 
background stresses), Figure 2.
Capozza has made similar research to determine the damage zone around the excavation 
profile in a tunnel by using seismic cross–hole method [8]. The measurements consisted of 
P wave velocity changes in the first several meters from the profile edge (Figure 3). The valu-
es of P wave velocities in the vicinity of the excavation contour were reduced by 25-50% as 
compared to a more distant rock mass, so that the depth of the rock mass damage was three 
meters in the tunnel located at the depth of 2100 m.

Figure 3	 Graphical presentation of damage zone depth around the tunnel profile by comparing the propagation 
P wave velocities in different materials [8]

Investigations done in an iron mine in Sweden by using the cross–hole seismic method, 
spectral analysis of surface waves SASW and borehole video prospection (BIPS) resulted in 
blast damage zone depth of 0.5 to 1 m in eruptive rocks [9]. 
A recent significant research of BIDZ in carbonate rocks has been done on several road tunnels 
in Croatia by geodetic recording of the excavation profile, visual inspection of trial boreholes 
by means of a video camera, seismic cross-hole tomography, measuring the ground vibrati-
ons and recording the blasting parameters [4]. The damage zone was measured in carbonate 
rocks, and the detected damage depth was up to 3 m. This study has shown a potential influ-
ence of BIDZ on the stability of the excavation contour and increased construction costs, and 
has indicated the need to further study this phenomenon.
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Figure 4	 Rock mass stiffness reduction around the tunnel excavation profile detected by seismic refraction [4] 

The in-situ methods of BIDZ investigation applied so far used the principle of drilling core 
mapping and registration of blasting parameters [10, 11], drilling core mapping and measuring 
peak particle velocities [12], measuring the visibility of traces of contour blastholes, overbreak 
and peak particle velocity [11, 13, 14, 15], applying visual methods [4, 9, 16, 17] and applying 
geophysical methods [4, 5, 6].

Figure 5	 Borehole video prospection of rock mass damage around tunnel profile before and after blasting [4] 

According to available literature, there does not seem to be a common opinion in selecting 
adequate research methods to define, classify and characterize the BIDZ [4]. Besides, the 
majority of the damage zone research has been done on laboratory models, which cannot 
properly estimate in situ rock mass conditions.

3	 Proposed methodology of research

Regarding the complexity of the phenomenon, the research of BIDZ must be characterized 
by a multidisciplinary approach, i.e. the cooperation of different branches of science (ci-
vil engineering, mining, geology, geophysics and geodesy), which has not been applied in 
any research so far. The multidisciplinary approach includes in situ and laboratory research, 
analysis and interpretation of the results and numerical modelling. In situ investigations of 
an underground object should be planned in each geotechnical unit (zone with uniform rock 
mass properties) in two phases:
1	 prior to drilling and blasting – measurements from the surface and from the tunnel profile;
2	 after drilling and blasting – combined measurement from the tunnel profile and from the 

surface and measurements after placing a primary support.
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The purpose of in situ measurements in two stages is to compare the state of the rock mass 
around the underground excavation contour before and after the excavation, i.e. to detect the 
BIDZ by the changes in the physical and mechanical properties of the rock mass.
During in situ research, one should consider specific character of the underground space, 
such as difficult accessibility from the surface, limited working space, poor illumination and 
ventilation and other obstructions (electrical installations, water, machine vibrations due to 
transport, fan noise), which can negatively influence the research results and interpretation.
Since different research methods should be combined for the first time, measuring equipment 
and research methodology ought to be modified. The measuring devices and equipment sho-
uld be modified by changing the measuring characteristics of the sensors (adaptation of their 
sensibilities in the desired frequency spectres and the measuring range), by adapting length 
of seismic cables to the desired depth of work, and to carry out additional structural solutions 
and adaptations which will provide optimum working and measuring conditions. 

Figure 6	 Proposed methodology of BIDZ research

The goals of proposed research methodology are: 
·· to obtain a more realistic picture of the medium complexity in order to detect BIDZ;
·· to evaluate efficiency of various geophysical methods during the tunnel excavation; 
·· to compare results from standard and modified research methods;
·· to establish and recommend the new methodology of in situ BIDZ research suited to under-
ground space and all its limitations.
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Abstract

One of the most responsible and most challenging construction tasks are tunnel excavation 
and stabilization. Tunnel excavation and support system were developed back in the ninete-
enth century and significant advances in technology were achieved in the second half of the 
twentieth century. In order to reduce the risk safety management systems were established. 
Such system also includes the monitoring, apart from the design requirements on excavation 
and support and the assessment of stability during construction. Monitoring has the purpose 
frequently observation and adjustment of excavation and support system to actual soil condi-
tions. Unfortunately, all measures of monitoring are defined only for the tunnel construction 
period. In Croatia, there are no technical standards for tunnel monitoring during the exploa-
tation. The aim of this paper is to point out the importance of methodology and monitoring 
procedures that would detect changes in time and ensure the tunnel sustainability. Tunnel 
monitoring implies a set of operations that can promptly register the events and conditions 
that could affect the stability, traffic safety and tunnel durability.

Keywords:	 tunnel, monitoring, tunnel sustainability, traffic safety

1	 Introduction

Tunnel excavation and stabilization immediately after excavation is one of the most respon-
sible and most challenging engineering tasks. Especially when dealing with complex engi-
neering geology conditions [1] and tunnels with and large cross-section [2]. New excavation 
support system was designed by Austrian engineers in fifties. Today it is known as “New 
Austrian tunnelling method” or NATM and it applies in Croatia. NATM introduced obligatory 
strain measurement of the tunnel opening (“convergence measurement”), as the basic ele-
ment of support verification. In Croatia the interactive design method applies in tunnel de-
sign [3]. Development and application of interactive geotechnical tunnel design started in 
Croatia in 1980. [4]. This methodology [5] integrates the empirical, rational and observational 
approach in the geotechnical design of the tunnel. The observation approach is the second 
phase of tunnel design defined in main design and carried out during the excavation of the 
tunnel. Verification of the tunnel support system and modification during the construction 
phase was done using the actual data obtained from the measurement and the monitoring. 
Geotechnical measurements combined with back analysis are basic part of interactive design 
concept [6]. Tunnel safety is ensured in the design at the beginning and continues with traffic 
regulation, tunnel installation check-up like; ventilation, fire protection, lighting and sewage. 
Continuous supervision or monitoring during exploitation is essential for assessing tunnel 
safety at any time.
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2	 Importance of tunnel monitoring

Geotechnical designing in Croatia is conducted in accordance with Eurocode 7, HRN EN 1997-1 
[7]. This standard is dealing with the geotechnical design in order to ensure the construction 
strength, stability, serviceability and durability. This standard envisages the elaboration of 
the design complexity and monitoring in three geotechnical categories. Minimum geotech-
nical requirements for each category are established based on the construction complexity, 
ground conditions and risk. Tunnels in general are classified in category 3. Exceptions are 
the tunnels in a solid rock classified in category 2. Monitoring programme is defined depen-
ding on the geotechnical category. For example, for geotechnical category 1 monitoring pro-
gramme can be limited to inspection, simple quality controls and qualitative assessment of 
the structure behaviour. For geotechnical category 2, measurements of ground properties and 
the structures behaviour sholud often be required. And for geotechnical category 3, additional 
measurements are required with complex analysis and interpretation of the measured values. 
Figure 1. shows a crack in secondary concrete tunnel lining detected during exploataion. This 
crack is an example of tunnel condition which should be monitored and measured, because 
it directly affect the tunnel safety.

 

Figure 1	 Crack in secondary concrete tunnel lining

Tunnel monitoring and maintenance according to standard [7] is process defined in the geo-
technical design. Geotechnical design should clearly determine what to monitor during the 
construction and maintenance during the exploatation (HRN EN 1997-1: 2.8.(4)P). Matešić and 
Mihaljević [8] gave guidelines for minimum requirements to define monitoring equipment, 
number and position before construction and to anticipate the costs for equipment installa-
tion and measurements.
As well as the technical monitoring can promptly identify and register all the events and 
conditions that could impact the safety and surrounding area for what the technical monito-
ring is really important is the rational maintenance. Remediation of these structures is very 
expensive and it is important to identify and remove any damage in time.
Maintenance costs and security and construction usability are strongly connected. In order to 
achieve a constant level of construction security the maintenance costs are necessary. Figure 
3. is showing the connection between the cost of preventive maintenance (line 1 ‘), which are 
necessary to continuously maintain the designed security level (line 1). When maintenance 
is irregular the security level is constantly decreasing (line 2) and by activation of corrective 
maintenance (line 2 ‘) at a critical point, the costs are higher than the preventive maintenance 
in order to restore and maintain the construction security.
On the Chekka tunnel experience the importance of even minimal technical monitoring is 
shown. Sometimes the forced abandonment of important infrastructure funds for the structu-
res maintaining can lead to serious damage that are too expensive to repair [9], and the 
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impact of structures on the surface or in the vicinity of the tunnel is given in the example of 
removal of a building of 14 floors which caused the unloading of soil and underground structu-
res. Due to the unloading of the soil underground had lifted for about 2 cm [10].

Figure 2	 Monitoring and maintenance flowchart [8]

Figure 3	 Time related connection between maintenance cost and safety level

3	 Guidelines for the technical monitoring of tunnels

According to EN 1997-1 [7] in terms of supervision and behaviour monitoring, geotechnical 
design includes: the purpose of each group of observations and measurements, parts of the 
structure whose behaviour will be monitored and places that will be observed, the frequ-
ency of measurements, a way of evaluation results, the range of values within the results are 
expected, the period in which monitoring needs to be continued after the end of construc-
tion and the persons responsible for the implementation of measurement and observation, 
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interpretation of results and maintenance of instruments. In order to obtain an overview of 
the tunnel behaviour and the behaviour of the tunnel sections a full range of monitoring 
should be applied. These monitoring includes; technical, seismological and hydrogeological 
observation. The part of the technical observations are visual observations which includes 
observations of the damage resulting from accident, temperature changes, fire, earthquakes, 
tunnel settlement or settlement out of the tunnel area. Cracks in concrete lining, bulges or 
depressions in the tunnel, landslides, slopes at the entrance of the tunnel or at the area of 
the tunnel, seepage or wet surface in concrete lining and condition of concrete surfaces are 
observed and monitored. Apart from visual observations, technical monitoring techniques are 
well advanced and uses devices for 3D measurements, extensometers, measuring anchors, 
pressure cells, deformeters, piezometers, magnetic extensometers, sliding micrometers and 
other field and laboratory tests. Monitoring frequency are different according to state stan-
dards. For tunnels and subways periods and scope of observation are defined in DIN 1076, 
BOStrab and RIL 853 [11]. DIN 1076 [12] includes the Main inspection, every 6 years, of all 
relevant objects like foundations, loadings, traffic signs, structural elements, corrosion etc. 
The standard inspection, every 3 years in order to review the relevant elements from the 
Main inspection and supervision, twice per year, which means visual observation to gather 
the information about the visual irregularities. The Special inspection is recommended after 
the incidents such as fire, earthquake or water breakthrough. Guidelines for the frequency 
of engineering inspection are given in the flowchart Figure 4. The results of the monitoring 
documentation are detected defects which are than classified into the three categories. ‘’Ur-
gent’’, which includes immediately repairs, then ‘’not urgent’’ which requires repair in the 
medium term and the category ‘’further observation that involves repairs in the long term and 
the category of the ‘’further monitoring’’ that includes the repairs in the long term. The ulti-
mate success of monitoring depends of how regular, systematic, arrange and transparent the 
technical documentation is. Documentation of monitoring should be arranged and conduct in 
way that it allows the constant and complete insight into the observed tunnel condition at any 
given time. That means a set of all documents which are showing the actual constructed state 
of tunnel and whole technical monitoring net as well as a set of the documents during the life 
of the tunnel showing the state which is established by a systematic technical observations.

Table 1 	  Engineering inspection and supervision [11]

DIN 1076 DB Netz AG RIL 853 BOStrab
Supervision (2x a year) Supervision (4x a year)
Standard inspection 
(every 3 years)

Examination (if required)

Main inspection (every 6 years) Assessment (every 3 or 6 years) Inspection (every 10 years)
Special inspection (if required) Special inspection (if required)
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Figure 4	 Time related connection between maintenance cost and safety level

4	 Concusion

The main reason for the technical monitoring of tunnel is primarily for the public safety. It has 
the purpose to determine whether the construction behavior is normal, or whether there is 
a deformation or displacement, which could be a sign of structure disturbance, foundation, 
or nearby area. The other reason for the monitoring is because of rational maintenance. Re-
mediation of these constructions is very delicate and expensive. Therefore there is a need 
to take any damage and undesirable phenomena detected as soon as possible and solved 
until any major proportions. 
Besides technical monitoring of constructions in general and the tunnel as well is expected by 
the Croatian standard EN 1997-1 and the National Annex BS EN 1997-1:2008 / NA.
Since there are no national standards or regulations in Croatia this paper provides the gu-
idelines for the technical monitoring by emphasizing the importance of using the same, and 
emphasizes the need to develop the regulations for technical observation of the tunnels.
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Abstract

The Sv. Ilija tunnel, 4.1 km long with longitudinal alignment gradient of 2.5%, was designed 
and constructed to improve transport links of the Makarska Riviera with the rest of the roads 
in Croatia. This traffic connection between the Makarska seaside and the A1 highway: Zagreb-
Split-Ploče will carry up to 8600 vehicles/day as compared to the current number of 3000 ve-
hicles per day (estimates for the year 2026). The longitudinal ventilation system with adequ-
ate improvement was installed by building service tunnel connected to the main tunnel tube 
every 700 m for fire trucks and every 250 to 300 meter distance for pedestrian crosswalks. 
The main building (geotechnical) project was developed by SMAGRA Ltd. Zagreb. According 
to the Traffic study (IGH, 1999) expected construction costs amount to 428.000.000 HRK. The 
estimated construction cost value based on the main construction project is as follows: a) 
main tunnel – 320.728.00 HRK and b) service tunnel – 64.145.000 HRK (7,5 HRK = 1,0 EUR). 
The main construction project for the building permit consists of eight books Phase I and 
thirteen books Phase II (installation projects). The building permit for the tunnel construction 
was issued on February 19, 2001. The construction of the tunnel was completed and handed 
over to the operator for use in 2013.

Keywords:	 tunnel, main construction project, geotechnical project, engineering geology, rock mass

1	 Introduction

The Sv. Ilija tunnel, 4100 m in length and with the longitudinal alignment gradient of 2.5% 
connecting the Makarska coastline with the A1 motorway, was designed and constructed 
through the Biokovo rocky mountain in the direction of Baško Polje. Considering the complex 
engineering geology situation and high seismicity level (IX seismic zone), the construction 
process had to deal with the complex structure of the rocky massif, partially defined undergro-
und water level and changing geotechnical parameters (compressive strength, deformability 
module). The height of the overburden rock mass is about 1300 m, so far the highest over-
laying rock mass in tunnel construction in the Republic of Croatia. Considering the length of 
the tunnel, it should be notified that the tunnel was dimensioned to comply with the traffic 
forecast of 8600 vehicles/day. By the European Tunnel Assessment Programme classification 
(Annex 4/2004) the tunnel is assigned to current updated Category II list. As for the traffic, the 
ventilation must ensure that the emission of the fuel gas is within the permissible limits. The 
European Union regulations (Annex 4/2004) require adequate equipment (lightning, traffic 
signaling, hydration system, fire alarm system) with no increase in the traffic accident risk. 
Having in mind the tunnel length of 4100 m, with the threshold limit value for longitudinal 
ventilation of 4000 m, the longitudinal ventilation system was installed to improve service 
tunnel connected to the main tunnel. This set up maintains traffic connections for fire trucks 
every 700 m and walkways for passenger evacuation every 250 to 300 m.

28–30 April 2014, Split, Croatia
3rd International Conference on Road and Rail Infrastructure
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Figure 1	 The tunnel route 

2	 Engineering geology, Hydrogeology, Geophysical and Geotechnical 
surveys

Submitting project documentation for building permit required engineering geological, hydro-
logical and geophysical surveys as well as geomechanical laboratory sample testing. The 
respective geotechnical project incorporates synthesized field research findings. Engineering 
geological and hydrogeological investigations were conducted at the north and south portal 
of the Sv. Ilija tunnel on the Baška Voda-Zagvozd-Imotski road. Conducted research involved 
detailed geological mapping, field screening of lithological progression, element layers mea-
surement and identification of structural tectonic elements, such as outspreading and slope 
of fault zones, measuring of breach systems, breach system penetrability, its stuffing and 
others. In addition to geological prospection, hydrogeological prospection on tunnel portal 
locations was also conducted. Restricted hydrogeological investigations were carried out by 
measuring the hole drilled in the near vicinity of the tunnel´s north portal and hydrogeological 
categorization of the rocks in the exploration area. Based on geological mapping specific loca-
tions for setting geophysical profiles were determined. Accordingly, tectonic systems in the 
portal zone of the tunnel were confirmed, i.e. geometry zone of the talus deposits determined 
by the geological mapping on south tunnel´s portal.
Based on geological prospecting the following lithostratigraphic segments were selected: 
·· well-bedded limestones and dolomites J1,2;
·· well-bedded limestones J2,3;
·· limestones and dolomites with massive limestone cartridges 1K1;
·· dolomites, dolomitic limestones and limestones K1,2;
·· poorly bedded bioaccumulated limestones K2

3;
·· bulbous glauconitic limestones and marl E2;
·· talus breccias Qd.

Structural-tectonic pattern of the whole Biokovo area is characterized by a high degree of 
tectonic disturbance as a result of geological movements from older Mesozoic until today. The 
structural unit of Biokovo is clearly bordered with two strong dislocations from the southwest 
and northeast side. In the southwest the Jurassic and Cretaceous limestones are much drawn 
to the Eocene detrial Makarska units. As to the northeast the upper Cretaceous limestones 
of the Slivno structural units are partly drawn to the equivalent upper Cretaceous sediments 
of the Biokovo units. 
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Hydrogeological relations at the location are determined by structural-tectonic interrelation, 
relief and hydrogeological properties of the represented lithologic segments. The relief is cha-
racterized by steep slopes made up of limestones. The additional relief expression is caused 
by fault and fissure systems with occasionally occurring vertical sections. At the north por-
tal location heavily karstified limestones with numerous karst formations and open fracture 
system are recorded. The emergence of caverns and individual large cave objects in this part 
of the field was anticipated. Following the measured data, the depth of karstification was not 
approximately 30 m below, except in places where, due to tectonics, deeper chemical limesto-
ne abrasion was encouraged. Chemical limestone abrasion (karstification) spreads over the 
investigation area. Under such conditions, surface humus layer fails to occur. Consequently, 
the infiltration of rainwater into underground occurs entirely in the absence of superficial 
outflow. Numerous springs on the coastal area, as well as the total absence of wells and 
surface runoffs, confirm the appearance of underground storm water runoff. 
Locations for profiles of geophysical testing were determined according to field screening and 
data analysis. Two refraction profiles in the southern portal and three refraction profiles in the 
northern portal were derived. Rank interpretation of speed amount is up to 6500 m/s, and 
reached interpretation depth is between 20 and 40 meters. Based on the refractive research 
results, the grade levels of both tunnel tubes at the northern portal are located in the area of 
compact carbonate rocks (seismic wave velocity > 4000 m/s) of which only the deviation of the 
area around chainage 3 + 700 was recorded – the spot where strongly weathered fault zone 
carbonate rocks were observed. The soil difference between the main and service tunnel tube 
was not evidenced by the cross section interpretation results. The interpretation of geophysi-
cal profiles at the tunnel tube grade level at the south portal revealed the compact carbonate. 
However, narrow portal sites were rugged with distinct fault zones.

Figure 2	 Engineering geological cross section 

The 23.8 m deep exploration well was drilled in the hinterland of the north portal. Core drill 
was determined in the field, RQD and relatively small quantities of groundwater levels mea-
sured. After determination of cores for laboratory testing samples were taken to the depth of 
8.9 m. Thereafter, laboratory engineering mechanic testing was performed at the Faculty of 
Civil Engineering, University of Zagreb. The values of compressive strength (σtl) increase with 
sampling depth ranging between 62 and 133 MPa, while the values of tensile strength (σvl) 
obtained by the Brazilian test range between 7 and 19.5 MPa. Also, elasticity module E of 69 
GPa value was determined. 
The carried out surveys and collected results were used for designing the major geotechnical 
project of the main and service tube of the Sv. Ilija tunnel.
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Figure 3	 The north portal of the main and service tunnel tube

3	 Main construction project for obtaining the building permit

The main construction project and project solution are designed for the Sv. Ilija tunnel betwe-
en north and south portals on the Baška Voda-Zagvozd-Imotski road. Major construction pro-
ject follows project solutions derived from Expert Elicitation for issuing the location permit. 
Documents required for obtaining a location permit were prepared by Geoprojekt Company 
in November 2004. The location permit was issued by County Road Administration. The lack 
of visibility in the tunnel portal zones is considered to be the basic disadvantage of the de-
monstrated project solution. The north portal lies within a 500 m radius, and the south por-
tal within 300 m horizontal radius zone. The north portal is 363.70 m above the sea level, 
and the north portal 263.02 m above sea level with unilateral longitudinal slope of 2.50%. 
According to the European Agreement (Annex 4/2004) tunnels are categorized into classes. 
Constructing measures for respective traffic volume (vehicles/day) are specified by the same 
agreement as follows:
·· fire roads;
·· emergency exit;
·· rescue emergency cross passages every 1500 m;
·· escape windows;
·· middle lane crossing;
·· emergency roadside stop.

As for the groundwater coming from direction of Imotski, the designing of one-side slope of 
the roadway tunnel was considered necessary according to the conducted research. [Normal] 
The use of SI units is strongly recommended and mixed units are to be avoided.

3.1	 Proposal for amendments to the main construction project

The change in the tunnel layout position was anticipated in the south portal due to the exact 
location of faults and talus deposit zone. In this view it is important to consider also the high 
level of seismicity (IX zone). The south portal should be moved closer to settlement, i.e. east 
of the talus and not towards the quarry. Due to the possible rising of groundwater above the 
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tunnel alignment, additional explorations in the northern portal zone were required prior to 
executive project finalization. 

3.2	 Rock mass geotechnical data

Lithostratigraphic units described in previous section and certain geotechnical parameters 
were singled out on account of geological mapping, exploration drilling in portal zones, ge-
ophysical surveys (seismic refraction) on individual longitudinal and transverse profiles and 
aircraft shot analysis of wider Biokovo area.

Table 1 	  Adopted uniaxial compressive strength of homogeneous sample rocks σci, Hoek-Brown constants mi 
and geological strength index GSI for lithostratigraphic units passed by the tunnel

Lithostratigraphic units K1,2
1K1 J2,3 J1,2 J2,3 K2,3 E2 K2

3

Stationing [km] 3+500-
4+148

4+148-
4+684

4+684-
5+299

5+299-
6+643

6+643-
7+055

7+055-
7+506

7+506-
7+519

7+519-
7+600

σci [MPa] 92 118 80 70 80 92 10 60
mi [l] 10 10 10 10 10 10 10 10
GSI [l] 14 70 60 55 60 54 20 34

Estimated values of GSI (Geological Strength Index) based on the speed of longitudinal waves 
in the northern and southern sides are expressed by equation (Bienawski, Barton, 1991):

	 	 (1)

	 	 (2)

where:

Vp	 velocity of longitudinal waves;
Q	 quality of the rock mass classification by NGI classification.

Table 2 	  Firmness and rock mass deformability parameters on the alignment level of tunnel by lithological units

Lithostratigraphic units K1,2
1K1 J2,3 J1,2 J2,3 K2,3 E2 K2

3

Stationing [km] 3+500- 
4+148

4+14 
-4+684

4+684-
5+299

5+299 
6+643

6+643 
7+055

7+055 
7+506

7+506 
-7+519

7+519 
-7+600

Max. Overlay height (m) 237 460 879 1319 734 361 45 41
Cohesion c’ (MPa) 1,933 4,926 4,086 4,439 3,704 2,377 0,1283 0,3884
Friction angle ρ (°) 46,50 47,09 37,40 31,90 36,77 43,51 31,39 49,64
Frimness σcm(MPa) 9,67 25,29 16,53 15,96 15,44 11,06 0,46 2,11
Def. module Em(MPa)) 12075 31622 15905 11157 15905 12075 562 3083

Uniaxial rock mass firmness σcm from the Mohr Colomb diffraction criteria according to the 
equation (Hoek, Brown, 2002): 

	 	 (3)

where c ‘(cohesion) and j (friction angle) are determined from the nonlinear relationship σn-τ 
for values of normal overlay strainings. 

GSI = 9lnQ + 4

Q=10[(Vp-3500)/1000]

σ
ϕ
ϕcm

c
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Rock mass deformation module in lithostratigraphic units was determined using the equation 
(Hoek, Brown, 2002): 

	 	 (4)

where D stands for mass deformation factor in contour surroundings depending on excavation 
technology. 

3.3	 Calculation of stability

Calculation of stability is based on the numerical analysis of various forms and dimensions 
of the tunnel support system (Hoek, Marinos 2000)

Table 3 	  Primary tunnel support and excavation method following geomechanical classification for horseshoe 
tunnels ranging up to 10 m

Rock mass category Excavation Primary support

Passive anchor 
diameter 20mm

Shotcrete Steel arches

RMR=81-100
I
Very good rock

Excavation throughout the 
profile. 3 m excavation step

General support not required, except sporadic single anchoring

RMR=61-80
II
Good rock

Excavation throughout the profile. 
1-1.5 m excavation step. Finish 
support 20 m away from the front.

Sporadic anchoring in the roof. 
Anchors 3 m length at 25 m 
distance. Partially steel mesh.

50 mm on roof 
where necessary

Without arches

RMR=41-60
III
Favourable rock

Excavation in two phases. 
1.5-3 m step excavation into 
the roof. Support setting after 
every single tunnel lining 
excavation. Finish suppport at 
10 m distance from the front.

Systematic bolting anchors 
4m length at 1.5- 2 m 
distance in roof and walls. 
Steel mesh in roof.

50-150 mm on 
roof and 30 
mm on walls.

Without arches

RMR=21-40
IV
Poor rock

Excavation in two phases. 
1-1.5 m step excavation into 
the roof. Support setting 
along with excavation.

Systemic bolting anchors 4.5 
m length at 1-1.5 m distance 
in roof and walls. Steel 
mesh in roof and walls.

100-150 mm on 
roof and 100 
mm on walls.

Light to medium 
spaced 1.5 m 
where necessary

RMR<20
V
Very poor rock

Elaboration of the excavation 
profile in the roof 0.5-1.5 m. 
Support setting along with 
excavation. Installation of shotcrete 
immediately after excavation.

Systemic bolting anchors 
5-6m length at 1-1.5 m 
distance in roof and walls. 
Steel mesh in roof and walls. 
Undershot anchor roofing.

150-200 mm on 
roof, 150 mm 
on walls and 
50 on front

Moderate to severe 
at 0.75 m distance. 
Steel props roofing 
if necessary. Closed 
undershot roofing.

Figure 4	 Support systems of the main tunnel – type III Figure 5	 Support systems of the main tunnel – type V
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3.4	 Geotechnical measurements

During the tunneling convergence measuring on triangle sections (one point in calotte and 
two in hips) is obligatory. Convergence measurements between points in the cranium and 
hips should be performed immediately after installing the adequate support system.

4	 Conclusion

Standard methods for main and service tunnel design were applied. Considering the insuffi-
cient exploration of the rock massif (engineering geological aspect and hydrogeology), po-
tential hazards and increasing risk may appear.
Design and construction of this long and deep tunnel (the largest overlay 1300 m) in the karst 
area of the Adriatic coast were carried out largely on account of the assessment of geological, 
engineering geological and hydrological parameters with lots of uncertainties especially in 
terms of caverns and sudden groundwater penetration.
As to the morphology of the surface, it was impossible to set up the longitudinal geophysical 
profile, leading to unsatisfactory results. This was confirmed in terms of bridging over large 
caverns in the service tunnel near the northern portal. For derived refractive profiles, the 
roadway level was not scored in most parts of the tunnel.
Hydrogeological research studies were not sufficient enough especially in the northern zone 
of the portal and southern portal of the fault zone. Additional hydrogeological investigation 
is strongly suggested in the project documentation. 
The vertical pressure at the tunnel outbreak on the edge of the rock hole is 70 Mpa, which may 
increase the risk in case of adverse loads ((hydrostatic pressure and earthquake).
Connecting of drainage pipes, set on the edge of the support system and DN 150 rock mass 
on to the DN 600 central drainage pipe in the middle of the tunnel, increases the risk of gro-
undwater penetration.
The tunnel construction started in 2008 and finished in 2013. Construction work was perfor-
med by Hidroelektra, and Konstruktor Split, companies.
Building permit for Sv. Ilija tunnel was issued on February 19, 2001. Responsible for obtai-
ning necessary regulatory permits are as follows: Cad Com, Zagreb; Geoaqua, Zagreb; Moho, 
Zagreb; Smagra, Zagreb; Faculty of Civil Engineering University of Zagreb; Promel project, 
Zagreb; and Dalekovod, Zagreb.
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Abstract

OpenTrack is a user-friendly railroad network simulation program developed at the Swiss 
Federal Institute of Technology’s Institute for Transportation Planning and Systems (ETH IVT). 
It is a microscopic model that simulates rail system operations based on user defined train, 
infrastructure, and timetable databases. OpenTrack functions as a railroad laboratory, by, for 
example, allowing users to define incidents and take infrastructure out of service to evaluate 
alternative scenarios. The program uses a mixed discrete/continuous simulation process that 
calculates both the continuous solution of train motion equations and the discrete processes 
of signal box states and delay distributions. It generates a wide variety data that can be easily 
presented in many formats including graphs (e.g. time-space diagrams), tables, and images. 
OpenTrack’s main uses have been to evaluate and test infrastructure plans and operating 
schedules to optimize network and timetable design. It can be run on several different com-
puter platforms and incorporates the benefits of object oriented programming language with 
a common data interface structure.

Keywords:	railway simulation, railway planning, railway operations analysis, RailML, XML, 
object oriented modelling

1	 Introduction

At its most basic level a rail simulation program is a set of simplifying mathematical assump-
tions that attempt to duplicate actual train operations. It allows users to evaluate the impacts 
of user-defined changes on the rail system operation. There are many types of railroad simula-
tion programs; each of which is designed to answer a different type of question. For example 
there are models designed to help dispatchers decide how to route trains through a network 
in real time. Similarly there are models designed to help planners identify infrastructure requ-
irements for planned schedules ten years in the future. As with most planning processes, a 
critical component of railroad planning is choosing the best computer simulation tool to use in 
any given situation. Rail simulation models can be categorized as macroscopic or microscopic 
similar to other transportation models. Both types are outlined below.

1.1	 Macroscopic Simulation Models

Macroscopic models use average or other statistical data to evaluate operation of the tran-
sportation system; they do not model individual unit (e.g. train) operations nor do they consi-
der how trains are impacted by other trains or how safety systems impact train performance. 
A common type of macroscopic model is the NEMO model developed at the University of 
Hannover.
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1.2	 Microscopic Simulation Models

Microscopic simulation models attempt to replicate the actual operation of a railroad over 
time. They do this by modeling the operation of each individual train during a user-defined 
time step (often one second) and then repeating the process for the entire simulation pe-
riod. Microscopic models consider the impact of trains on each other when they simulate 
train operations. For example, if during a particular time step, a train occupies a block that a 
second train wishes to occupy, then the program will model the second train as performing 
according to the (user defined) safety system parameters. In the case of a simple block signal 
system the second train would stop at the block entry signal and wait until the first train clears 
the block before proceeding. There are two types of microscopic models: synchronous and 
asynchronous. Synchronous models simulate all train operations in a single model run while 
asynchronous models simulate operations in a series of model runs.
In an asynchronous simulation the highest priority trains are modeled in the first run, then 
this schedule is locked and the second set of trains is modeled; the operation of the second 
set of trains does not impact the first set of trains, but is impacted by the first set (similarly, 
the operation of the third set of trains does not impact the first or second sets, and so forth). 
These types of models are often used for timetable construction since they can replicate ideal 
operational planning. A good example of this type of program is STRESI developed by RWTH 
in Aachen.
In contrast, synchronous models simulate all the trains operating in the modeled network at 
the same time, thus they provide a good way to simulate realistic operating situations (e.g. 
the impact of train delays on network operations). These models enable users to specify 
rules that the program uses to make dispatching decisions when there are conflicts between 
trains. These rules include simple train priorities (e.g. passenger trains before freight trains) 
as well as more complex rules designed to optimize some particular function (e.g. dynamic 
overtaking). In essence these models attempt to replicate good dispatching decisions.
OpenTrack is a microscopic synchronous railroad simulation model. It provides users with a 
great deal of flexibility for defining different dispatching logic as well as operational variables 
in a user-friendly manner.

2	 OpenTrack Rail Simulation Program

OpenTrack was developed at the Swiss Federal Institute of Technology’s Institute for Tran-
sportation Planning and Systems (ETH IVT). The project’s goal was development of a user-
friendly railroad simulation program that can run on different computer platforms and can 
answer many different questions about railway operations. Figure 1 illustrates the three main 
elements of OpenTrack: data input, simulation, and output.
OpenTrack is a microscopic synchronous railroad simulation model. As such it simulates the 
behaviour of all railway elements (infrastructure network, rolling stock, and timetable) as well 
as all the processes between them. It can be easily used for many different types of projects 
including testing the stability of a new timetable, evaluating the benefits of different long-term 
infrastructure improvement programs, and analyzing the impacts of different rolling stock.

2.1	 Input Data

OpenTrack administers input data in three modules: rolling stock (trains), infrastructure, and 
timetable. Users enter input information into these modules and OpenTrack stores it in a 
database structure. Once data has been entered into the program, it can be used in many 
different simulation projects. For example, once a certain locomotive type has been entered 
into the database, that locomotive can be used in any simulation performed with OpenTrack. 
Similarly, different segments of the infrastructure network can be entered separately into 
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the database and then used individually to model operations on the particular segment or 
together to model larger networks.

Figure 1	 Data flow during a simulation project

Train data (locomotive and wagons) is entered into the OpenTrack database with easy to 
use forms displayed using pull down menus. Infrastructure data (e.g. track layout, signal 
type/location) is entered with a user-friendly graphical interface; quantitative infrastructure 
data (e.g. elevation) is added using input forms linked to the graphical elements. Following 
completion of the RailML data structure for rolling stock and infrastructure, OpenTrack will be 
modified to enable train and infrastructure data to be directly imported from RailML data files.
Timetable data is entered into the OpenTrack database using forms. These forms include 
shortcuts that enable data input to be completed efficiently. For example, users can designate 
hourly trains that follow the same station stopping pattern an hour later. Since OpenTrack 
uses the RailML structure for timetable data, timetable data can also be entered directly from 
various different program output files as well as database files.
One advantage of OpenTrack is that it enables users to adjust many variables that impact 
railroad operations. For example, users can simulate the impact of weather on traction by 
specifying the adhesion scenario (good, normal, bad). OpenTrack then estimates locomotive 
traction power using a percentage (also user-defined) of that calculated using the Curtius and 
Kniffler formula. While OpenTrack provides standard default values for all variables, having 
the ability to adjust variables makes the program quite useful.

2.2	 OpenTrack Simulation Process

In order to run a simulation using OpenTrack the user specifies the trains, infrastructure and 
timetable to be modeled along with a series of simulation parameters (e.g. animation for-
mats) on a preferences window. During the simulation, OpenTrack attempts to meet the user-
defined timetable on the specified infrastructure network based on the train characteristics. 
OpenTrack uses a mixed continuous/discrete simulation process that allows a time driven 
running of all the continuous and discrete processes (of both the vehicles and the safety 
systems) under the conditions of the integrated dispatching rules.
The continuous simulation is dynamic calculation of train movements based on Newton’s 
motion formulas. For each time step, the maximum force between the locomotive’s wheels 
and the tracks is calculated and then used to calculate acceleration. Next, the acceleration 
function is integrated to provide the train’s speed function and is integrated a second time 
to provide the train’s position function. 
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The discrete simulation process models operation of the safety systems; in other words, train 
movements are governed by the track network’s signals. Therefore, parameters including 
occupied track sections, signal switching times, and restrictive signal states all influence the 
train performance. OpenTrack supports traditional multi-aspect signaling systems as well as 
new moving block train control systems (e.g. European Train Control System – ETCS signaling).

2.3	 Dynamic Rail Simulation

OpenTrack is a dynamic rail simulation program. As such, the simulated operation of trains 
depends on the state of the system at each step in the process as well as the original user-
defined objective data (e.g. desired schedule).
A simple way of describing dynamic rail simulation is that the program decides what rou-
tes trains use while the program is running. For example, when building the network, users 
identify various different routes that trains can use between two points; OpenTrack decides, 
during the simulation, which route the train will use by assigning the train the highest priority 
route available. If the first priority is not available, OpenTrack will assign the train the second 
highest priority route and so on.
OpenTrack’s dynamic nature allows users to assign certain attributes to specified times in the 
simulation. Thus, users can assign a delay to a particular train at a given station and time, 
rather than being limited to assigning a delay at the start and using it through the entire 
simulation. Similarly, users can define other types of incidents (e.g. infrastructure failures, 
rolling stock breakdowns) for particular times and places.
Finally, dynamic simulation enables users to run OpenTrack in a step-by-step process and 
monitor results at each step. Users can also specify exactly what results are displayed on the 
screen. Running OpenTrack in a step-by-step mode with real time data presented on screen 
helps users to identify problems and develop alternative solutions.

2.4	 OpenTrack Output

One of the major benefits of using an object oriented language is the great variety of data 
types, presentation formats, and specifications that are available to the user. During the 
OpenTrack simulation each train feeds a virtual tachograph (output database), which stores 
data such as acceleration, speed, and distance covered. Storing the data in this way allows 
users to perform various different evaluations after the simulation has been completed.
OpenTrack allows users to present output data in many different formats including various 
forms of graphs (e.g. time-space diagrams), tables, and images. Similarly, users can choose 
to model the entire network or selected parts, depending on their needs. Output can be used 
either to document a particular simulation scenario or as an interim product designed to help 
users identify input modifications for another model run.

3	 Application of OpenTrack at NeusiedlerSeeBahn (NSB)

The NeusiedlerSeeBahn is responsible for the line from Neusiedl am See to Pamhagen. At 
Neusiedl am See the branch line from/to Eisenstadt is located. Pamhagen is the last station in 
Austria before the Hungarian border. From Neusiedl am See a line leads to Parndorf Ort where 
there is the connection to the Eastern line of Austrian Railways which is connecting Vienna 
and Budapest. People living at the villages located between Neusiedl am See and Pamhagen 
typically go for work to Vienna every single day of the week. Therefore the NSB is interested in 
offering shorter traveling times to Vienna. To achieve this goal some investments were done in 
the last years to increase the track speed. OpenTrack has been successfully used to evaluate 
the shortenings of running times for local trains and regional trains.
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Figure 2	 Infrastructure layout of the line from Neusiedl am See to Pamhagen

Figure 2 shows the topology of the line from Neusiedl am See to Pamhagen. Crossing opportu-
nities are located at Bad Neusiedl, Mönchhof-Halbturn, Frauenkirchen, St. Andrä am Zicksee, 
Wallern and Pamhagen. The first step in the project was the check of the model with the exi-
sting timetable. This step allowed the exact calculation of running times reserves included 
in the existing timetable. 

Figure 3	 Simulation result of the existing timetable 

Figure 3 shows the result from the simulation of the existing timetable. It has to be noted that 
one course during the day is only going to St. Andrä am Zicksee and not to the terminal station 
at Pamhagen. Additionally there is no service during the morning hours towards the region 
between Neusiedl am See and Pamhagen. Exactly the same happens during the evening when 
there is no service towards Vienna. The reason for this asymmetry in the timetable can be only 
explained by the saving of operational costs. For pupils there are two additional services du-
ring the day to allow them traveling to and back from school. Unfortunately the infrastructure 
does not allow a crossing between Bad Neusiedl and Mönchhof-Halbturn which would be 
required to run a 30 minutes interval in both directions. Furthermore the infrastructure mo-
del had to be extended with the upgraded track speed limits which had been indicated by 
markers at the related vertices. Due to the increase of the track speed the crossing shifts from 
St. Andrä am Zicksee towards Wallern because of keeping the arrival and departure times at 
Neusiedl am See (see Figure 4).
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Figure 4	 Result of the simulation for upgraded infrastructure

Local and regional trains benefit from the increase of track speed by a shortening of running 
times of 5 minutes each. Local trains which stop at every single station run in 33 instead of 
38 minutes and regional trains run in 28 instead of 33 minutes. A shortening of 5 minutes in 
terms of running time could be also achieved by introducing today regional trains. Of course 
the increase of the track speed in combination with the introduction of regional trains leads to 
an overall reduction of running time of 10 minutes for regional trains. An open point for further 
investigations is the integration of both services at the same time because each crossing of 
two trains will lead to an increase of running time while one train has to take the siding track 
in a crossing station. This could require the demand to upgrade also the frequently used 
switches to allow higher speeds for the siding track.

4	 Conclusions

OpenTrack is an efficient and effective railroad simulation program. It has been successfully 
used in many different railway planning projects throughout the world. The program’s use 
of object oriented programming and the RailML data structure makes it particularly effective 
since the program can be modified relatively easily to address specific applications and since 
data can be transferred easily to and from other programs based on RailML.
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Abstract

The design of new railway infrastructure is a complex planning process in most countries to-
day due to a multitude of requirements. From an operational point of view new infrastructure 
basically has to fulfill the needs defined by customers. To this end passenger traffic is often 
organized in an integrated timetable with well defined arrival and departure times at major 
hub stations. So far there is no automated tool available to help in determining a minimum 
cost infrastructure fulfilling all the requirements defined by a timetable and the operation of 
the railway system. Instead, this task is typically carried out manually, based on graphical 
design, human experience, and also intuition. In our work we model this planning task as a 
combinatorial network optimization problem, capturing the most essential aspects. We then 
present a constructive heuristic algorithm that makes use of a dynamic programming proce-
dure for realizing individual commercial stops. Computational experiments on instances de-
rived from real scenarios indicate that the suggested approach is promising and the analysis 
of obtained results gives useful hints for future work in this area.

Keywords:	railway infrastructure design, integrated timetables, combinatorial optimization, 
dynamic programming, heuristics

1	 Introduction

The design of new railway infrastructure is nowadays strongly guided by pre-specified inte-
grated timetables that have been derived from expected traffic to be served [2]. Integrated 
timetables synchronize the traffic in major nodes (hubs, e.g., main railway stations in major 
cities) at regular time intervals, ensure connectivity between different lines with minimum 
waiting times and allow passengers to remember easily the regular departure and arrival 
times. In many European countries integrated timetables have been successfully introduced 
in the last years and could prove their substantial advantages.
Implementing the concept of integrated timetables, however, imposes major challenges and 
constraints, see e.g. [1]. In fact, the almost simultaneous arrival of the most relevant trains at 
a station and the strongly regulated travel times between stations, which must be multiples 
of a basic cycle interval, frequently demand extensions of existing railway infrastructure. 
So far there is no systematic, automated tool available to aid the design of minimum cost 
infrastructure that fulfills all the requirements defined by the timetable and the operation 
of the railway system. Instead, this task is typically carried out manually based on graphical 
design, human experience, and also intuition, see e.g. [3]. In this paper we present a concrete 
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combinatorial approach for modeling the basic problem. It considers already existing railway 
infrastructure as well as various extension possibilities in a fine-grained way. We then suggest 
a constructive heuristic algorithm for approximately solving this problem, which makes use of 
a dynamic programming procedure for locally optimal realizing individual commercial stops. 
The following section presents the formal optimization model, which is based on the model 
we already introduced in [4] but refined in several details. Our solution method is described 
in Section 3. Section 4 summarizes experimental results obtained on some benchmark instan-
ces that were derived from real scenarios in Austria and have been validated by simulation 
of railway operation, e.g. OpenTrack or RailSys. Finally, Section 5 concludes the paper and 
provides thoughts on future work. 

2	 Combinatorial optimization model 

We define the Integrated Timetable Based Design of Railway Infrastructure (TTBDRI) as a com-
binatorial optimization problem, trying to consider the most relevant real-world aspects. We 
are given the following input data. An undirected graph G=(V,E) represents the existing ra-
ilway infrastructure plus all possible extensions on a detailed level. The node set V contains 
different types of nodes, first of all the following infrastructure nodes corresponding to real 
objects: 
·· track segment nodes representing physical, simple track segments of a certain length, they 
always have at most degree two;

·· signal position nodes representing signaling stations; they again always have degree two;
·· crossing nodes representing crossings of two lines; their degree always is four;
·· switch nodes representing classical switches; they have degree three (or possibly higher if 
more complex switches are modeled by single nodes).

To model mutually exclusive alternatives for infrastructure extensions, we further use alter-
native nodes, which have degree k+1 for k mutually exclusive options. Edges E represent the 
corresponding connections of the respective nodes. Multiple parallel tracks are always mo-
deled by multiple paths. In order to avoid parallel edges and thus the need of a multigraph, 
it might occasionally be necessary to include virtual nodes; they always have degree two and 
might be considered as track segment nodes of length zero, i.e., they are just connecting two 
adjacent objects. Figure 1 shows an example of infrastructure modeling.

Figure 1	 Example for a graph G modeling the existing infrastructure and possible extensions

·· Let R⊆V be the set of signal position nodes. Paths starting and ending at such nodes and 
otherwise containing only nodes from V\R are called (compound) routes (“Fahrstraßen”). 
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Once a compound route is reserved for a train, no other train is allowed to enter any part of 
this route before the train has left and the route is released again. 

·· Let the subgraph G0=(V0,E0) , with V0⊆V and E0⊂E , correspond to the already existing infra-
structure and the graph G’=(V’,E’) with V’=V\V0 , E’=E\E0 represent the additionally possible 
infrastructure by which the existing infrastructure may be extended. Alternative nodes are 
considered to be part of V0 if one of the modeled options corresponds to an existing infra-
structure, virtual nodes are part of V0 if both adjacent nodes are also in V0. All nodes v∈V 
have associated costs cv≥0 and lengths lv≥0 with cv=0 for alternative nodes, virtual nodes, 
and all nodes in v∈V0,lv=0 for signal position nodes, alternative nodes and virtual nodes. 

·· Set S represents the major railway stations considered in the integrated timetable. Each ra-
ilway station s∈S has associated a set of simple track segment nodes V(s)⊂V corresponding 
to the tracks at platforms for boarding/disembarking trains in station s. 

·· Let GD=(V,A) be the directed version of graph G, where we have for each edge (u,v)∈E two 
corresponding oppositely directed arcs (u,v),(v,u)∈A.

·· An integrated timetable specifies a set of commercial stops C={C1,...,C|C|} to be realized, 
where a commercial stop Cl∈C is a tuple (sl

start,sl
end, Tl

start, Tl
end, Gl

D, trainl, ll) with sl
start,sl

end∈S 
being start and destination stations and Tl

start and Tl
end the times when the train may leave 

station sl
start and has to arrive at station slend latest, respectively. The commercial stop has 

to be realized by a path in a given subgraph Gl
D=(Vl,Al) with Vl⊆V and Al⊆A. It can safely be 

assumed that Gl
D is acyclic. Finally, trainl indicates the used train’s ID. Typically, a train is 

used for a series of commercial stops. Let l(trainl) refer to the train’s length. 
·· Values maxspeedl,vl≥0 indicate the maximum allowed average speed by which the train 
realizing commercial stop Cl∈C may go over node v∈Vl.

A solution consists of:
·· a subgraph G”=(V”,E”) with V”⊂V and E”⊆E’ indicating the infrastructure to be installed.  
Let Ge=(Ve,Ee) represent the complete augmented infrastructure, i.e., Ve=V0∪V” and 
Ee=E0∪E”. 

·· for each commercial stop Cl∈C a directed path Pl⊆Al starting at a node from V(sl
start) and 

ending at a node from V(sl
end). Let V(Pl)⊆Vl be the set of all nodes on this path. Con-

sidering the signal position nodes R as separators, Pl can be partitioned into the orde-
red list of compound routes Ll=(Pl,1,...,Pl,λ) with corresponding node sets V(Pl,1),...,V(Pl,λl

).  
The length of route Pl,i,i=1,...,λl, is l P li v

v V P i

( ),
( ),





=
∈
∑ .

·· for each (infrastructure) node v∈V(Pl),Cl∈C, an (average) speed speedl,v that does not exceed 
the limit maxspeedl,v. Consequently, the train takes time Tl,v=lv/speedl,v for passing node v.

·· for each route Pl,i,i=1,...,λl,Cl∈C, a reservation time slot (Tl,i
enter,Tl,i

exit) in which the train will 
safely be able to pass this route.

To be feasible, a solution must satisfy:
·· For each commercial stop Cl∈C:∀(u,v)∈Pl→u,v∈Ve∧(u,v)∈Ee, i.e., the infrastructure used in 
the chosen paths must exist or be installed.

·· All constraints for realizing possible extensions (e.g., mutual exclusivity of some alternati-
ves) must be adhered.

·· The time slots of consecutive routes of a commercial stop overlap exactly by the correspon-
ding safety margins.

·· For each commercial stop Cl∈C, the earliest start and latest arrival times Tl
start and Tl

end are 
adhered, respectively.

·· At each time, each node v∈Ve\R (i.e., except signal position nodes) may only be part of at 
most one reserved route.

·· If the same train is used for two successive commercial stops, its arrival node at the station’s 
track must be the same as the node where it leaves from later.
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The objective is to find a feasible solution with minimum total costs cv
v V∈ ′′
∑ .

The main difference between this formal model and the one presented in [4] is the introduc-
tion of different types of nodes in graph G. This allows for more flexibility and a more precise 
modeling, e.g., alternative nodes are used to distinguish between cases with or without bu-
ilding switches, depending whether the extension is applied (see Figure 1). In the previous 
model this was not possible. 

3	 Constructive heuristic solution approach 

Our heuristic solution approach for TTBDRI consists of a construction framework in which an 
exact dynamic programming (DP) procedure is embedded for realizing the individual commer-
cial stops. In the following subsection we present the DP, while Section 3.2 describes the 
construction framework.

3.1	 Dynamic programming

The main idea for our DP is to use it for finding an optimal solution for just one given commer-
cial stop Cl∈C. It will be applied iteratively until all commercial stops are realized and, po-
ssibly, a complete locally optimal solution is found. Therefore, from this point on, we will 
concentrate only on one given commercial stop Cl∈C for which we want to find a cost-minimal 
realization. 
To cover the aspect that a train may possibly start from and end at different platforms, we 
introduce artificial start and end nodes s and t, respectively, to the set Vl of the commercial 
stop Cl, i.e., Vl’ = Vl∪ {s, t }, and we set their costs and lengths to zero and maximum speed to 
one. Furthermore, we augment the arc set to Al’ = Al∪{(s,s) | ∀s∈V(sl

start)}∪{(s,t) | ∀s∈V(sl
end)}.

For every node v∈Vl\Vl
R we define a set of Yv time intervals in which it may be possible to 

reserve node v for the train to pass it. Every such time interval of Yv has length at least equal 
to the minimum reservation time needed for node v. This minimum reservation time is the 
sum of the time needed for travelling through node , the minimum time needed for travelling 
through any possible predecessor and the minimum time needed for travelling through any 
possible successor of node v.
For general principle of DP see e.g. [6]. Our DP stores labels (c, TR

start, TR
end, t, p) for reached 

nodes, where 
·· p represents the preceding node; 
·· c represents the accumulated costs for the path from s to v including cv
·· TR

start represents the earliest time from which the reservation of the node v may start;
·· TR

end represents the latest time until which the reservation of the node may last and
·· t represents the earliest arrival time at node v in time interval [TR

start, TR
end]

The initial label for node s is (0, Tl
start, Tl

end, Tl
start, null).

The extend function (c, TR
start, TR

end, t, p) ® (c, TR
start, TR

end, t, p) for considering as next step to 
go from node u to node v is: c = c + cv, p = u and for the calculation of t, TR

start and TR
end and we 

need to distinguish the following cases:
·· when v∈V(sl

start), then for every [Tlow, Tup]∈Yv the extend function returns a label with [TR
start, 

TR
end] = [Tlow, Tup] and t = Tlow;

·· when v∈Vl
R ∪ {t }, then the extend function returns the label with [TR

start, TR
end] = [TR

start, TR
end] 

and t = t + lu/maxspeedu;
·· when v∈Vl\(Vl

R ∪V(sl
start)) we distinguish the following: 

1	 when u∈Vl
R, then for every [Tlow, Tup]∈Yv having a nonempty intersection with [t, TR

end] the 
extend function returns a label with [TR

start, TR
end] = [Tlow, Tup] ∩ [t, TR

end] and t = t;
2	 when u∈Vl\Vl

R, then for every [Tlow, Tup]∈Yv having a nonempty intersection with [TR
start, 
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TR
end] the extend function returns a label with [TR

start, TR
end] = [Tlow, Tup] ∩ [TR

start, TR
end] and if 

TR
start ≥ TR

start, t = t + lu/maxspeedu, else t = TR
start + [(t + lu/maxspeedu)-TR

start]

An extension is feasible iff the following two conditions hold. (a) The actual arrival time at 
node v has to be feasible, i.e., t∈[TR

start, TR
end]. (b) A time exists at which the train can pass 

from previous route to the current one. This is expressed as TR
start∈[TW

start, TW
end] where [TW

start, 
TW

end] = [t, TR
end] of the last signal position node on a path from s to v.

Labels that are dominated by others can be removed. A label l1 = (c, TR
start, TR

end, t, p) dominates 
a label l2 = (c, TR

start, TR
end, t, p) iff the reservation time interval [TR

start, TR
end] of label l1 contains 

the reservation time interval [TR
start, TR

end] of label l2 and c ≤ c as well as t ≤ t with at least one of 
the latter two inequalities being strictly fulfilled. 
Once when we have reached artificial end node t actual solution is obtained by going 
backward until artificial start node s is not reached. In every backward step we calculate the 
reservation time interval for visited node as well as appropriate speed used for travelling 
through it.

3.2	 Construction heuristic

Our construction heuristic can be described by the following pseudo-code:

ConstructionHeuristic(S, C, i)
Given: partial solution S – a list of solutions for individual commercial stops; set C of not 
visited commercial stops; first not jet visited commercial stop i;
Output: complete solution S if there is such, incomplete solution otherwise;
for all c∈C do
	 if DP succeeded to find solution for the commercial c stop then
		  S[i] found solution; 
		  if i < the total number of given commercial stops then
			   ConstructionHeuristic(S, C\{c}, i+1);
		  else
			   return; //complete solution obtained
		  endif
	 end if
end for

In the first call of above function we set S to be an empty set and C to be the whole set of the 
given commercial stops. 

4	 Experimental results

All experiments were carried out on an Intel Core i7-860 processor on 2.80GHz with 8GB of 
RAM. The algorithm has been implemented in C++. 
Test instances model existing infrastructure between Feldkirch in Austria and Buchs in Switzer-
land with all intermediate stations in Austria, Liechtenstein and Switzerland. F_B_scenario1 
represents an infrastructure with a possible flying crossing extension at Nendeln station and 
two trains of type RailJet. F_B_scenario_2 consider possible extensions at Schaanwald, Nen-
deln and Tisis and use four trains, two S-Bahns and two RailJets. RailJet trains have only two 
stops, the start and the end station. S-Bahn trains, however, stop at every intermediate sta-
tion between their start and end stations with the minimum dwell time of 30 seconds. Thus, 
for every RailJet we have one commercial stop, while for every S-Bahn we have 8 commercial 
stops in this particular case. 
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Table 1 	  Summary of the experimental results on a set of real-world instances

Instance |V| |E| Number of Objective value [mil. €] Execution time [s]
trains commercial stops

F_B_scenario1 171 176 2 2 24.890 0.079
F_B_scenario2 210 215 4 18 39.090 20.64

Table 2 	  Predefined arrival and departure times of used trains

Train type Direction Feldkirch – Buchs Direction Buchs – Feldkirch
Departure t. Arrival t. Departure t. Arrival t.

RailJet 51’ 06’ 54’ 09’
S-Bahn 48’ 12’ 48’ 12’

5	 Conclusions and future work

In this article we have presented a formal combinatorial optimization model for the integrated 
timetable-based design of railway infrastructure. We have then suggested a first heuristic 
approach for approximately solving this problem, which consists of a constructive framework 
in which an exact dynamic programming procedure is embedded for realizing individual 
commercial stops. Obtained results appear reasonable and encouraging but also indicate the 
need of further algorithmic improvements to solve more complex scenarios more effectively. 
In future work we aim at applying more sophisticated hybrid metaheuristics to obtain better 
solutions with prolonged computations (see e.g. [5]), but also exact techniques based on 
mathematical programming methods like column generation and Benders’ decomposition. 
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Abstract

In regional traffic, we are confronted with an ageing railway infrastructure with both ridership 
decrease and a poor structural condition, interlocked mutually: Investments are hard to justify 
because of low traffic loads, but service improvements are bound to fail due to the inadequ-
ate infrastructure. Therefore, a smart, iterative design process must be started. Taking into 
account future structural changes and demand shifts, a target timetable is created. First, a 
demand model for the planning area is set up and calibrated against the current traffic flows of 
both public transport (train and bus) and individual transport. Second, a prediction of future 
population changes and structure developments (settlement and road infrastructure) is set 
up and woven into the demand model. Third, the demand model is fed with the future data 
and the current timetable to check the development without measures. Fourth, a sensitivity 
analysis of competing timetable models is checked against the demand model; a detailed 
analysis of these results is then taken to optimise the best-ranked timetable model. Next, the 
design of a more detailed timetable can start. By means of an integrated timetable model, 
the operationally necessary riding times between hubs as well as along the track are defined 
as well as the rough location of two-track sections. These parameters are then taken over 
to check infrastructure as well as vehicle options to achieve these goals. In a project-wise 
analysis, the optimal combination of infrastructure measures is then obtained to be able to 
run the predicted timetable. Since this timetable has been put beyond dispute beforehand, 
every single infrastructure measure can be justified including all consequences that result 
from its implementation. This results in a step-by-step upgrade plan and a definitely optimal, 
long-term and timetable-based infrastructure development perspective.

Keywords:	regional traffic, railway, timetable, infrastructure, target network

1	 Introduction

Regional Railways generally face two problems: decreasing ridership and an ageing, mostly 
inadequate infrastructure. Additionally, these two problems are highly interlocked, since public 
spending on railway lines on the decline cannot be justified. This results in unattractive con-
ditions for passengers, further decreasing the ridership and leading to the ever-so-often cited 
vicious cycle. Most examples of successful regional railway lines around the world arose either 
in times of general readiness to invest or as a result of lobbying of strenuous pressure groups. 
However, neither of these prerequisites is guaranteed and neither reflects the actual poten-
tial of regional railway lines, both leaving the commitment for regional railway traffic and its 
long-term development highly subjective. What both communities and railway infrastructure 
operators need is a clear business case and a long-term development perspective to allow 
for a transparent decision concerning future service offer as well as infrastructure upgrades.

28–30 April 2014, Split, Croatia
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2	 Objectives

As mentioned above, regional railway traffic is often not only confronted with a limited commi-
tment to investment, but also with an unstable forecast concerning its long-term perspective. 
Due to the long service lives of railway infrastructure, this combination usually leads to a mere 
persistence at the status quo, leaving necessary re-investments unaccomplished, hampering 
upgrade measures and rendering significant service offer modifications impossible. 
The process presented here covers this special situation of regional railways. The objective 
is a long-term infrastructure perspective based on a target timetable and an economically 
optimal set of measures to achieve that goal. The timetable is decided upon at an early stage 
and put beyond discussion by means of demand modeling. Since the target is clear and all 
measures align with it, every single investment and its timeframe can be justified with the 
long-term development plan – and also, political influence can be channeled along transpa-
rent decision parameters.

3	 Methodology

The methodology presented here is an adaption of a classical iterative engineering design 
process [3], suitable for regional railway lines. It requires a demand model, a population and 
structure prediction on community level, a detailed knowledge of current railway infrastructu-
re conditions and a thorough base for railway upgrade measure design at several fields of 
engineering. The main features of this process are the interdisciplinary feedback loops, com-
prising demand modeling, timetable construction and upgrade measure design in the fields 
of infrastructure projects, operational measures and vehicle characteristics.

3.1	 Demand modelling

The approach requires a well-kept and calibrated multimodal demand model capable of mo-
delling modal shift and sensitive to timetable changes. This model is fed with the current 
population, structure and timetable of all means of public transport. It is calibrated upon both 
ridership of public transport and road traffic load profiles. Furthermore, it is checked against 
actual travel time and travel distance distributions. The latter is of great importance especially 
in regional transport, as it accounts far more for the load profile compared to urban transport.
It should be noted here that the creation and calibration of the demand model as well as 
the quality of the input data is crucial for the whole design process. This is why at this stage, 
trade-offs concerning workload or project speed pose a great danger for the quality of the 
whole process.
An important aspect in the demand model is the need for a service responsive demand recal-
culation, meaning a recalculation of the complete demand matrix rather than a mere redistri-
bution of static OD matrices for each mode.
The demand model plays an important role throughout the whole process and will be fed with 
new information in several project stages in order to produce new input data for the other 
fields of design.

3.2	 Population, structure, and infrastructure prediction

Since the demand model is calibrated to model the status quo, but will be used to model the 
future demand and ridership, a set of predictions is included in the demand model. A simple 
traffic volume increase, as often used, does not reflect the problem at all: Especially in rural 
areas, traffic volume will depend upon a wide range of demographic characteristics, such as 
age distribution, car ownership and education, which will in many cases result in a traffic 
volume decrease rather than an increase, as well as in a shift of peak hours.
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Figure 1	 Workflow of the methodology
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Therefore, population predictions must include at least an age distribution; structure predicti-
ons must comprise workplaces, schools, higher education, and public offices, thus reflecting 
future administrative changes. Infrastructure predictions need to concern all areas of traffic 
not touched by the upgrade plan (road network extensions/modifications, upgrades/closures 
of surrounding lines, etc.) to ensure that all comparisons refer to the planning horizon.

3.3	 Case design

Since all upgrades target at a future point in time, the cases taken into account for comparison 
also need to reflect this future – representing what would happen if no action was taken. The 
design cases are based thereupon and represent changes in the service offer to be compared 
with the base case. All comparisons are made within the demand model, so the complete 
demand matrix and the modal split need to be recalculated at every step. This is, in planning 
areas typical for regional railway lines, a time-consuming process. There is, however, no alter-
native to this step, since a complete demand recalculation is not only desirable, but crucial 
for the iterative design process.

3.3.1	 Base case
The base case, upon which all other evaluations are to be based, needs to reflect both the 
future population and structure, but also the future infrastructure apart from the regional 
railway line in question. This leads to a case with all circumstances of the future, but with 
the current, meaning unchanged, regional railway infrastructure and timetable. If the current 
timetable and infrastructure do meet the future demand, this means a no-action strategy is 
sensible; if not, the reaction of passengers to structural changes will be evident.

3.3.2	Model timetables
An examination of passenger behaviour then leads the way for model timetables. The purpose 
of model timetables is not to deliver an operationally feasible timetable, but to derive trends 
from extremal approaches to tackle the identified demand problems. A tight station spacing, 
for example, suited for a regional area coverage, contradicts the need for a competitive riding 
time. Also, the ridership increases with a denser interval, but there is a certain point after 
which the additional costs for an improved offer outweigh the ridership increase.
Model timetables should differ in no more than one property each – interval, station spacing, riding 
time, product structure – to allow for an isolated comparison of trends. This, in turn, leads to an 
exponentially growing number of comparisons, since all trends are derived from pairwise compa-
rison. Therefore, the differences between the model timetables should be as extremal as possible. 
The result of the model timetable comparisons then leads to two further steps: the selection 
of the key parameters of the model timetables that proved successful in the demand model 
leads the way to the construction of an operationally feasible target timetable. Meanwhile, 
the results obtained in the demand model from comparing the model timetables are used for 
a sensitivity analysis. This is to retrieve critical values to be obeyed by the target timetable.

3.3.3	Feasible timetable solution
The purpose of the model timetables was the demonstration of demand and ridership effects 
of various timetable approaches. An operational feasibility would not only be unnecessary, 
but also potentially handicapping: since the scope of upgrade measures to obtain operational 
feasibility is highly subjective, such a timetable could also obscure possible improvements.
The next step, creating an operationally feasible timetable, includes as many characteristics 
as possible from the successful model timetables of the preceding step, while the previously 
identified critical values serve as limit values. These limit values guarantee that the main 
goals (ridership, modal split) will also be reached by the operationally feasible timetable.  
The feasible timetable is constructed within a standard timetabling routine. However, restric-
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tions such as switch speeds, level crossings or slow orders need to be removed in the design 
process. The maximum speeds on the open track take into account the alignment only, and 
the (virtual) existence of double-track sections is handled flexibly according to the needs of 
the timetable construction.
This timetable solution aims at constructing a framework for a target timetable when it co-
mes to riding times between hubs, necessary transfer connections and the rough location 
of double-track sections. While it would, in principle, be possible to fix the exact location of 
all double-track sections as well as alignment and other measures, it is not the goal at this 
very stage. Since the exact measures that are to be contained in the upgrade plan are highly 
interdependent, any fixed measure at this stage will lead to undesired restrictions.

3.4	 Feedback loop

As noted already, the feedback loops between the demand model, the timetable construction 
and the measure design play a vital role in this design process. After the cases have been desi-
gned and the model timetables have been evaluated in the demand model, an important feed-
back loop is started: taking all results obtained, the key success factors of the various timetable 
approaches need to be worked out. After narrowing down the extremal values of the model ti-
metables, the aforementioned critical values can be obtained, such as the maximum acceptable 
riding time and the optimal interval as well as the (both positive and negative) impact of station 
closures or relocations. This is done by modifying the parameters in question until the target 
performance indicators (modal split, modal shift, ridership, etc.) are reached. This information 
is necessary for supplying the feasible timetable solution with limit values not to be exceeded. 
The second feedback loop takes place after the feasible timetable solution has been comple-
ted. In the demand model, the performance of the feasible timetable is evaluated and checked 
against the target performance indicators (modal split, ridership, passenger load, etc.) as well 
as the performance obtained with the model timetables. Clearly, the feasible timetable will 
feature certain compromises, since not all target aspects will be met equally by the feasible 
timetable. Nevertheless, the key features obtained from the sensitivity analysis must not be 
exceeded so as to remain attractive enough for passengers to meet the target performance.
If the demand model shows a performance too poor to be accepted, the feedback loop ensures 
that modifications can be made in the timetable without lost work in the measure design.

3.5	 Target network features

Clearly, the feasible timetable solution will be close to the final target timetable. It will, howe-
ver, still offer enough flexibility to allow an optimisation of the infrastructure measures. What 
is needed for this next step is a definition of the target network features to allow the target 
timetable to be operable.
The target network features to be retrieved are the target riding time between hubs as well as 
between stations/double track sections, the rough location of double track sections and the 
required station layout (with an emphasis on parallel approaches/exits and cross-platform 
transfers). Since there is a high grade of interdependency between almost all possible me-
asures, the exact location of double-track sections and the exact station layout can only be 
determined within the measures design process.

3.6	 Infrastructure, operational and vehicle measures

Finally, all target network features need to be achieved via an optimal arrangement of mea-
sures. In the judgement and selection process, the methodology of Uttenthaler [1] was chosen. 
This simple approach allows a flexible assessment of measures. All measures in a section 
in question, yet grouped when necessarily combined, are listed with their individual riding 
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time benefit. Since the necessary riding time reduction is known, the addition of potentially 
every measure combination is possible to achieve the target riding time. The most cost-effi-
cient and/or most beneficial set of measures allowing the target riding time is then selected 
and included in the target network measures. Certain measures, such as the electrification 
of a line or vehicle characteristics, affect the whole line rather than individual stretches, so 
they have to be added or subtracted along the whole line. Alongside traditional alignment 
measures, there is a wide variety of measures that allow riding time reductions at lower costs 
with comparable benefit [1]:
·· Travel time reserves: In an integrated timetable, travel time reserves are usually bigger than 
in non-cyclic timetables, since disruptions lead to either lost transfers or a network-wide 
spread of delays. Therefore, riding time improvements at the cost of riding time reserves 
should be avoided completely or be only of temporary nature.

·· Vehicle dynamics: One often untouched parameter of a railway network is the vehicles’ capabi-
lity of better acceleration or deceleration. This is especially important in regional railways, since 
with short station spacing it makes up a great percentage of the riding time. An electrification of 
railway lines, which leads to a significant improvement of the vehicle dynamics, can be justified 
via the necessary riding time reduction. In stations, however, a better acceleration leads to a 
higher speed at the station gridiron and will therefore require a change of the switch geometry. 
This, in turn, usually can be obtained at manageable costs, especially in the long run.

·· Number of stops: Regional railways normally feature a dense sequence of stations for a 
area coverage. However, railway stations often have been built well outside settlements 
upon construction of the railway line and have not been repositioned since. Additionally, 
the current and future mobility structure with a high grade of intermodality decreases the 
need for small stops with a limited amount of passengers. Compared to the amount of time 
potentially gained by alignment measures on the comparatively short stretches of open 
track in regional railways, a stop left out will lead to a fair amount of riding time decrease. 

·· Stopping time: regional railways typically do not feature many stations with great passenger 
volume. Therefore, the practical time needed for stops is often less than the typical design 
value for stopping time in regional railways, 30 seconds. Shortening that time to the actual 
needs results in further riding time decreases, albeit in a small scale.

·· Uncompensated sideways acceleration: Regional railways typically run with low axle loads 
due to light vehicles. The limit values for free sideways acceleration, however, typically co-
ver a range up to heavy freight trains. Without tilting technology, uncompensated sideways 
accelerations of up to 1,1 m/s2 are acceptable internationally, with the light vehicles not 
affecting the superstructure more than considerably heavier trains at lower sideways acce-
lerations. This leads to a better exploitation of the alignment and riding time decreases in 
similar dimensions as alignment measures.

·· Switch geometry: train stations are often equipped with tracks long enough to serve freight 
trains. Together with the standard geometry of switches, this often allows no more than 40 
km/h for a long stretch before the platform. If the switch is optimised to the approach speed 
to be expected at the very location of the switch, the full track design speed can be exploited 
over a maximum stretch.

·· Level crossings: regional railways usually feature a great number of level crossings without tech-
nical safeguarding. This affects the possible track speeds for security reasons. Therefore, a tech-
nical upgrade of level crossings has a significant effect on the riding time on regional railways.

·· Station layout: While all other measures aim at a direct decrease of riding time, the station 
layout cuts the required riding time reduction. The main application of a redesigned sta-
tion layout are transfer stations, since a parallel departure/arrival shortens the headway 
between two trains and therefore the required riding time reduction of one of the trains. At 
stations with train crossings, pedestrian level crossings prohibit parallel approaches, so a 
technical safeguarding or an underpass reduce the required riding time reduction.
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·· Signalling: alike the station layout, signalling affects the possible headway and therefore 
the required riding time reduction. Signalling does, in practice, often affect the main speed 
on the open track, too, but since any changes in track speed would be futile without an 
adaption of the signalling system, we assume that this is carried out anyways.

·· Alignment measures: Finally, alignment measures form the traditional, but usually most 
expensive riding time reduction measures. Apart from classical alignment projects, the 
application of optimised curve design for small angles and small radii leads to a significant 
increase of track speed without much deviation from the old alignment [2].

3.7	 Step-by-step upgrade plan

With the final target network defined and the set of measures fixed, the next step is a bundling 
of measures into sensible packages. Therefore, a set of intermediate timetables is defined, 
so that the logical succession of the upgrade measures can be derived from these interme-
diate steps. In accordance with the upgrade plans of surrounding railway companies and the 
succession of these projects, the amount of measures taken too early can be reduced to a 
minimum and key projects can be prioritised.

4	 Application

The methodology presented here is currently applied to the network of Graz-Köflach Railway 
(GKB) in the south west of Graz. The design horizon is the year 2025, which aligns with the tar-
get network of the Austrian Federal Railways (ÖBB) upon completion of the Semmering Base 
Tunnel and the Koralm Railway Link, both heavily affecting the planning area. The following 
data was obtained from several sources and is used as a design basis:
·· The company strategy of GKB;
·· The national, regional and local transport strategies of the republic of Austria, the province 
of Styria and three districts touched by the railway network;

·· The national target timetable of the Austrian Federal Railways with the integrated timetable 
hub at Graz;

·· The population and structure predictions of the province of Styria;
·· The planned road network extensions of the province of Styria. 

The demand modelling process and the timetable design have already been finished, while 
the measures planning process is still underway. So far, it has been shown that:
1	 the population and structure predictions show a growth and a concentration of the 

population around the cities, while the more remote areas face a further population 
decrease;

2	 the various timetable models developed show a clear preference to close down several 
smaller stations to allow for a competitive riding time between the bigger cities;

3	 the demand model allows for a level of timetable judgement as detailed as necessary for 
regional railway networks, especially when it comes to a sensitivity concerning interval 
and stopping policy;

4	 the necessary measures can be reduced to a few double-track sections, the technical 
safeguarding of level crossings and a big emphasis on switch geometry in stations;

5	 the step-by-step upgrade plan is an effective and absolutely objective tool for negotiations 
about the future of the regional railway network.

Detailed analyses of the measures necessary for the target timetable are currently being con-
ducted. The project is due to be completed by summer 2014. When finished, the railway 
network is supplied with a long-term upgrade concept without the need for short-handed 
negotiations about singular measures.



Integrated Timetables on Railways704
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

5	 Conclusions

The approach presented here is, in general, nothing particularly new, since any design proce-
ss in engineering will be based upon a design load and the dimensioning thereupon. Howe-
ver, the timetable oriented design process is still rather new in railway infrastructure, the use 
of demand modelling in an iterative railway infrastructure design process has not been carried 
out in this degree of profundity before and especially not in regional transport.
There is little chance that the upgrade plan fails at a later stage due to a demur concerning an 
earlier one, since (i) the demand has been modeled on a solid basis; (ii) the target timetable 
has been put beyond disussion beforehand; (iii) the measure set is the result of a thorough 
assessment process; (iv) the succession of the measures follows the outside circumstances 
and a logical combination of measures; and (v) all feedback loops occur within the design 
process already. This results in a clear business case as a long-term decision basis for the 
future of regional railway lines.
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Abstract

This paper is about the methodology of defining projects for the National Railway Deve-
lopment Concept, which is an essential part of the Hungarian National Transport Strategy 
referring to the time perspective of EU White Book planning for medium (2020), long (2030) 
and strategic framework term (2050). The concept and the methodology are based on service 
concepts and integrated periodic timetables. The goal of the strategy is to improve perfor-
mances of the transport network, to achieve a higher modal split ratio for public transport, by 
increasing the competitiveness of railways and of the entire public transport system. 
The first part of the paper is about the passenger demands. It analyses competitiveness of 
the current railway network, and it points out the bottlenecks of the network – where the 
capacity is not enough, and the parts, where the competitiveness is poor. It defines two kin-
ds of necessary interventions: increasing competitiveness and eliminating bottlenecks. The 
second part is about the current integrated periodic timetable and its development concepts 
which are able to increase the competitiveness in short, medium and long term. The timetable 
development concepts can show, where and what the real bottlenecks of the network are. By 
these concepts we can define the exact infrastructure development projects which are nece-
ssary to achieve the main goal of our strategy. European and Hungarian taxpayers could also 
benefit from using this methodology, by making it possible to avoid inefficient investments. 
The last part of the paper gives a detailed overview of the proposed projects embedded in the 
strategic aims. The proposals could ensure an efficient use of the EU sources in the budget 
period 2014–2020, by increasing the competitiveness of railways.

Keywords:	 integrated periodic timetables, transport strategy, public transport system

1	 Introduction

First we have to know what our aim is. The aim has to be based on passenger demands. For 
knowing what the passengers want, we analysed the competitiveness of the current railway 
network, which indicates the bottlenecks of the network – where the capacity is not enough, 
and the parts, where the competitiveness is poor. It defines two kinds of necessary interven-
tions: increasing competitiveness and eliminating bottlenecks.
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Figure 1	 Flow chart of the process

2	 Analysing the market and competitiveness

2.1	 The size of the market 

Before getting to the network, we analyse how many railway passengers we have in each rela-
tions, and most importantly, the total number of passengers travelling between our destina-
tions, including passengers using other modes of transport. From this data, we can estimate 
how many new railway passengers could be the maximum target of the development. For 
estimating it we are using data from the Hungarian Central Statistical Office about numbers 
of journeys in total between major Hungarian cities and Budapest.

Chart 1	 Journeys between Budapest and the major cities[1]

2.2	 The number of railway passengers

The diagram above shows the total number of the passengers. To have a more detailed view, 
we used the data from MÁV-START (passenger railway company) ticketing statistics, to see 
how many railway passenger we have. To estimate the railway’s competitveness between the 
major cities and Budapest, we’ve looked at how often an average citizen travels between their 
cities and Budapest (total yearly number of journeys divided by the city’s population). The 
current railway services are more successful where from there are more railway passengers 
to Budapest. The differences between the major cities are huge.
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Figure 2	 Railway journeys to Budapest per inhabitants [1] [2]

2.3	 Parameters of the railway services

To see the reason for these huge differences, we checked the parameters of each connection. 
We’ve compared the journey time and the frequency of the service to the travel time by car. As 
a result, we got a variable which combines the frequencies and the journey time, and named 
it ‘average travel time’; this is the variable which is comparable with the journey time by car. 
We calculated the average travel time by adding the journey time and the average waiting time 
which is the half of the frequency.

2.4	 Correlation between competitiveness and numbers of passangers

It is suspected that there is a correlation between the competitiveness and the success of 
the railway services, therefore, we checked how strong it is. Comparing the railway’s average 
travel time to Budapest with the percentage of travel time by car, and the railway journeys to 
Budapest per one inhabitant in a year, the correlation coefficient is -0.84 which shows a very 
strong correlation between the two variables. The diagram below shows the correlation in two 
dimensions, it’s visible that all the points are pretty close to the line.
There is one more correlation visible on the diagram: the cities closer to Budapest have more 
journeys per inhabitants. This fact makes even stronger correlation between the competitive-
ness of the journey times and the success of the railway services. The only exception is Sze-
ged, but the railway services between Szeged and Budapest are traditionally very good. This 
fact shows that travel time and frequency are very important, and there is a strong correlation 
between this, and the number of passengers, but this is not the only factor. 
From that point it’s clear that the target of infrastructure developments should be to decrease 
travel time, and to increase frequency. The chart also shows the directions, where competi-
tiveness is poor.
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Figure 3	 Correlation between travel times and number of passengers [1] [3]

3	 Target infrastructure

Now, we know our target from the passenger’s point of view. Our next task is to elaborate our 
target railway timetable structure, as a backbone of an attractive transport system. Our aim is 
to create such a railway network, where public transport is competitive with driving, and not 
only with a capital city as destination. ITF was designed to reach desired travel times in a cost-
effective manner. If applied correctly (at least hourly), on a network with good connections, 
integrated periodic timetables require minimal infrastructural developments [4].

Figure 4	 Methodology of developing an efficient transport system
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3.1	 Methodology

Fig. 4 shows the steps necessary to find out the requirements for such an infrastructure. 
Firstly, we need to define the types of timetable hubs (60, 30, 15 minutes), according to the 
physical position of the transport nodes (bigger cities) and to the target travel times between 
them. In this stage, structural problems of current infrastructure may appear, highlighting the 
need to replace current junctions to different, more suitable places.
Secondly, we need to define long-distance traffic in details to the previously designed system. 
The output is the long-distance periodic map (Fig. 5), which shows the necessary infrastructu-
ral developments needed to reach the target travel times. 

Figure 5	 Structural timetable-map for target infrastructure

Based on this long-distance periodic map, we can construct a detailed map, showing our 
transport network as a whole, including the relevant bus lines that support our system. With 
the help of this fully integrated periodic map, the detailed timetable can be constructed, 
showing the required improvements in details (track speed increase, railroad switches, and 
railway platform designs for transfers). 
If we go through the steps above, we get such an infrastructure (needed infrastructure connec-
tions and track speeds can be seen on the right side of Fig. 6.), which enable us to design a 
competitive public transport system (existing and target running times of fastest trains could 
be seen on left side of Fig. 6.), but does not contain such expensive elements, where capacity 
utilization is not effective.

Figure 6	 An efficient target infrastructure for the Hungarian transport system in our suggestion
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4	 Reasonable infrastructure development projects for the Hungarian 
railway system in the 2014-2020 financial period

Knowing the target infrastructure helps us to create a list of current development projects that 
are directed to one specific goal, and their individual results amplify each other instead of 
weakening the return indicator. The order of implementation may vary among the projects, but 
certain priorities need to be set, so that the ones with most benefits would be completed first. 
As part of our work, we’ve compiled a development package, based on the sources available 
in the financial period of 2014-20. This package does not only comply with the requirements of 
EU subsidies, but also contains coherent elements, that help reaching quality improvements 
for the most possible passengers.

Figure 7	 Timetable structure in Eastern Hungary for 2020

4.1	 Eastern Hungary – Eliminating bottlenecks

In Eastern Hungary, railway traffic is already on the border of competitiveness, with an in-
frastructure that is rather worn out. Due to its competitiveness, most of our revenue from 
passenger rail is generated in this region; therefore, preserving the schedule structure from 
possible negative effects of infrastructure deterioration is top priority. Instead of recent, de-
tailed, but very fragmented modernisation projects, we’ve proposed an implementation of a 
more comprehensive development package, containing only the most essential works needed 
on Eastern Hungary’s main lines. MÁV is already working on the detailed plans.

4.2	 Transdanubia – Increasing competitiveness

In Transdanubia (the western part of the country) railway services are much less competitive, 
with significantly less passengers in general (figure 2). The main target in this region is to 
increase competitiveness. To reach this goal, developments are necessary in the following 
directions, starting from Budapest: to Veszprém, to Zalaegerszeg, to Pécs, to Kaposvár and 
to Szombathely. Infrastructure developments are recommended on lines between Budapest 
and Pécs, Székesfehérvár and Veszprém, implementing ETCS on lines between Boba and 
Zalaegerszeg, and between Budapest and Székesfehérvár. These projects should be focusing 
only the parts which are necessary to reach our goals; this is the most efficient way of using 
our resources.
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Figure 8	 Timetable structure in Transdanubia for 2020

5	 Conclusion

Among few other projects, all our major recommended projects got accepted, and they are all 
in the National Transport Strategy. That means our sources for infrastructure developments 
will be used in an efficient way in the following EU budget periods.
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Abstract

Railway operations are the result of the complex interaction among infrastructure and si-
gnaling, rolling stock and timetable. This interaction is further complicated by a number of 
human factors and other unpredictable phenomena and stochastic disturbances. The key role 
in this complex mix is played by the timetable, which allows smooth operation by shaping 
the services to fit the demand and the characteristics of the network and the rolling stock. 
Different strategies might be implemented: in some countries the new lines and stations are 
very flexible towards different timetable concepts, while in others, such as in Switzerland, the 
are lines specifically designed for a given timetable. Both extreme approaches show signi-
ficant drawbacks: a higher flexibility is normally obtained at a significant cost, while a very 
rigid infrastructure might require remarkable investments to be adapted to different needs.
In this trade-off a certain balance might be obtained by analyzing several timetable and 
infrastructure configurations. However, this task appears particularly time-consuming and 
strictly related to the experience of timetable planners: thus, normally very few scenarios are 
considered. 
To fill this gap, by significantly reducing the time required to prepare a scenario, a new 
approach was developed. It is based on an automatic timetable generation tool that allows 
quickly creating timetable drafts on a quite detailed infrastructure model. The model and its 
application to the Norwegian rail network will be presented in the paper. 

Keywords:	railway capacity, timetable reliability, stochastic simulation

1	 Introduction

Railways are struggling to compete with the other transport modes, which have the advan-
tage of a remarkably higher flexibility in the operations. To increase the competitiveness of 
railways during this economic downturn it appears important to be able to select the inves-
tments that are effectively necessary to improve the quality of service where the demand 
might effectively increase as a consequence of the improvements.
Railway operations are the result of the complex interaction among infrastructure and si-
gnaling, rolling stock and timetable. This interaction is further complicated by a number of 
human factors and other unpredictable phenomena and stochastic disturbances. The key role 
in this complex mix is played by the timetable, which allows smooth operation by shaping 
the services to fit the demand and the characteristics of the network and the rolling stock [1].
Different strategies might be implemented: in some countries the new lines and stations are 
very flexible towards different timetable concepts, while in others, such as in Switzerland, the 
are lines specifically designed for a given timetable. Both extreme approaches show signi-
ficant drawbacks: a higher flexibility is normally obtained at a significant cost, while a very 
rigid infrastructure might require remarkable investments to be adapted to different needs.  
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In this trade-off a certain balance might be obtained by analyzing several timetable and infra-
structure configurations. However, this task appears particularly time-consuming and strictly re-
lated to the experience of timetable planners: thus, normally very few scenarios are considered. 
In this paper an approach is presented, in which timetables are generated semi-automatically 
using a timetable generation algorithm. The obtained timetable can be refined by the planner, 
and its core parts can be tested using microscopic simulation to estimate robustness under 
real conditions. Different scenarios are easily created preparing the infrastructure model and 
then running the timetable generation algorithm again. In this way it become possible to 
create and compare several scenarios even under the normally constrained time.

2	 Approach

In the proposed approach, the rail planning process is viewed as a loop, whose central ele-
ment is a timetabling algorithm, which allows automatically creating a timetable that contains 
the expected services, scheduled considering the constraints due to the network (including 
its interlocking and signalling system).

Figure 1	 Block diagram of the approach

The planning process (Figure 1) starts with the definition of the required services and of the 
preliminary infrastructure. The services are defined by their origin and destination, stopping 
pattern and type of trainset. Some additional parameters are required by the timetabling algo-
rithm as additional costs to be used in the objective function: a cost for increasing the running 
time, adding a stop, reducing the buffer time between two services and breaking a connection.
The infrastructure is represented using a mesoscopic graph, which offers an ideal compro-
mise between macroscopic and microscopic graphs, and appears very suitable for timetable 
generation. On the mesoscopic graph, a timetable is created as the best solution obtained 
using an automatic timetable generation algorithm, specifically designed to allow planners 
to interact with its results. The first result of the timetable generation is a feasibility check. In 
fact, the algorithm might be unable to schedule all required services.
In this case, the planner might try to remove some constraints to the timetable (connections, 
maximum running time, etc.) and repeat the generation or – should this not prove possible 
or sufficient – improve the infrastructure.
Supported by the infrastructure saturation levels shown graphically by the blocking times 
steps, and considering the list of services that could not be scheduled, the planner can iden-
tify a (set of) network improvement measures. They are easily implemented in the mesocopic 
model, and a new timetable can be generated on it. This “inner loop” is repeated until a 
timetable proves feasible.
The robustness of the feasible timetable can now be verified, to assess whether the services 
could be operated with satisfying reliability levels, especially on the most complex or densely-
used sections of the network Microscopic simulation is used to perform, obtaining as output 
the same delay and punctuality indicators used by rail operators to measure real delays.
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Should the timetable not prove robust, planners would be required to further improve the 
infrastructure (or – when possible – remove some timetable constraints) and the perform 
the simulation again. The block diagram of the approach is presented in Figure 1. The key 
elements of the approach are presented in detail in the following sections.

3	 Infrastructure model

The infrastructure model used as a basis for planning the timetables is a key element in the 
planning process [1], since it must be defined quite easily but also represent all characteri-
stics of the network that are relevant for calculating the running times and the occupation 
time of each train. Compared to a macroscopic model, in which stations are represented in a 
simplified way and fixed running times are used, a microscopic model appears significantly 
more accurate in the estimation of the key parameters used in timetable planning, such as 
the running and blocking times.

Figure 2	 Mesoscopic (above) and microscopic model of a station

Most algorithms that solve the TTP problem are based on a macroscopic model, while some 
others, such as [4] and timetabling tool DONS [5], introduce a two-level approach. They use a 
macroscopic model to create draft timetable that will subsequently be checked for feasibility 
on a microscopic level for the principal station areas of the country. In any case, none of the 
two works consider the blocking times.
In order to combine the advantages of micro and macroscopic models some authors proposed 
algorithms for an automatic generation of a macroscopic model based on the corresponding 
microscopic one [6]. In the same framework, a microscopic model less detailed than the 
conventional ones was used Caimi [7] to represent the station areas. 
In this work a mesoscopic model is introduced. It includes most of the accuracy of a micros-
copic model, but it also maintains a reasonable complexity. Its aim is to allow the generation 
a network-wide timetable in a reasonable time without the necessity of resorting to two-level 
approaches -level approach. Similarly to the macroscopic models, the network is rigidly se-
parated into stations and line sections.
The station features of our mesoscopic model are the station tracks, the line tracks of the 
lines converging to the station, the distant and home signals at their distance from the sta-
tion building; and a switch region at each side of the tracks (except, of course, the dead-end 
stations): each line is connected to all tracks; a set of matrices contains the possible and 
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impossible routes and their compatibility. Figure 1 shows the mesoscopic model of a station. 
The line features of the mesoscopic model include all signals, the speed limits, the gradients 
and the curve radii. 
The running time of each train is calculated by solving the motion eqation, considering the 
exact train routing and signaling system as well as the characteristics of the rolling stock. 
Together with the running time on the default track, also the running times within each stati-
on of all possible routings are calculated. The result is model in which the running times are 
estimated with the same accuracy of the microscopic ones, while the blocking times and the 
definition of conflicts appears slightly simplified. 

4	 Timetable generation algorithm

Key factors for the acceptance of a software tool such the Timetable Planning Software (TTPSW 
[2]) are its perceived usefulness and the perceived ease of use. Within this framework, the 
final user, i.e., the timetable planner should not feel losing the control of the planning opera-
tions in a domain where he assumes to have some critical informal knowledge that cannot be 
easily transferred to an information system. In addition, as in a real environment the criteria 
defining the optimality of a timetable are often quite fuzzy, the final user should also be able 
to influence the structure of the timetable that the TTPSW picks up among the feasible ones.

Figure 3	 Timetable generation circle.

The aim of TTPSW is to allow the planner to iteratively generate different timetables in a rea-
sonable time in order to assess them also in the light of the of its informal knowledge and to 
provide new (or different) constraints and objectives to the TTPSW for the generation of a new 
round of timetables. The algorithm tries to define a (sub)optimal timetable which includes 
each of the families of trains given as inputs. The timetable is generated by implementing a 
local search heuristic whose pseudocode. 
The heuristic iterates within two cycles: an internal one and an external one. At each iteration 
a new timetable is generated and its cost is assessed. If this cost is less than the cost of the 
currently best timetable, the currently best solution is updated with the newly determined 
timetable.
The algorithm generates a new timetable at each iteration according to a greedy procedure, 
which defines the schedule and the associated penalty costs for the trains of a family at a 
time. The families are scheduled according to their priority. 
To allow the exploration the space of the possible solutions, the algorithm perturbs both the 
priorities and the desired departure times of the train families. At the end of each internal 
iteration the priority of the families is varied randomly, so that at the next iteration the sequ-
ence in which the different families are scheduled may change. The internal cycle is iterated 
times for every iteration of the external cycle. 
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The output of the TTPSW is a complete timetable for each train of the families in C that TTPSW 
has been able to schedule. Specifically, the software reports the arrival time, the departure 
time, the platform and the route of the train in each station, junction or halt that the train 
visits along its line.

5	 Estimating robustness

A timetable created by the TTPSW is normally feasible, but it appears important to verify its 
robustness, at least on its core sections. Microscopic simulation represents the most accurate 
tool for reproducing railway operations including their stochastic components. Simulators 
such as OpenTrack [8] can reproduce most processes involved in rail traffic and comprehend 
not only its deterministic aspects, but also human factors. This is particularly relevant in order 
to simulate traffic under realistic conditions, considering variability at border, various driving 
styles and stop times [9]. 
In the approach presented in this paper, stochastic microscopic simulation is used to esti-
mate the delay measures that would be obtained operating the timetable obtained using the 
TTPSW on the infrastructure defined previously and under given variability. A combination of 
mean delay, punctuality and of the Frequency of Delay Index is used to evaluate the quality of 
operations. Should a timetable not prove robust, the planner can decide to add buffer times 
which are a characteristic of each train group or release other timetable constraints and then 
run the TTPSW again.

6	 Case study: Norway

The Norwegian Rail Administration JBV manages about 4100 km of lines, mostly single track. 
It is pursuing an ambitious improvement plan that will gradually improve the capacity of the 
network, especially on the most-densely used lines. the core of this project will be the new 
20 km-long tunnel of the Follo line (Follobanen), a 22.5 km long double-track line built for 250 
km/h: it will triple the available capacity on the saturated section of the Ostfold line between 
Oslo and Ski allowing more frequent and faster services also on the branch lines. Selected 
sections of the long-distance corridor connecting Oslo with Trondheim will be doubled, as 
well as a part of the Ostfold and Vestfold lines; besides this major improvements, a series of 
smaller measures will allow operating the target volume of services on each line.
JBV started a project, called R2023, to select and define the key requirements of the inves-
tments effectively required to reach the target capacity and robustness of the operations by at-
the-same avoiding unnecessary expenses. The project is an ideal case study for the approach, 
since different scenarios of infrastructure timetable have to be created to allow selecting the 
best combination of improvements, by at-the-same-time considering the constraints of rail 
operations. The entire network was modelled using the mesoscocpic model, obtaining very 
satisfying results especially in the estimation of the running and blocking times to be used as 
input for the TTPSW: they are calculated in less that 5’ on a standard desktop PC.
The usability of the TTPSW proved less satisfying: multiple testes were required to estimate 
a set of parameters – in both absolute and relative terms – that lead to a realistic timetable 
structure and infrastructure utilization. Coherently with the operating principle of the algo-
rithm, an inappropriate set of parameters results in a timetable with too long running time 
margins at some trains or with some missing trains and not in long computational times. 
The algorithm is currently able to create a timetabel for a significant part of the network in less 
than 10 minutes, although it is not always able the same number of trains as a skilled planner. 
To cope with this weakness, the TTPSW was «guided» adding or releasing contraints until all 
expected services were scheduled. Further tests are currently being performed, especially 
in order to identify the sets of parameters and the number of iterations that most frequently 
lead to satisfying results.
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7	 Conclusions and outlook

To gain competitiveness in a rapidly changing economic context, railways need efficient and 
effective improvements, which allow facing strength market conditions. The impact of such 
improvements has to be precisely evaluated, to allow choosing interventions and combining 
them in long-term development programs. 
The presented methodology allows a realistic and efficient planning of railway timetables and 
networks, creating several alternatives that can be compared easily. 
The first large-scale application is showing promising results, with very satisfying results 
especially in terms of computation times. The tests show that the model is able to compute 
realistic solutions in a few minutes: the position of the slots on the timetable graph appears 
similar to that used in the timetable created by practitioners. 
The promising results obtained in the first large-scale tests foster further improvements to the 
algorithm and the whole approach, in order to make it more reliable and understandable for 
practitioners, especially concerning the selection of the constraints and parameters.
The method used to estimate mean blocking times on line sections will be improved, while 
its effective accuracy will be estimated, especially considering longer distances between sta-
tions. Results obtained in the most used part of the network will be compared to micro-simu-
lation in order to estimate the difference between micro- and mesoscopic models in terms of 
blocking times and conflicts effectively considered.
While all mentioned improvements appear relevant in order to benchmark the quality of the 
results their applicability to very large networks, the most extensive tests will be carried out 
in order to find some general rules that allow defining the parameters and constraints that 
lead to a realistic timetable structure. 
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Abstract

OpenTrack is a user-friendly railroad network simulation program developed at the Swiss 
Federal Institute of Technology’s Institute for Transportation Planning and Systems (ETH IVT). 
It is a microscopic model that simulates rail system operations based on user defined train, 
infrastructure, and timetable databases. OpenTrack functions as a railroad laboratory, by, for 
example, allowing users to define incidents and take infrastructure out of service to evaluate 
alternative scenarios. The program uses a mixed discrete/continuous simulation process that 
calculates both the continuous solution of train motion equations and the discrete processes 
of signal box states and delay distributions. It generates a wide variety data that can be easily 
presented in many formats including graphs (e.g. time-space diagrams), tables, and images. 
OpenTrack’s main uses have been to evaluate and test infrastructure plans and operating 
schedules to optimize network and timetable design. It can be run on several different com-
puter platforms and incorporates the benefits of object oriented programming language with 
a common data interface structure.

Keywords:	railway simulation, railway planning, railway operations analysis, RailML, XML, 
object oriented modelling

1	 Introduction

At its most basic level a rail simulation program is a set of simplifying mathematical assump-
tions that attempt to duplicate actual train operations. It allows users to evaluate the impacts 
of user-defined changes on the rail system operation. There are many types of railroad simula-
tion programs; each of which is designed to answer a different type of question. For example 
there are models designed to help dispatchers decide how to route trains through a network 
in real time. Similarly there are models designed to help planners identify infrastructure requ-
irements for planned schedules ten years in the future. As with most planning processes, a 
critical component of railroad planning is choosing the best computer simulation tool to use in 
any given situation. Rail simulation models can be categorized as macroscopic or microscopic 
similar to other transportation models. Both types are outlined below.

1.1	 Macroscopic Simulation Models

Macroscopic models use average or other statistical data to evaluate operation of the tran-
sportation system; they do not model individual unit (e.g. train) operations nor do they consi-
der how trains are impacted by other trains or how safety systems impact train performance. 
A common type of macroscopic model is the NEMO model developed at the University of 
Hannover.
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1.2	 Microscopic Simulation Models

Microscopic simulation models attempt to replicate the actual operation of a railroad over 
time. They do this by modeling the operation of each individual train during a user-defined 
time step (often one second) and then repeating the process for the entire simulation period. 
Microscopic models consider the impact of trains on each other when they simulate train ope-
rations. For example, if during a particular time step, a train occupies a block that a second 
train wishes to occupy, then the program will model the second train as performing according 
to the (user defined) safety system parameters. In the case of a simple block signal system 
the second train would stop at the block entry signal and wait until the first train clears the 
block before proceeding.
There are two types of microscopic models: synchronous and asynchronous. Synchronous 
models simulate all train operations in a single model run while asynchronous models simu-
late operations in a series of model runs.
In an asynchronous simulation the highest priority trains are modeled in the first run, then 
this schedule is locked and the second set of trains is modeled; the operation of the second 
set of trains does not impact the first set of trains, but is impacted by the first set (similarly, 
the operation of the third set of trains does not impact the first or second sets, and so forth). 
These types of models are often used for timetable construction since they can replicate ideal 
operational planning. A good example of this type of program is STRESI developed by RWTH 
in Aachen.
In contrast, synchronous models simulate all the trains operating in the modeled network at 
the same time, thus they provide a good way to simulate realistic operating situations (e.g. 
the impact of train delays on network operations). These models enable users to specify 
rules that the program uses to make dispatching decisions when there are conflicts between 
trains. These rules include simple train priorities (e.g. passenger trains before freight trains) 
as well as more complex rules designed to optimize some particular function (e.g. dynamic 
overtaking). In essence these models attempt to replicate good dispatching decisions.
OpenTrack is a microscopic synchronous railroad simulation model. It provides users with a 
great deal of flexibility for defining different dispatching logic as well as operational variables 
in a user-friendly manner.

2	 OpenTrack Rail Simulation Program

OpenTrack was developed at the Swiss Federal Institute of Technology’s Institute for Tran-
sportation Planning and Systems (ETH IVT). The project’s goal was development of a user-
friendly railroad simulation program that can run on different computer platforms and can 
answer many different questions about railway operations. Figure 1 illustrates the three main 
elements of OpenTrack: data input, simulation, and output.
OpenTrack is a microscopic synchronous railroad simulation model. As such it simulates the 
behaviour of all railway elements (infrastructure network, rolling stock, and timetable) as well 
as all the processes between them. It can be easily used for many different types of projects 
including testing the stability of a new timetable, evaluating the benefits of different long-
term infrastructure improvement programs, and analyzing the impacts of different rolling 
stock.

2.1	 Input Data

OpenTrack administers input data in three modules: rolling stock (trains), infrastructure, and 
timetable. Users enter input information into these modules and OpenTrack stores it in a 
database structure. Once data has been entered into the program, it can be used in many 
different simulation projects. For example, once a certain locomotive type has been entered 
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into the database, that locomotive can be used in any simulation performed with OpenTrack. 
Similarly, different segments of the infrastructure network can be entered separately into 
the database and then used individually to model operations on the particular segment or 
together to model larger networks.

Figure 1	 Data flow during a simulation project

Train data (locomotive and wagons) is entered into the OpenTrack database with easy to 
use forms displayed using pull down menus. Infrastructure data (e.g. track layout, signal 
type/location) is entered with a user-friendly graphical interface; quantitative infrastructure 
data (e.g. elevation) is added using input forms linked to the graphical elements. Following 
completion of the RailML data structure for rolling stock and infrastructure, OpenTrack will be 
modified to enable train and infrastructure data to be directly imported from RailML data files.
Timetable data is entered into the OpenTrack database using forms. These forms include 
shortcuts that enable data input to be completed efficiently. For example, users can designate 
hourly trains that follow the same station stopping pattern an hour later. Since OpenTrack 
uses the RailML structure for timetable data, timetable data can also be entered directly from 
various different program output files as well as database files.
One advantage of OpenTrack is that it enables users to adjust many variables that impact 
railroad operations. For example, users can simulate the impact of weather on traction by 
specifying the adhesion scenario (good, normal, bad). OpenTrack then estimates locomotive 
traction power using a percentage (also user-defined) of that calculated using the Curtius and 
Kniffler formula. While OpenTrack provides standard default values for all variables, having 
the ability to adjust variables makes the program quite useful.

2.2	 OpenTrack Simulation Process

In order to run a simulation using OpenTrack the user specifies the trains, infrastructure and 
timetable to be modeled along with a series of simulation parameters (e.g. animation for-
mats) on a preferences window. During the simulation, OpenTrack attempts to meet the user-
defined timetable on the specified infrastructure network based on the train characteristics. 
OpenTrack uses a mixed continuous/discrete simulation process that allows a time driven 
running of all the continuous and discrete processes (of both the vehicles and the safety 
systems) under the conditions of the integrated dispatching rules.
The continuous simulation is dynamic calculation of train movements based on Newton’s 
motion formulas. For each time step, the maximum force between the locomotive’s wheels 
and the tracks is calculated and then used to calculate acceleration. Next, the acceleration 
function is integrated to provide the train’s speed function and is integrated a second time 
to provide the train’s position function. 
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The discrete simulation process models operation of the safety systems; in other words, train 
movements are governed by the track network’s signals. Therefore, parameters including 
occupied track sections, signal switching times, and restrictive signal states all influence the 
train performance. OpenTrack supports traditional multi-aspect signaling systems as well as 
new moving block train control systems (e.g. European Train Control System – ETCS signaling).

2.3	 Dynamic Rail Simulation

OpenTrack is a dynamic rail simulation program. As such, the simulated operation of trains 
depends on the state of the system at each step in the process as well as the original user-
defined objective data (e.g. desired schedule).
A simple way of describing dynamic rail simulation is that the program decides what rou-
tes trains use while the program is running. For example, when building the network, users 
identify various different routes that trains can use between two points; OpenTrack decides, 
during the simulation, which route the train will use by assigning the train the highest priority 
route available. If the first priority is not available, OpenTrack will assign the train the second 
highest priority route and so on.
OpenTrack’s dynamic nature allows users to assign certain attributes to specified times in the 
simulation. Thus, users can assign a delay to a particular train at a given station and time, 
rather than being limited to assigning a delay at the start and using it through the entire 
simulation. Similarly, users can define other types of incidents (e.g. infrastructure failures, 
rolling stock breakdowns) for particular times and places.
Finally, dynamic simulation enables users to run OpenTrack in a step-by-step process and 
monitor results at each step. Users can also specify exactly what results are displayed on the 
screen. Running OpenTrack in a step-by-step mode with real time data presented on screen 
helps users to identify problems and develop alternative solutions.

2.4	 OpenTrack Output

One of the major benefits of using an object oriented language is the great variety of data 
types, presentation formats, and specifications that are available to the user. During the 
OpenTrack simulation each train feeds a virtual tachograph (output database), which stores 
data such as acceleration, speed, and distance covered. Storing the data in this way allows 
users to perform various different evaluations after the simulation has been completed.
OpenTrack allows users to present output data in many different formats including various 
forms of graphs (e.g. time-space diagrams), tables, and images. Similarly, users can choose 
to model the entire network or selected parts, depending on their needs. Output can be used 
either to document a particular simulation scenario or as an interim product designed to help 
users identify input modifications for another model run.

3	 Application of OpenTrack at NeusiedlerSeeBahn (NSB)

The NeusiedlerSeeBahn is responsible for the line from Neusiedl am See to Pamhagen. At 
Neusiedl am See the branch line from/to Eisenstadt is located. Pamhagen is the last station in 
Austria before the Hungarian border. From Neusiedl am See a line leads to Parndorf Ort where 
there is the connection to the Eastern line of Austrian Railways which is connecting Vienna 
and Budapest. People living at the villages located between Neusiedl am See and Pamhagen 
typically go for work to Vienna every single day of the week. Therefore the NSB is interested in 
offering shorter traveling times to Vienna. To achieve this goal some investments were done in 
the last years to increase the track speed. OpenTrack has been successfully used to evaluate 
the shortenings of running times for local trains and regional trains.
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Figure 2	 Infrastructure layout of the line from Neusiedl am See to Pamhagen

Figure 2 shows the topology of the line from Neusiedl am See to Pamhagen. Crossing opportu-
nities are located at Bad Neusiedl, Mönchhof-Halbturn, Frauenkirchen, St. Andrä am Zicksee, 
Wallern and Pamhagen. The first step in the project was the check of the model with the exi-
sting timetable. This step allowed the exact calculation of running times reserves included 
in the existing timetable. 

Figure 3	 Simulation result of the existing timetable 

Figure 3 shows the result from the simulation of the existing timetable. It has to be noted that 
one course during the day is only going to St. Andrä am Zicksee and not to the terminal station 
at Pamhagen. Additionally there is no service during the morning hours towards the region 
between Neusiedl am See and Pamhagen. Exactly the same happens during the evening when 
there is no service towards Vienna. The reason for this asymmetry in the timetable can be only 
explained by the saving of operational costs. For pupils there are two additional services du-
ring the day to allow them traveling to and back from school. Unfortunately the infrastructure 
does not allow a crossing between Bad Neusiedl and Mönchhof-Halbturn which would be 
required to run a 30 minutes interval in both directions. Furthermore the infrastructure model 
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had to be extended with the upgraded track speed limits which had been indicated by mar-
kers at the related vertices. Due to the increase of the track speed the crossing shifts from 
St. Andrä am Zicksee towards Wallern because of keeping the arrival and departure times at 
Neusiedl am See (see Figure 4).

Figure 4	 Result of the simulation for upgraded infrastructure

Local and regional trains benefit from the increase of track speed by a shortening of running 
times of 5 minutes each. Local trains which stop at every single station run in 33 instead of 
38 minutes and regional trains run in 28 instead of 33 minutes. A shortening of 5 minutes in 
terms of running time could be also achieved by introducing today regional trains. Of course 
the increase of the track speed in combination with the introduction of regional trains leads to 
an overall reduction of running time of 10 minutes for regional trains. An open point for further 
investigations is the integration of both services at the same time because each crossing of 
two trains will lead to an increase of running time while one train has to take the siding track 
in a crossing station. This could require the demand to upgrade also the frequently used 
switches to allow higher speeds for the siding track.

4	 Conclusions

OpenTrack is an efficient and effective railroad simulation program. It has been successfully 
used in many different railway planning projects throughout the world. The program’s use 
of object oriented programming and the RailML data structure makes it particularly effective 
since the program can be modified relatively easily to address specific applications and since 
data can be transferred easily to and from other programs based on RailML.
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Abstract

Traffic accidents and road fatalities present a serious problem of the modern age. Statistics 
show that large percentage of traffic accidents with fatalities occur on horizontal curves which 
indicates that, in addition to drivers’ errors, causes of road accidents can be found in the 
characteristics of the road alignment. Driving safety depends on several factors and one of 
the main causes of accident occurrence is the lack of geometric design consistency in terms 
of maintaining the desired travel speed. Design consistency refers to the ability of geometric 
characteristics of the road to conform to driver expectancy. A consistent road design ensures 
coordinated successive elements producing harmonized driver behaviour with no surprising 
events. Beside the successive elements consistency, a good road design must establish the 
balance of superelevation and side friction values in curves with actual driving speeds.
Although numerous speed studies have been conducted, most of them were based on spot 
speeds and certain assumptions providing incomplete information about the actual speeds. 
The limitations of the existing studies indicate the need for more detailed research of actual 
driver behaviour and the inclusion of real speeds in the road design procedure. This paper 
presents the free flow speed analysis, with speeds recorded on a segment of the state road 
D1 in Dalmatia region of Croatia using an innovative GPS based methodology. This metho-
dology allows the continuous speed data collection and gives an accurate picture of drivers’ 
behaviour. The data were collected on 27 km long road segment and used for three types of 
analysis: relationship between project speeds and actual speeds of most drivers, compari-
son between side friction factors (demand, supply and design) and creation of the operating 
speed model in horizontal curves.

Keywords:	GPS, operating speed, project speed, horizontal curve, side friction factor, 
operating speed model

1	 Introduction

Factors mainly affecting road safety are: the driver, the vehicle and the road [1]. Previous road 
safety studies showed that accidents often occur on horizontal curves which indicates that 
there is a relationship between the traffic safety and road alignment characteristics. Previo-
us accident researches have found that accident rates on horizontal curves are 2 to 5 times 
higher than the accident rates on tangents [2, 3]. Also in Croatia a large percentage of fatalities 
are related to horizontal curves. According to [4], approximately 40% of total fatalities that 
occurred in crashes in 2011 in Croatia occurred along horizontal curves.
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2	 Road design practice

All current geometric design policies are based on the design speed concept. A road design 
procedure begins with selecting a speed called “design speed” which is used for determi-
nation of the various geometric design features of the roadway. Among other elements, the 
most important one is determination of the allowable horizontal curve radii. The use of de-
sign speed enables driving safety in those sharpest curves, while road segments with flatter 
curves allow for higher driving speeds [5]. Some road design guidelines, like German [6] and 
Australian [7], recognize this by using the 85th percentile operating speed obtained by field 
survey. The operating speed is defined as the speed below which 85% of vehicles actually 
drive under free flow conditions.
Croatian guidelines for the road design [8] use theoretical value of speed, called project speed 
(Vp), rather than the 85th percentile operating speed. Project speed is defined as the maxi-
mum expected speed in free flow conditions that can be achieved with sufficient safety on a 
particular part of the road segment depending on its horizontal and vertical characteristics. It 
is determined from the basic equation of vehicle stability in horizontal curves, as a function 
of applied curve radius or largest applied longitudinal grade (smaller value is chosen):

	 	 (1)

where:

Vp	 project speed (km/h);
R	 curve radius (m);
emax	 maximum permissible superelevation;
fRdesign	 design side friction factor.

Croatian guidelines define the project speed as a criterion for determining superelevation and 
stopping sight distance. They also provide consistency criteria in terms of design and project 
speed consistency and consistency of project speeds within one road section. The values of 
project speeds should not exceed the design speeds by more than 20 km/h, otherwise the 
guidelines require that either the project speed be increased or the road alignment be modi-
fied to reduce the project speed. Also, the maximum differences in project speeds within one 
section should be less than 15 km/h.
Driving speeds are influenced by geometric elements such as horizontal curvature, cross-
sections and grade, so it should be possible to control speed throughout the appropriate 
selection of geometric design standards for these elements [9]. Designing the geometric ele-
ments based on speeds not harmonized with actual speeds can result in inappropriate road 
elements. In particular, inadequate speeds in the road design process could result in supe-
relevation and sight distance values that are less than optimal for safe and comfortable ride.

3	 Data collection

Although numerous studies have been developed in order to determine operating speeds 
at curves, most of them were based on spot speeds and certain assumptions about drivers’ 
behaviour. The lowest speeds along the horizontal curves and highest speeds along tangents 
are considered to be the desired drivers’ speeds. The researchers collected speed data at 
specific locations of a roadway, mostly at the middle point of horizontal curves, using radar 
gun or similar device. Due to the lack of data, many models used the assumption of a constant 
velocity along a horizontal curve and the assumption that the acceleration and deceleration 
occur only on tangents. These assumptions may not be realistic [10, 11]. Except the unrealistic 
assumptions of driver behaviour, there are also some other disadvantages of spot speed 

V R e fp Rdesign= ⋅ ⋅ +127 ( )max
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data measuring, like cosine error, drivers changing their behaviour in the presence of test 
equipment and human error when reading data from the device display.
Because of the many shortcomings of the spot speeds and with the development of techno-
logy, more and more authors focus on continuous data measuring. In the past decade, several 
operating speed studies have been conducted based on continuous measured data using a 
GPS device [1, 10, 12, 13]. This paper presents the operating speed prediction model for hori-
zontal curves based on the speed data from 10 km long road segment. The data were collected 
by using an innovative GPS device Performance Box, a high performance 10Hz GPS engine, 
which measures speed, position, acceleration and heading ten times a second. Performance 
Box uses a GPS system with an update rate of 10 samples per second, which is faster GPS 
engine than the devices of the previous reserches which were working with frequency of 1HZ.
The GPS data collection methodology allows the determination of individual minimum speeds 
on curves and maximum speeds on tangents (location and value), unlike the spot speed mo-
dels that used unrealistic assumptions of driver behaviour. Beside the speeds, GPS techno-
logy enables the determination of drivers’ path radii of the curves, on which the side friction 
demand depends.

Figure 1	 Analyzed segment of the state road D1

The test rides were carried on a road segment which consists of horizontal curves with radii 
varying from 80 to 1000 m. Operating speed prediction model for horizontal curves was de-
termined based on the speed data from 10 km long road segment, and the model validation 
was made with the data from 1 km long segment of the road (Fig. 1). Analyzed road segment is 
the two-lane state road with relatively low traffic volume (according to [14], the average annual 
daily traffic was 1377 veh/day in 2011). The rides were recorded during day under optimal 
weather conditions and free flow conditions, in order to reduce the conditions not related to 
the geometry of the alignment. Test driver sample consisted of 15 people with passenger cars 
of different types and ages.
In this study, the values of speeds and radii relevant for analysis, V85 and R15, are determined 
based on data collected from 15 individual drivers [15]. The 85th percentile speed V85 is the 
speed below which 85% of drivers actually drive. The path radii of 15% of drivers are smaller 
than the 15th percentile radius R15.
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4	 Analysis and results

Although Croatian guidelines for the road design use the term “operating speed”, it is actu-
ally represented as theoretical value named project speed. The question is how much are 
the values of project speeds consistent with real speeds of most drivers and how the use of 
project speed affects the side friction demand. Operating speeds determined from the data 
collected on 10 km long road segment were compared to the project speeds, the comparison 
between side friction values (demand, supply and design) was made and the operating speed 
prediction model for horizontal curves was determined.

4.1	 Disparity between project and operating speed 

The analyzed segment of the road D1 has been designed as a 2nd category state road with 
design speed of 60 km/h. The values of project speeds in horizontal curves were determined 
according to Croatian guidelines, for a 2nd category road and actual radii. The actual curve radii 
on horizontal curves were determined from the road surveying which was made in 2006 by Hr-
vatske ceste (company for managing, constructing and maintaining of state roads in Croatia).

Figure 2	 Operating and project speeds in horizontal curves

The comparison between the operating and project speeds is shown in Fig. 2. It can be seen 
that the operating speed is greater than the project speed in all curves with radii smaller than 
about 300 m. The project speed is lower than the operating speed which results in insufficient 
values of stopping sight distances and superelevations optimal for a comfortable ride. Very 
important elements of the road from a safety point of view are determined based on speeds 
much lower than actual speeds which may be the cause of accident.

4.2	 Side friction demand, supply and design 

Differences between operating and project speeds result in exceeding the limiting values of 
side friction. The side friction demand factors (fRd) were calculated for actual superelevations 
in horizontal curves and relevant radii and speeds (V85 and R15). The actual radii and supere-
levations on horizontal curves were determined from the road surveying made by Hrvatske 
ceste. The side friction demands are compared to the side friction supply (fRmax) and design 
side friction factors (fRdesign). The comparison is presented in Fig. 3.



Traffic safety 731
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

Figure 3	 Relationship between side friction demand, supply and design factors

The side friction demands exceed design side friction factors in all curves and they are higher 
than the peak side friction supply values in almost all curves. This point to the danger of 
skidding, especially in poor driving conditions such as wet and dirty pavement and worn tires.

4.3	 Operating speed model for horizontal curves 

The majority of existing operating speed models were made using linear regression with va-
riety of geometric and traffic characteristics of the alignment [11]. The main independent va-
riables chosen for use were radius of the curve and approach speed (speed at which vehicle 
approaches a curve). This paper describes a multiple regression procedure to determine ho-
rizontal curve speed model based on data collected on 10 km long segment of state road D1, 
with horizontal curve radius (R) and the approach speed (Vapproach) as independent variables 
[15]. The model validation was made with the data from 1 km long segment of the road. Data 
from 44 horizontal curves (80 m < R < 1000 m) were used for model determination and from 4 
curves (170 m < R < 300 m) were used for model validation. Based on the collected data and 
using a multiple linear regression, the following model was developed:

	 (2)

The coefficient of determination of the model is equal to 0,761. The accuracy of the model was 
also expressed by the mean absolute percentage error, defined by the formula:

(3)

The overall mean absolute percentage error (MAPE) for the data from 10 km long segment is 
4,2% and the maximum MAPE is 17,2%. Operating speeds derived from the collected data 
and model predicted speeds in horizontal curves are shown in Fig. 4. It should be noted that 
the model fits the data well.
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Figure 4	 Operating and model predicted speeds in horizontal curves

Figure 5	 The values of mean absolute percentage error for the model data and validation data

The validation of the speed prediction equation for horizontal curves (2) was performed by 
comparing the model predicted speeds to field observed speeds from the 1 km long segment of 
the road. The MAPE value for the validation data is 4,6% and the maximum value is 6,3%. The 
MAPE values for the data from 10 km long segment (model data) were compared to the values 
for the data from 1 km long segment of the road (validation data), which is presented in Fig. 5.
The MAPE values for validation data are similar to the MAPE values for model data what means 
that, according to radii and approach speeds, the model predicts accurately the curve speed 
choice of the driving population.

5	 Conclusions

The main factor in the road design procedure is the speed of the vehicle. The relevant speed 
should be determined primarly based on safety and driving comfort. Speed studies in many 
countries have found that speeds used in the road design underestimate the actual speeds 
of most drivers. Most of European countries use operating speed to determine the values 
of superelevations in curves and stopping sight distances and for the evaluation of speed 
consistency. The main difference is in the way in which the operating speed is defined and 
determined. According to Croatian guidelines, the operating speed is a theoretical value de-
fined as project speed. This speed is mostly lower than the 85th percentile speed obtained by 
field survey which leads to the road elements inconsistent with the actual speeds. That may 
be a potential cause of an accident. This paper presented an experimental investigation of the 
drivers’ speed behaviour on horizontal curves of two-lane state roads in Croatia. It was found 
that the operating speed is greater than the project speed in curves with radii smaller than 300 
m. Differences between operating and project speeds result in exceeding design side friction 
factors and peak side friction supply values. These findings indicate the need for changes in 
the existing road design, mostly in terms of harmonization the relevant speeds that are used 
in the road design with actual speeds of most drivers.
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It is also presented an example of determining the operating speed prediction model for hori-
zontal curves, based on the collected data and using a multiple linear regression. The model 
was calibrated with continuous speed data measured by an innovative GPS device. Unlike 
previous spot speed methodologies, GPS allows the determination of locations and values of 
critical speeds on tangents and horizontal curves. Most previous speed models were based 
on the assumption that the speed remains constant throughout a curve and that drivers reach 
their highest speeds in the middle of tangents and reach their lowest speeds in the middle of 
horizontal curves. The continuous data collected in this study showed that these assumptions, 
in general are not realistic. The speed throughout a curve doesn’t remain constant and locati-
ons of the lowest speeds on curves and highest speeds on tangents differ from driver to driver.
Although the operating speed model is obtained with a relatively high coefficient of determi-
nation and relatively low values of mean absolute percentage errors, it is necessary to include 
additional independent variables and field data, to make the model more reliable.
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Abstract

Improving road safety has been the key objective for road authorities worldwide for the last 
years. Lately, many concepts were adopted to reduce the number of fatalities, concepts like 
self-explaining roads, low cost measures or forgiving roads. As new research findings are 
published, differing theories evolve and road safety visions change. Nowadays, around 30% 
of accidents on the entire EU road network are caused by inadequate infrastructure. The way 
roads are laid out and designed can reduce the exposure to traffic of vulnerable road users, 
reduce the probability that crash and injury occur when these users are exposed and reduce 
the severity of injury if it occurs. Substantial and sustainable casualty reductions can be 
achieved in relatively short time and at relatively short cost by identifying and treating high 
risk infrastructure sites, creating safer and forgiving roads. The aim of this paper is to improve 
traffic safety by increasing the awareness of road authorities, in order for them to implement 
road safety measures following the concepts of forgiving roadsides and taking into conside-
ration the human factors also.

Keywords:	road safety, road elements, forgiving roads, traffic accidents

1	 Introduction

More than 1.2 million people are killed on the road every year and more than 20 million are 
injured, according to a World Health Organization recent report. Despite the fact that 10% of 
the total accidents are single vehicle accidents (typically run-off-road accidents) the rate of 
these events increase up to 45% when only fatal accidents are considered, [1]. One of the 
key issues of this dramatic increase for the high rate of this type of accidents is the lack of 
forgiving roadsides. The forgivingness of the environment and of road users is defined as 
injury limitation through a forgiving road environment and in the meantime, an anticipation 
of road user behavior. 
A forgiving road is defined as a road that is designed and built in such a way as to interfere 
with or block the development of driving errors, but also to avoid or mitigate negative con-
sequences of driving errors, allowing the driver to regain control and either stop or return to 
the travel lane without injury or damage, [2].
A large number of research studies have been conducted in the past years, studies which 
contributed to the development of the road design standards for improving roadside design. 
They suggest [3] that the stages in any strategy for improving the siting and design of street 
equipment can be further developed and extended as follows:
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Table 1 	  Main principles for forgiving roads.

Existing roads Designed roads
Eliminating unnecessary obstacles Designing roads without any dangerous 

street equipment problems
Moving obstacles further away from the roadside Designing a clear zone at the side of the road 
Modifying the structure of the obstacles Designing street equipment to be more forgiving
Isolating certain obstacles with new and 
improved types of safety device

Protecting street equipment with a barrier to 
absorb some of the energy of the impact

To develop a forgiving road environment, certain characteristics must be included and mea-
sures should be taken, considering standard road safety measures, but also a practical tool 
for assessing the effectiveness of a roadside treatment, as can be seen further in this paper.

2	 Standard road safety measures for forgiving roads 

2.1	 Roadside clear zones

A very frequent cause of traffic accidents is the existence of obstacles along the road, ob-
stacles which don’t forgive drivers mistakes. These walls, which were inadequate designed 
and built, modify the incidence of crashes. Their presence has two major implications regar-
ding road safety: the danger of collision and the obstruction of visibility, Figure 1.

Figure 1	 Unforgiving roadside environment [4]

The clear zone is a key safety concept used in road design, Figure 2. It represents the area 
that begins at the edge of each travelled lane and is available for emergency use by errant 
vehicles that run off the road. This zone includes any adjoining lane/s, road shoulders, verges 
and batters.
Generally, the width of the required clear zone increases as the design speed increases. On 
the basis of accident analysis in the Netherlands, the SWOV (Dutch Institute for Road Safety 
Research) has estimated that the minimum width of clear zones for three types of roads sho-
uld be as follows [5]:
·· 3.5 meters for single-lane regional highways;
·· 7 meters for single-lane federal highways;
·· 10 meters for motorways.
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Figure 2	 Roadside clear zone concept

The Clear Zone should be kept free of fixed, non-frangible hazards. It is not always possible, 
but all practical measures should be taken to provide this. Acceptable alternative options 
include safety barriers and physical measures to reduce travel speed. Less desirable alternati-
ves include the use of narrower Clear Zones and compensatory measures such as delineation 
improvements.

2.2	 Safe drainage structures 

The drainage structures are an essential element of roads. They are designed to collect the 
pluvial water, but unfortunately they are very dangerous for road users. Because of the high 
water volume, they were designed very deep and with a high lateral slope of the walls, and in 
some cases they were even made of concrete, Figure 3.

Figure 3	 Unsafe drainage structures

The development on new drainage systems which can cope with the expected amount of 
rainfall, yet don’t create unsafe conditions for traffic users is not an easy task, but it is a 
necessary compromise. In developed countries, permeable drainage systems are commonly 
used in the proximity of roads, following the idea that they will be more dry than wet, even in 
areas with heavy rain. If the side of the trench is porous, evaporation is faster, and not just 
for the water seeped through the sides of the trench in the ground, but for any other type of 
infiltration. This is also a sensible ecological measure and it is called shallow green ditches. 
It has been discovered that most of the critical pollutions of the water from the road, such as 
oil and petrol will be destroyed by soil bacteria. For the case in which the water permeability 
of the soil is low, a subsurface piped solution is recommended.
Increasing the distance between the drain and the road will reduce the likelihood of a stray 
vehicle entering the drain and will provide room for pedestrians and other vulnerable road 
users away from motorised traffic, Figure 4. The ideal distance depends upon the usage of 
the road, but a typical recommended distance is 1.5 metres. 
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Figure 4	 Safe drainage systems

2.3	 Safe barrier systems

A barrier system is represented by a series of posts and cross beams, usually steel but someti-
mes concrete or wood, used to physically prevent vehicles passing a defined line, typically the 
edge of a road or the median line. Although larger vehicles may ride over barriers (Figure 5), 
they can be effective against the majority of motorized and non-motorized vehicles. However, 
the effectiveness of a barrier and indeed the danger that it may pose depend on how well it 
has been designed, located and installed.

Figure 5	 Unsafe barrier systems

Safety barrier ends are usually considered hazardous when the termination is not properly 
anchored or ramped down in the ground or when it does not flare away from the carriageway. 
Crashes with “unprotected” safety barrier ends often “unforgiving” can result in a penetration 
of the passenger compartment with severe consequences.
Barrier systems should be used in areas where in case of a run off accident, the consequences 
of leaving the road by a vehicle would be much worse than if it would hit the parapet. The 
main role of the barrier systems is that they diminish the severity of a run-off-road accident 
when they are good designed and installed. For this to happen, they must have the property 
to absorb the shock of impact and prevent bouncing a vehicle back on the road just after a 
collision, as can be seen in the Figure 6.

Figure 6	 Safe barrier systems with proper ends
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The median barriers are designed to avoid front collision between vehicles travelling from 
opposite directions, but also they have an impact on pedestrians, as they encourage them 
to use safer areas to cross the road, Figure 7. A distinction needs to be made between the 
medians used to guide directional traffic management and those used for safety reasons. 
The second category must have a more solid construction, since their function is to divert 
vehicles tending to go over the median axis and absorb as much of the kinetic energy during 
the collision. To prevent the execution of u-turn maneuver on national roads with intense 
traffic, there have been installed on the median axis plastic barrier systems, in the colors red 
and white, filled with sand. Their presence on the roadway was properly marked with signs 
and road markings.

Figure 7	 Safe median barriers

2.4	 Rumble strips 

Shoulder rumble strips have been proven to be a low cost and extremely effective treatment 
in reducing single vehicle run-off-road crashes and their severity, Figure 8.

Figure 8	 Shoulder rumble strips

For rural freeways the Crash Modification Factor for the use of milled rumble strips has been 
estimated combining different studies in [1]:
·· 0.89 (which means potential reduction of crashes of 11%) for single vehicle run-off-road cras-
hes, with a standard error of 0.1;

·· 0.84 (which means potential reduction of crashes of 16%) for single vehicle run-off-road fatal 
and injury crashes, with a standard error of 0.1.

For rural two lane roads the Crash Modification Factor for the use of milled rumble strips has 
been estimated combining different studies in [1]:
·· 0.85 (which means potential reduction of crashes of 15%) for single vehicle run-off-road cras-
hes, with a standard error of 0.1;

·· 0.71 (which means potential reduction of crashes of 29%) for single vehicle run-off-road fatal 
and injury crashes, with a standard error of 0.1.
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Given the very low standard errors these results can be considered extremely reliable in esti-
mating the potential effect of milled shoulder rumble strips on these types of roads.

2.5	 Frangible poles

Where it is not feasible to eliminate roadside hazards, it is possible to make them less inju-
rious by changing their design as long as this takes account of real world accident data and 
current vehicle design. Frangible poles can be effective in reducing the severity of pole related 
crashes. These types of utility poles are specifically designed to collapse or break away on 
impact and reduce the severity of potential injuries. Two types of frangible lighting poles are 
most used are [6]: 
1	 Slip-base type poles;
2	 Deformable poles.

2.5.1	 Slip-base tire poles
Slip-base poles are widely used on freeways and other high speed roads in many countries 
and they are becoming more widely used. The slip-base poles consist of a normal pole stem, 
catering for mounting heights up to approximately 15 m. The base involves two plates clamped 
together with three equally spaced bolts. These plates and bolts are released during an impact, 
allowing the pole stem to break away from its foundation with minimal impact on the vehicle.
The decision to use slip base poles will depend on the space available and the resultant likeliho-
od that a falling pole would cause injury to other users of the roadside area. For example, a slip 
base pole will usually be inappropriate where pedestrian or cyclist traffic is common because a 
falling pole would pose an unacceptable risk to those road users, Figure 9.

Figure 9	 Slip-base poles [7]

2.5.2	 Deformable poles 
Deformable poles (Figure 10) provide a satisfactory degree of crash worthiness at lower ve-
hicle impact speeds (ex: up to 80 km/h). They are particularly suited to low vehicle speed 
and/or high pedestrian activity areas. Impact absorbing poles differ from slip-base type poles 
in that in a vehicle impact they remain attached to the base structure and absorb any impact 
energy. The deformation of the pole is controlled by designed weakening of the pole stem 
over the lower 4m to 5m length.
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Figure 10	 Deformable poles [7]

3	 Conclusion

Forgiving road environments constitute a basic tool in preventing or mitigating an important 
percentage of road accidents related to driving errors. As everybody makes mistakes, drivers 
will eventually keep doing bad manoeuvres or actions. Over 80% of accidents are related 
to driver’s error and about 25–30% of fatal accidents involve crashes with fixed roadside 
objects. This type of accidents is mainly caused due to driving errors that lead to lane/road 
departure. The existence of a forgiving road environment would prevent accidents of this type 
(and generally accidents that involve driving errors) and/or would reduce the seriousness of 
the consequences of such accidents. The first step in creating a forgiving road environment is 
the identification of error patterns that lead to accidents, in order to conclude to measures to 
be taken for rendering a road environment of forgiving nature. What is of outmost importance 
is to select the appropriate measure for each type of error, in terms of infrastructure enhan-
cement. This paper has briefly reviewed concepts for designs of typical roadside elements. 
Although many nations have already begun to recognize and implement the “forgiving roads” 
concept, there are still perplexing questions regarding the nature and the extent of roadside 
treatments for a specific type of road and the cost effectiveness of this type of activity. 
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Abstract

Over the last years, distracted driving constitutes a considerably increasing road safety pro-
blem with disastrous results and it possesses a leading position among the accidents causes. 
The present study deals with driver’s distraction due to out of the vehicle factors as well as fac-
tors related to the driver such as age, gender, driving experience etc. Considering exterior fac-
tors as the most significant, we can group them in four categories: built roadway, situational 
entities, the natural environment, and the built environment. Regarding the fourth category, 
it is related to the wide variety of civil infrastructure, the commercial land use combined with 
the high vehicle speeds. All these contribute to the setup of a very dangerous environment 
by increasing driver’s distraction and inattention. This research is based on a medium scale 
experimental procedure which took place in three urban freeways in Greece, using a sample of 
77 drivers. The distraction of the driver’s attention is evaluated via a continuous recording of 
his gaze which acts as the main indicator regarding driver’s performance. The main objective 
of this paper is to assess the side effects of roadside advertising and overloaded informatio-
nal signs to driver’s distraction and inattention. The results of this type of research procedures 
are very useful as a tool to prevent the forthcoming pressure for more and more billboards and 
trademarks on the roads as well as to encourage the adaptation of more precise regulations 
with regard to the road infrastructure, the placement of roadside elements, etc.

Keywords:	Driving, distraction, advertising, billboards, naturalistic, research

1	 Introduction

Distracted driving is a growing road safety problem and also the leading cause of car acci-
dents. The nature and the specific characteristics of distraction have not yet totally clarified 
but the most of the route has already been covered as many researchers try to obtain all the 
necessary information to manage this phenomenon. The most crucial information, though, is 
about the nature of distraction and the dilemma whether or not distraction is differentiated 
from inattention. According to Regan et al. (2010) the taxonomy of inattention includes five ma-
jor categories: Driver Restricted Attention (DRA), Driver Misprioritised Attention (DMPA), Driver 
Neglected Attention (DNA), Driver Cursory Attention (DCA), Driver Diverted Attention (DDA). 
Driver distraction as it is defined in this research is the last category of Regan’s taxonomy. 

2	 Basic characteristics of distraction

The first step to a proper approach is to understand the basic characteristics of distraction as it 
appears in general. Many researchers have tried to define driver distraction and as a result the 
related literature contains a significant number of those definitions. In the first International 
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Conference on Distracted Driving (Hedlund et al. 2005:2) the scientific community agreed on 
a definition for distracted driving: “Distraction involves a diversion of attention from driving 
because the driver is temporarily focusing on an object, person, task, or event not related to 
driving, which reduces the driver’s awareness, decision-making, and/or performance, leading 
to an increased risk of corrective actions, near-crashes, or crashes”.
Distraction may be visual, cognitive, biomechanical and auditory (Ranney et al. 2001). Distrac-
tion at all forms, has become object of research recently, with distraction from a secondary 
task concentrating most of the research on the subject, particularly after the widespread use of 
mobile phones and the integration of driver assistance systems in modern vehicles. Naturally, 
priority is given to drivers of passenger cars without overlooking the other road users’ catego-
ries such as truck drivers, motorcyclists, bicyclists etc (Misokefalou et al. 2010).
The main causes of distraction are classified into two categories: Those coming from the in-
terior of the vehicle and those from the external environment. In the second category, one 
finds some very important potential sources of driver distraction which can be grouped in 
four major categories: built roadway, situational entities, the natural environment, and the 
built environment (Horberry et al. 2009). According to Horberry et al. one component of built 
environment which consists the fourth category of the previous categorization is the billboards 
and any other kind of road advertising. In the case of causes related to advertising, it should 
be particularly emphasized that the purpose of their presence at some point at the roadside, 
or even in a moving vehicle in the road, is to capture the driver’s gaze in order for him/her to 
devote the required time so as to assimilate the information obtained. Roadside advertising 
billboards are designed by their very nature to attract attention. Crucially, though, the related 
potential threat to road safety is generally not acknowledged by the industry (Crundall et al. 
2006). This is the reason why distraction by advertising is a very significant road safety pheno-
menon which must be elucidated by using all the available means and methods. 

3	 Frequency of driver distraction in crashes

The importance of this issue emerges from data which shows distraction from a secondary 
task as a cause of serious accidents as well as crashes. Particularly for billboards, Crundall 
in his study (Crundall et al. 2006) supports that though it is acknowledged that research into 
advertisement distraction has been extremely limited (Beijer et al. 2004), the few studies that 
have been conducted have demonstrated that drivers do look at and process roadside adver-
tisements (Hughes et al. 1986), and that fixations upon advertisements can be made at short 
headways or in other unsafe circumstances (Smiley et al. 2004). Previous studies of accident 
statistics have also identified external distractors, including advertisements, as a significant 
self-reported cause of traffic accidents (Stutts et al. 2001). Particularly, for roadside distractors, 
evidence is mounting that roadside distractions (and advertising in particular) present a ‘small 
but significant’ risk to driving safety (Lay 2004). Conservative estimates collated from a review 
of several accident databases put external distractors responsible for up to 10% of all accidents 
(Wallace 2003). This is confirmed also by a recent simulator study (Young et al. 2009) in which 
there is a tentative suggestion that more crashes occur when billboards are present.

4	 Method

4.1	 Methods of evaluating driver distraction 

The use of standardized methods gives the researchers the possibility to exchange data, 
conclusions and best practices. Therefore, it is important to detect the most suitable method 
of data collection (Rockwell. 1998). This aim can be achieved through a comparative stu-
dy between the allocated methods, examining the advantages and disadvantages of every 
method separately as well as the usefulness and necessity of the results that every one of 
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them produces as the only certain way for the researcher to detect driver’s distraction is via 
the results that distraction produces. An analysis of this kind was made by the Univerity of 
the Thessaly (Eliou et al. 2009). During this study all the available methods were examined. 
The most popular among the available methods are based on elements of accidents, on 
experiments, on observation and surveys. Furthermore, there are some methods that are not 
included in any of the previous categories like Peripheral Detection Task and Visual Occlusion.

4.2	 Selection of the appropriate method

The method considered the most appropriate is an observational-naturalistic study, which 
takes place in the field, using specially equipped vehicle to record the driver’s eye movements 
and measure the frequency and the duration of the glances at every object considered potenti-
al source of visual distraction. The available equipment (Facelab machine) is capable of making 
continuous data recording. The main advantage is that with this method, in contrast with all 
the others categories, driving comes as close to the real thing as possible which is important 
for the research when we study human reactions. Naturally, there are some limitations both in 
designing and carrying out the experiment. The most important of these is the limited number 
of participants in comparison with other methods like questionnaires study, the unfamiliar 
vehicle which causes stress to the driver, the anxiety because of the sense of being monitored 
as the vehicle is equipped with cameras and, finally, the subjective discretion of the analyst-
observer at the data processing. 
Captiv software, which is compatible with FaceLab L2100, was used for the analysis of the re-
sults. This software gives the opportunity to analyse the data in detail by recording the number 
of glances at every billboard as well as the total time that the billboard captured driver’s gaze 
during driving. At this point it should be noted that as distraction, in this study, is considered 
the continuous or intermittent but repeated capture of the gaze from a theme for longer than a 
total of two seconds as glances that last more than this time are related to driving errors (Ro-
ckwell, 1998). Smaller time intervals (0-0.7 seconds, 0.7-1.0 seconds, 1.0-1,6 seconds, 1,6-2.0 
seconds >2 seconds) were also studied in order the results to be comparable with the results of 
other related studies. Highly experienced analysers carefully analysed the produced by Facelab 
machine videos and all the data were statistically analysed.

5	 Experimental site 

The research took place from June 2011 to February 20102, in 3 suburban roads in Greece. The 
first road is Attiki Odos, a freeway in the city of Athens. There were three routes under observa-
tion with a length of 19, 16.8 and 15 km respectively. The second road is Leoforos Kifisou , an 
arterial road in the city of Athens and the route under observation has a total length of 10 km. 
The third road is the national road between the city of Thessaloniki and the city of Giannitsa. 
The studied section is 7.7 km. In the last two roads, drivers drove both directions. The flow of 
vehicles is continual without being interrupted by traffic lights. The speed limit of the road is 
90km/h. The total number of the points at which the data were collected is 136, of which the 
first 69 are at the first route, the following 40 at the second route and the last 27 at the third 
route. In this study other objects besides the advertisement has been selected to participate 
in order to act as comparison points to the advertising. 

6	 Participants

Using volunteer drivers, who are required to drive a car on the three selected roads, under the 
supervision of the researcher, who was always in the passenger seat checking the proper func-
tion of the system, the obtained results are characterized by a high degree of reliability and va-
lidity. Seventy seven drivers participated in the surveyof which 62% are men and 38% women. 
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The drivers were selected with criterion their familiarity with the selected roads in order to 
eliminate the stress which an unfamiliar route induces. All drivers were familiar with the road, 
as they use it in a daily basis, but the subject of the study was completely unknown to them. 
Regarding the limitation of the unfamiliar vehicle, each one of them, in order to become familiar 
the vehicle drove the selected route 2 times before the third run which was the one that we 
focused our attention at during the analysis process. The drivers are between 26 and 45 years 
old and the vast majority of them, in all three traffic routes, possesses a driving license and 
drives systematically for more than ten years.

7	 Material - Data collection

The equipment used in the survey was very carefully chosen in order to produce the optimal 
quality, completeness and integrity of results. It includes a passenger vehicle and a moni-
toring and recording system (Facelab, Seeing machines), which detects and records every 
single movement of the driver’s gaze and the driver’s head. It is composed of two cameras 
for the recording of the above and an external camera for the recording of the road scene. All 
measurements for the experiment took place during the day, under normal traffic conditions 
as well as normal weather and lighting conditions.

8	 Results

In this study, the information isolated and analysed in depth, is related to the external im-
pulses that cause driver distraction and concentrates interest mainly on billboards near the 
road and their role in driver’s distraction of attention. For this purpose, many sites of interest 
related to advertising along the road were identified and mapped for routes of every road. 
Among them there are billboards, banners, soundpannels with graffiti and posters on them 
and gas station signs. Additionally, other elements on the road, such as road signs and bu-
ildings were parts of the study. The analysis included an examination of driver behaviour, as 
far as concern the reactions of drivers’ pupils of the eyes while driving under the existence of 
these potentially evocative distraction elements of the road environment.
The following 3 figures (Fig. 1,2 and 3) show the results from the analysis of the gaze direction 
to the observed points of each route. Each driver drove the selected route 3 times but we de-
cided to focus our attention at the third one because of the familiarization of the driver with 
the vehicle which was analysed at the method section. As it shows, there are certain points 
on the route which attract attention more than the allowed, from the aspect of safety, time. 
The detailed analysis of the data came from the eye gaze, in terms of glance duration, led us 
to the conclusion that the selected points could, in their majority, characterized as attractors 
with an intense role in the driver visual field. Furthermore, from the four major categories under 
research, the one that seems to capture driver’s eye the most is billboards. Furthermore, there 
are many of them that attract the gaze for more than 1,6 seconds, a time interval that according 
to Lee (2007) is dangerous for the safe implementation of the driving task. The time frame of 
the 1 second that many researcher like Zwalen (1988), Rockwell (1998) and Wickman (1998) 
characterize as the safe limit, is being surpassed at most of the points. If we decide to adapt 
Beijer’s (2004) opinion about safe eye behaviour, according to which glances for more than 
0,7 seconds away from the driving task could be unsafe for the execution of it, all points with 
minor exceptions could be considered as possible risk points. 
The multiple regression examined if the 24 variables under research (age, gender, driving 
experience, number of point, category, number of lines at the point, direction of the point, 
object into a tunnel, position of segmentation, distance from the road, luminosity, number 
of objects at the point, median barrier, position, size, emergency lane, road category, time, 
weather conditions, distance from the start, distance from the leading vehicle, traffic volume, 
speed, number of glances) can predict drivers’ total distraction time. 
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Figure 1	 Mean of the time interval dedicated to each point at Attiki Odos road

Figure 2	 Mean of the time interval dedicated to each point at Leoforos Kifisou road

Figure 3	 of the time interval dedicated to each point at Thessaloniki – Giannitsa road

The multiple regression produced a weak fit with the data (R2 = 0.038 & adjusted R2 = 0.030) 
most probably due to the number of variables in the model and thus in the equation. Still, the 
combined influence of the variables was an excellent predictor of the total time producing a 
statistically significant result (F(24, 2840) = 4.658, p<0.01). Specifically, the statistically signi-
ficant variables are the following:
Significantly positive relationships were identified between the number of the points: t(2840) 
= 3.736 with p<0.01 (as the number of the point increases by one unit, the total distraction time 
will increase by 0.007 seconds), the size of the object: t(2840) = 2.111 with p=0.035<α=0.05 
(as the size of the point increases by one unit, the total distraction time will increase by 0.153 
seconds) and the number of the glances: t(2840) = 4.450 with p<0.01 (as the number of glances 
increase by one unit, the total distraction time will increase by 0.15 seconds).
Significantly negative relationships were identified between the distance between the point 
and the road: t(2840) = -3.718 with p<0.01 (as the distance from the road decreases by one 
unit, the total distraction time will increase by 0.319 seconds).
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Thus, the regression equation for the statistically significant results is the following:

 
(1)

The variables that gave statistically significant results at the regression are being further 
examined in order to conclude about their influence on the total distraction time. 

9	 Conclusion

Distraction of driver’s attention during driving is a major road safety problem, which threatens 
not only the driver’s safety but also the safety of other drivers and road users. The focus of 
the research on drivers of passenger vehicles is due to the fact that those drivers consist the 
largest category of road users with growing involvement in accidents, which are caused by the 
distraction of driver’s attention. The goal of the research is to identify and clarify the causes, the 
frequency of appearance and the way that certain factors influence the distraction of attention 
of each driver, focusing on the role played by roadside advertising in Greece as a parameter of 
the distraction of the driver’s attention. 
The methods commonly used in a study of driver distraction aren’t all feasible or effective to 
the same extent. The chosen method allows the continuous data recording with its main ad-
vantage being the fact that driving is as close to the real thing as possible. Thus, the results are 
characterized by a high degree of reliability and validity. It, also, gives the opportunity to the 
participant to have an adjustment period with the vehicle in order to obtain a normal driving 
behaviour. The small possibility of the researcher to control the situations and create desirable 
driving scenarios is among the disadvantages of this method. The environmental conditions, 
also, cannot be controlled. Another disadvantage is the increased cost of the method due to 
the eye tracker. Finally, as disadvantage of the eye tracker we could mention the difficulty of the 
installation in the car as well as its sensitivity to changes (e.g. lightness conditions).
This research concluded that all roadside billboards of the route and many other objects which 
belong to the categories “road signs” and “built environment” distract driver’s attention in a 
degree which could be considered as dangerous. Among the road characteristics, the driver’s 
characteristics, the characteristics of the point and the conditions of the measurement there are 
some variables that are statistically significant regarding the distraction of the driver’s attention. 
More specific, the statistically significant variables are the number of the point, the size of the 
object, the number of glances at the point and the distance between the point and the road.
Much of the data analysis requires collaboration with experts such as psychologists and doctors 
in order to provide an integrated approach. Furthermore, a comprehensive policy to reduce the vi-
sual pollution near the roads, such as billboards, can help not only to improve the road aesthetic 
but also to significantly improve road safety by eliminating driver’s visual distraction of attention.
The results of this type of research procedures are very useful as a tool to prevent the forthco-
ming pressure for more and more billboards and trademarks on the roads as well as to en-
courage the adaptation of more precise regulations with regard to the road infrastructure, the 
placement of roadside elements, etc.
To sum up, it is a fact that driver distraction is a major cause of accidents; therefore, the respon-
sibility over the issue translates into efforts to reduce the number of injured and dead drivers. 
In order to achieve that, the solution of the distraction phenomenon could be found in the 
combination: “research-education-design- legislation”.
This research is under further analysis, as a number of 24 variables - from the road, the conditions, 
the points and the driver - is available to the researchers and is being further statistically analysed 
in order to conclude about the contribution of the selected variables in driver distraction. 
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Abstract

In urban traffic, roundabouts have been considered as an alternative traffic facility that can 
improve safety and operational efficiency, compared to un-signalized intersection. But in 
Morocco where roundabouts are relatively new, the concept is not rooted in the road culture 
of drivers. Moroccan drivers are used to the traffic lights telling them what to do. Roundabouts 
involve drivers using their own judgments at an intersection, so roundabouts negotiation can 
be confusing for drivers who are not familiar with their use. This fact has guided our research 
in this area to an approach that takes into account the Moroccan road context and human 
factors in this context. This article presents a detailed analysis of driving task to determine 
key functions performed by drivers as they approach and navigate through roundabouts. Our 
analysis aims to understand the mechanism of driving performance in roundabout’s envi-
ronments, to predict how drivers might respond , to identify roundabout elements that play 
a role in incorrect roundabout negotiation and therefore to suggest measures for improving 
drivers’ abilities to properly negotiate roundabouts.

Keywords:	roundabout, human factor, cognition, task analysis, human functional failure

1	 Introduction

Moroccan experience with roundabouts is rather limited to date, but their numbers are increa-
sing rapidly. For further discussion some consensus about terminology seems to be useful in 
order to avoid mixing things. A roundabout is a form of intersection design and control which 
accommodates traffic flow in one direction around a central island, operates with yield control 
at the entry points, and gives priority to vehicles within the roundabout, [1]. In Morocco, the 
new highway code (2010) defines the roundabout as “an intersection where all traffic merges 
into and emerges from a one-way road around a central island ( impossible to cross) of circular 
shape, the circulation on this roadway is in a counterclockwise direction”. The geometric con-
figuration of roundabouts, as compared to others intersections, promotes the traffic safety. 
In fact numerous studies conducted in Australia and Canada [2-5], where roundabouts are 
common, and in the US, have found that roundabouts provide several benefits compared to 
standard intersections. A study was conducted in US [6], in 2003, on the safety performance 
of 23 roundabouts, the authors reported highly significant reductions of 40 percent for all 
crash severities combined and 80 percent for all injury crashes. In addition to traffic safety, 
other advantages of a roundabout have been studied extensively in the following areas: Ca-
pacity and quality of traffic flow [7], Traffic- calming effects, reduced delay and concomitant 
emissions. [8-10] Although roundabouts provide many benefits, there are some disadvanta-
ges as well. The primary drawback is that roundabouts have design elements that go against 
the common rule-of-the-road expectancy to yield to vehicles on the right, which can lead to 
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confusion and error for unfamiliar drivers. In order to properly address these questions, this 
article has been divided into four parts. After this introduction, the second section presents 
a detailed analysis of driving task to determine key functions performed by drivers as they 
approach and navigate through roundabout. Then from a literature review, we propose our 
driver error taxonomy at roundabout. We present in the third part our research approach and 
the primary findings of our study. The conclusion insists on the interest of our approach to 
understand better the difficulties that drivers encounter at roundabouts and how to address 
these difficulties in the context of improving roundabout safety.

2	 Human factors issues in roundabouts

Negotiating roundabouts is one of the most complex and demanding tasks a driver faces. 
Even though roundabouts comprise just a small amount of the roadway surface area, they 
generally are more complex and difficult to navigate than most other road segments. This fact 
has guided our research in this area to an approach that takes into account the Moroccan road 
context and behaviour of the driver in this context. 

2.1	 Road user tasks and information requirements

Concerns for drivers at roundabouts include: confidence approaching the roundabout, navi-
gating around the roundabout, direction of travel and yielding rules [11]. As driving involves 
complex interactions between human factors and system responses, the driver, through his 
senses can only selects what is significant for him, depending on his knowledge, on the situa-
tion and his objectives. While driving, many subtasks have to be performed at the same time, 
in an environment with many rules and complex interactions. Therefore, in order to determine 
exactly what a driver must do to consistently negotiate roundabouts safely a task analysis 
needs to be carried out. The technique of Hierarchical Task Analysis (HT A) is applied for 
collecting information on the tasks and procedures and for studying the working environment, 
the process of HTA is to decompose tasks into subtasks to any desired level of detail. Each 
subtask, or operation, is specified by a goal, the input conditions under which the goal is ac-
tivated, the actions required to attain the goal, and the feedback indicating goal attainment, 
[12]. From an ergonomic perspective, the driver’s behaviour in a particular situation is re-
garded as a function of information available at given moment (both information present in 
the road environment and information stored in the driver’s memory); of its processing and 
of the decision-making criteria underlying the regulating action he takes,[13]. In the field of 
cognitive psychology, the notion of situation awareness (SA) can be formally defined as the 
“perception of the elements within a volume of time and space (Level 1), the comprehension 
of their meaning (Level 2), and the projection of their status in the near future (Level 3)”, [14]. 
So each task encountered by the driver at roundabout involves a sequence of:(i) Perception 
or recognition; (ii) Decision making ;( iii) Execution or performance; and (iv) Real time system 
response by the vehicle, roadway and surrounding environment

2.2	 Roundabout elements of concern to drivers

 Roundabouts can be visually complex, requiring that drivers scan several different areas and 
keep track of several different elements to get the information they need to safely pass [15]. As 
a start point our research has been focused on the effects that traffic signs have on the driver 
performance and how to avoid distractions and human errors provoked by them.The objective 
of the road signs is to transmit an unambiguous message to the driver quickly and clearly, to 
minimize disturbance with the other users and to allow a sufficient time after recognizing the 
sign to make decision and control action. Drivers’ perception processes are very important in 
understanding the effectiveness of a road sign. The principles that enhance perception and 
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reaction to signs are: conspicuity, visibility, maintainability, legibility , and standardization, 
[16]. According to this perspective, Andreassen [17] found that “...if any link existed between 
the sign and an accident, it might be due to the poor design, maintenance or placement of the 
sign ...”. On the other hand, a study [18] conducted in Morocco in urban areas has shown that 
road signs led to several problems, It has been noticed in this study that “ urban environment 
suffers from multiple dysfunctions, roundabouts are designed without rigorous standards, 
also roundabouts with the same features have different roads signs from one city to another 
and even within the same city”. This finding justifies that research should be conducted to 
further knowledge about the influence of traffic signs on car drivers’ behaviour, and it is one 
of the main objectives of our study.

2.3	 Roundabout driving task analysis: a driver operating model

This article presents a detailed analysis of driving task to determine key functions performed 
by drivers as they approach and navigate through roundabout. The technique of hierarchical 
task analysis described above has been used to analyse the task of negotiating a roundabout. 
Our analysis underlies the assumption that to properly drive through a roundabout, drivers 
need competences more diversified than only the respect of the rules of Highway Code. Since 
this is a change from standard intersections, many drivers have difficulties in their first few 
encounters with roundabouts. In our frame we have combined the task analysis approach 
with the concept of situation awareness. Within each segment (approach, entry, within the 
roundabout, exit), we have identified individual tasks that drivers should or must perform 
to safely navigate the roundabout. Each task encountered by the driver involves information 
that needed to be obtained, decisions that needed to be made, or actions that needed to 
be taken. The steps, a driver must consider to correctly manoeuvres through a roundabout 
include the following

Figure 1	 Frame of functional subtasks involved in roundabout negotiation.



Traffic safety754
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

This frame was used to construct the observation sheet of human functional failures for each 
of the task at roundabout, consistent with ergonomics concepts and specifically adapted to the 
roundabout driving task. Indeed, once correct driving behaviour at roundabout has been esta-
blished, deviations from that behaviour can be defined as errors. Where an error occurs in any 
one or more of these steps, it may lead to an incident (such as a near miss) or accident (crash).

2.4	 Literature review of driver error

Human error is a problem of great concern within complex system. One of the obvious con-
sequences of assessing human error in roundabout is that, in understanding how and why 
it happened we may be able to prevent similar events. According to the literature [19], there 
have been numerous attempts at defining the construct of human error but no universally 
accepted definition exists. In order to avoid any semantic confusion, ‘human error’ will be 
considered in this article under the label of ‘Human Functional Failure’ (HFF), defined by 
Reason [20] such as following:”a generic term to encompass all those occasions in which a 
planned sequence of mental or physical activities fail to achieve its intended outcome”. There 
are also a number of different error classification schemes and error taxonomies avaible. A 
more recent study conducted by the American driver and traffic safety Education Association 
[21], describes driver errors in relation to the three driver tasks of perception, decision and 
execution: (i) Perception or problem recognition errors included: driver failed to stop for sign, 
delays in problem recognition (e.g. Improper lookout, internal distraction, delays in recogni-
tion, inattention, external distraction); (ii) Decision error included: Excessive speed, false 
assumption, improper technique /practice, improper maneuver, inadequate signal, tailga-
ting, misjudgment of distance /closure, failure to turn, excessive acceleration ; (iii) Execution 
or performance errors that refer to : Improper evasive action, inadequate directional con-
trol, overcompensating, panic or freezing, critical non-performance(e.g. passing out, falling 
asleep). According to this study the types of drivers errors cited above are also influenced by 
a range of personal, environmental or infrastructure factors, which may contribute to drivers’ 
error. These factors include: (Inadequate knowledge, skills, and training; Impairment due 
to: dysfunctions, disabilities; Willful inappropriate behaviour; Infrastructure, environment 
problems)

2.5	  Proposed Human error taxonomy when crossing roundabouts

HAZOP (Hazard and Operability Study) is a classic tool of the industrial world that was de-
veloped for use in process design audit and engineering risk assessment. HAZOP involves 
analysts applying guidewords, such as not done, more done or later done, to each task step 
in order to identify potential errors that may occur. 
In our study, a set of human error HAZOP guidewords were used, each guideword is applied 
to each subtask at roundabout. Once a description of error is provided, a cause and types of 
the error are described based on an orview of the literature which were interested to the sour-
ces of driver errors at roundabouts [21-28]. The driver error taxonomy is presented in table 1.
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Table 1 	  The driver error taxonomy

N° task Domain Internal 
error mode

Deviation Psychological error 
mechanism

Errors types

1 Subtasks on approach
1.1 Perceive 

roundabout 
cues

Perception Miss see
No detection 
(visual)
See too late

User fails 
to perceive 
roundabout

Expectation
Vigilance
Distraction
Overload
Impairment due 
to dysfunctions

Recognition 
errors

1.2 Recognise 
presence of 
roundabout;

Memory Forget 
information
Miss recall 
information
Wrong 
information 
obtained

User fails to 
recognise 
roundabout

Memory confusion
Overload
Misinterpretation
Knowledge problem 
(user is unfamiliar 
with roundabout)

Recognition 
errors

1.3 Position 
correctly and 
adjust speed

Decision
Action
 

Action omitted
Action too late
Action too early

Failing to 
formulate 
safe stopping 
strategy
Failing to 
control speed 
on approach

Distraction
Inadequate 
model mental
Knowledge problem 
(user is unfamiliar 
with roundabout)
Impairment due 
to dysfunctions

Decision 
errors
 And 
performance 
errors

2 Subtasks on entry

2.1 Be aware 
of other 
vehicles and 
objects in the 
environment 
(visual checks)

perception Miss see
No detection 
(visual)

Failing to 
stop behind 
a queued 
vehicle

Expectation
Vigilance
Distraction
Time pressure
Impairment due 
to dysfunctions

Recognition 
errors

2.2 Yield the right 
of way to traffic 
already in the 
roundabout

Action Action omitted
Action too late
Deliberate 
violation

Failing to 
yield the right 
of way to 
vehicles in the 
roundabout

Confusion
Distraction
Inadequate 
model mental
Knowledge problem 
(user is unfamiliar 
with roundabout)
Impairment due 
to dysfunctions

Decision 
errors

2.3 Assess 
adequacy 
of gaps for 
entering

Decision  misprojection
poor strategy
late strategy

Accepting an 
unsafe gap 
distance

Misinterpretation
Knowledge problem
Decision overload

Decision 
errors

3 Subtasks Within the roundabout

3.1 Maintain 
proper lane 
position

Decision 
Action

Action omitted
Action too late
Wrong action

Failing to 
detect proper 
lane assign
ment when 
entering

Inadequate 
model mental
Knowledge problem 
(user is unfamiliar 
with roundabout)
Impairment due 
to dysfunctions

Decisions 
errors and
Performance 
error



Traffic safety756
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

Table 1 	  The driver error taxonomy (continued)

3.2 Be aware of 
other users 
acceleration/ 
deceleration

 perception Miss see
No detection 
(visual)

Failing to 
avoid conflicts 
with other 
users

Expectation
Vigilance
Distraction
Time pressure
Impairment due 
to dysfunctions

Recognition 
errors

3.3 Travel counter-
clockwise; 

Action No performed 
action
Deliberate 
violation

travelling 
clockwise

Confusion
Time pressure
Knowledge problem

Performance 
errors

3.4 Keep moving 
and make 
a stop/go 
decision in the 
dilemma zone

Action 

Decision

decision 
omitted 
decision 
too late
Wrong decision

Stop at 
roundabout 
and refusal 
of priority

Confusion
Distraction
Inadequate 
model mental
Knowledge problem 
(user is unfamiliar 
with roundabout)
Impairment due 
to dysfunctions

Performance 
errors and 

Decision errors

4 Subtasks on exit
4.1 Maintain lane 

position
Action Action omitted 

Action too late
Deliberate 
violation

Changing 
lanes 
incorrectly 
when exiting

Confusion
Time pressure
Knowledge problem
Decision overload

Performance 
error

4.2 Use right turn 
signal to signal 
intent to exit

action Action omitted 
Action too late
Wrong action

Signal driving 
direction 
omitted
Failing to 
use right 
turn signal 
to signal 
intent to exit

Distraction
Knowledge problem 
(user is unfamiliar 
with roundabout)

Decision error

4.3 Exit at a slow 
speed.

Action Action omitted
Action too late
Wrong action

Failing to 
control speed 
on exit

Confusion
Time pressure
Knowledge problem

Performance 
error

3	 Methodology and summary finding

3.1	 Study methodology

Our study was conducted at three roundabouts in Rabat. The three roundabouts met the pri-
mary characteristics of modern roundabouts: They had no traffic-control signals other than 
yield signs for entering traffic; circulating vehicles had the right of way. An observation sheet 
was developped for the field study. For each task involved in crossing roundabout, the ob-
server had to chek if all subtasks required were accomplished by the subject and to mark 
missing, incorrectly or unrequired one. The observer also counted the frequency of different 
manoeuvres of the drivers, (e.g. lane-changing, overtaking). These measures served as ba-
sic exposure information so that error rates for different driving tasks could be calculated. 
In addition to the observation method described above, a questionnaire has been used to 
gather information about the reliability of drivers in the driving task under investigation. The 
following results will not draw upon the whole set of methods, but will mainly rely on the 
driver observation method. 
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3.2	 Summary of finding

The roundabouts inspections that were carried out within the scope of this research had a 
rather exploratory character. The findings of the study can be summarized as follow in chap-
ters 3.2.1 and 3.2.2.

3.2.1	 Roads Signs
From a human factor perspective, some aspects of the current signage at roundabouts visited 
are not optimal, indeed:
·· Roads Signs are not always conspicuous due to their size, colour and position;
·· Warning sign which indicates the presence of a roundabout ahead wasn’t always used at 
roundabouts visited; 

·· At some locations a mixture of road signs and other signs for the public could be seen as 
confusing or conflicting. An exemple is an “advertising sign”posted with a “yield sign”at 
one of the roundabouts visited; 

·· It was noted that “yield signs”were worded differently on each roundabout. The sign on one 
roundabout reads “give way”, whereas the sign on another roundabout reads “you don’t 
have priority”. This discrepancy increases the ambiguity of the instruction.

3.2.2	Drivers’ behaviour
The sample established was composed by 136 vehicles observed. Drivers’ behaviour shown 
below represents the range of driver failure experienced at the roundabouts visited. These 
failures do not represent every possible error but represent easily identifiable deviation that 
can be related to incorrect roundabout negociation as previously defined. The analysis of the 
data collected shows that:
·· Almost 88% of the drivers observed were judged to be at fault by failing to signal intent to exit;
·· 79% of drivers omit signal driving direction;
·· 72% of drivers fail to yield the right of way to vehicles in the roundabout;
·· 42% of drivers fail to detect proper lane assignment while 34% change lane incorrectly;
·· 54% of drivers fail to control speed on approaching roundabout.

Additionally, the results indicated that the least frequently reported aberrant behaviours at 
roundabouts visited were:
·· Stopping at roundabouts and refusal of priority among 15% of drivers;
·· Travelling clockwise among 5% of drivers. 

4	 Conclusion

The roundabout, with all kinds of traffic users, is too complex and it is extremely difficult 
to define a solid limit between correct and incorrect behaviour, hence the need to set up 
developments which allow the driver to discern, to identify and to choose easily, in this envi-
ronment, the indices for the effective regulation of its activity. The methodology we have 
presented here represents an analytical approach. The interest of this approach is that it 
attempts to obtain an overview of drivers’ behaviour in specific driving situation (e.g. ro-
undabouts). The conclusions of the preliminary findings of our study indicate that the most 
common deviations occurring at roundabouts in this analysis were: lack of knowledge of prio-
rity rule and omission of signal driving direction. These results address that there is a general 
lack of awareness and understanding on the part of most drivers regarding roundabout. This 
is enhanced by inconsistencies in the road signs at roundabouts, which can be confusing and 
misleading. More generally it can be emphasized that roads signs at roundabouts need to 
be uniform from roundabout to another. This gives drivers the opportunity to gain experience 
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with roundabouts and at the same time develop mental schemata for managing roundabouts 
that help them safely negociate roundabouts, [29].
It is clear that there is much further investigation is required on the causal factors of errors 
and on the implications that these driver errors have on roundabout safety. The second stage 
is now to address the relationship between the elements of the roundabout environment 
and types of driver errors, this work is on progress by using questionnaires to make drivers 
precisely explain their perceptions of the facts, their decisions, actions and the difficulties 
they encountered, with the aim to suggest measures for minimising potential driver’s errors 
and improving drivers’ abilities to properly negotiate roundabouts in Morocco. 
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Homogenization of speed on secondary and local 
roads in the Flanders Region: an exploratory 
study making use of a Traffic Signs Database
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Abstract

Speed is an important factor of road accidents. This paper focusses on changes and differen-
ces in speed of the traffic flow and on speed differences between different vehicles. Based 
on an international literature survey the relevance of the speed related factors for road safety 
are described. Road categorization and delineation of speed limit zones are identified as 
the most important tools to obtain a more homogeneous speed pattern. Based on a series 
of case studies including the different urbanization typologies, it is shown that regarding the 
implementation of these two planning concepts, little has been achieved in Flanders. The 
scattered and ribbon shaped urbanization along the secondary and local roads and the step 
by step adaptation of speed limits on road segments by the different road authorities, give 
rise to a manifest lack of homogeneity . Based on the Flemish Road Signs Database a quan-
titative analysis (e.g. relating to the length of segments, number of speed limit changes on 
a road section, etc.) could be carried out. The database contains all traffic signs relevant for 
speed limits on the entire road network in Flanders, including the road sign position and the 
description of its characteristics. Based on the case studies both an analysis of the existing 
situation as well as an explorative assessment of a generic scenario (entering a general speed 
limit of 70 km/h in non-built up areas instead of the current limit of 90 km /h were described. 
By implementing this scenario, six out of seven speed limit signs can be removed and the 
workload for the drivers can be reduced proportionately. So speed limit policy and zoning can 
be regarded as key instruments for more road safety on local and secondary roads.

Keywords:	 road safety, speed limits, Flanders Region, secondary roads, traffic signs database

1	 Introduction

Assuring the ability to maintain high speeds can be seen as an important quality criterion of 
the mobility system: higher speeds reduce travel time and increase accessibility. But having 
higher speeds in road transport also has negative impacts, namely on road safety. Changes 
and differences in the traffic flow speed and speed differences between different vehicles 
also increase the risk of accidents. In addition there is the need for sufficient simplicity in the 
traffic tasks to be carried out by drivers - in particular because of the restrictions of the road 
user abilities. Concerning the vehicle characteristics, the mass and the speed together with 
the directions in which the traffic participants are moving, determine the degree of homoge-
neity. By means of a larger homogeneity the chances of conflicts in traffic can be reduced, so 
the more homogeneous the traffic flow, the more limited the chances of a conflict or accident. 
Because of the characteristics of both road users and vehicles, there is a need for uniformity 
in the traffic and it is not desirable to change speed limits or any change to the features of 
the road and its surroundings. 
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The Flanders region is located in the north of Belgium. Within the process of further decentra-
lisation of political powers within the federal state structure, the regional Ministry of Mobility 
and Public Works has been obtaining more and more responsibilities for the mobility policy, 
including traffic regulation in the region from June 2014 on. On the secondary and local roads 
In Flanders special attention is needed for the ‘environmental capacity’ and for the safety of 
the most vulnerable road users. Indeed the spatial structure of Flanders is characterised by 
ribbon developments of housing and other buildings along these roads. Apart from the highly 
dispersed spatial urbanisation pattern, also the presence of schools and other functions 
along secondary roads, crossing towns and villages, attract a lot of people walking or biking 
along these roads or trying to cross the streets. Within this context a multitude of speed 
limits have been introduced on a step by step basis, each of the limits responding to a local 
concern, but without taking care of the overall continuity of speed patterns for car drivers that 
follow a certain route. In this paper we discuss the importance and opportunities to come to 
more homogeneous speed zones in the Flemish road network The paper builds on a research 
report [1] on the homogenization of speed zones, made by researchers from the Institute for 
Sustainable Mobility at the Ghent University.

2	 Road safety as structuring principle for road network management 
and design 

2.1	 The road safety – speed relation

From road safety point of view establishing a speed limit is largely related to firstly avoiding 
the risk of an accident and, secondly, to limit the consequences of an accident, which could 
occur. In both cases, the type of vehicle is a major determinant. A loaded vehicle reacts diffe-
rently when driving and braking. The severity of the accident is related to both the speed and 
the weight of the vehicle. For this reason, the relationship between general speed limits and 
specific speed limits in road segments (through additional regulations) and vehicle-related 
limits (e.g. 60 and 75 km/h respectively for trucks and buses on 1x2 roads in Belgium) are 
equally important. As related vehicle speeds differ greatly from the general speed limit on 
secondary and local roads, there is even more potential for conflict because of the lack of 
homogeneous speed in traffic flows on these types of roads. General as well as specific speed 
limits differ in European countries. In Belgium the general speed limit on 1x2 secondary and 
local roads in non-built up areas is 90 km/h, vehicle-related limits are 60 and 75 km/h res-
pectively for trucks and buses. Because of a road safety concern, the Flemish Road Agency, 
responsible for the road management of regional roads, adopts as a general rule a lower limit 
(i.e. 70 km/h) than the one established in the national traffic regulation. On the other hand 
many local authorities stick to the 90 km/h limit. The general speed limit in Belgium in built-
up areas is 50 km/h. As many secondary and local roads passing through town and village 
centres, on segments of these roads a 50 km/h limit is established.
Speed is generally accepted as a major factor in road accidents. Regardless of the exact cir-
cumstances of the accident, the speed factor is always present. In the study by Finch et al. [2], 
several European studies on the effect of increases and reductions in accidents at speeds are 
summarized. The researchers reached the conclusion that an increase in the average speed 
by 1 km/h results in an increase in the number of accidents by 3%, while a reduction of 1km/h 
leads to a decrease in the number of accidents by 3%. For more serious accidents even greater 
effects of the speed factor were found. Nilsson [3] presented the main results of the so-called 
‘power model’ in which the speed-road safety is presented in a synthetic way, Figure 1. 
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Figure 1	 The power model of Nilsson: relation speed and traffic insecurity.

In a study by Taylor et al. [4] , the research by Finch et al. was refined. Taylor et al. note that 
in addition of a reduction of the mean speed in particular the reduction of the higher speeds 
(e.g. the number of drivers exceeding the speed limit) has an impact on the number of acci-
dents. In addition, they found that the road type and the road environment are key regulatory 
factors for the effect of a speed reduction on road safety.

2.2	 Road categorisation as a tool for road safety

Road categorisation is seen as a structuring factor for road safety. In the Netherlands, with 
its so called ‘sustainable road safety’ concept, one of the most advanced road categorisa-
tion systems in Europe is implemented [5]. The system relies on strict design standards per 
category in order to create ‘recognition’ of the road type by the road users (stimulating rea-
dability of driver tasks to be fulfilled), but also on functional use of the road system (e.g. long 
distance travel on the main and not on the local roads). The latter in order to contribute to a 
more homogeneous traffic flow. 
The Flemish system of road categorisation on the contrary is a rather open system: it leaves 
space for interpretation of the general guidelines defined in the Flemish Spatial Structure 
Plan for different actors, as well for the selection of secondary and local roads by Provinces 
and Municipalities (resp. for the selection of secondary and local roads, based on the admi-
nistrative EU-principle of subsidiarity), as for the road design (as there are no fixed design 
standards per road type). The advantage is that the road layout can be adapted to local spatial 
conditions (e.g. the design of road passages of secondary roads through town centres can 
take into account quality of life standards and traffic safety standards for pedestrians and 
cyclists). The disadvantage is that it may be contradictory to one of the main purposes of road 
categorisation: making the expected driver behaviour clearer to the road user by means of 
recognisable road types [6] [7].
This approach, with design guidelines based on the road categorisation and on the other 
hand the possibility to deviate from the guidelines due to local conditions and thus to a 
“partitioning “ of a road, leading to several successive segments with a different road layout 
(including those based on different design speeds), was developed in a study report on the 
design of secondary roads [8].
The compartmentalization is a principle that is based on the concept of the design of road 
passages through towns and villages used in Flanders since the eighties of the last century. 
It is based on a spatial and functional analysis of the road environment. By partitioning the 
road into segments, a speed differentiation and spatial differentiation of a road is obtained. 
However the intention remains to achieve the preferred situation, based on the general design 
guideline according to the road category. Such an approach is seen as a key to achieve road 
safety by tuning the road function, its actual use and its design to each other.
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3	 The Flemish Road Signs Database

The road sign database is an inventory of all traffic signs along the roads of Flanders . A total 
of ± 62,000 km of paved roads is inventoried, including ± 7,500 km along regional roads and 
± 54,000 km along local roads. The Flemish road signs database contains several parame-
ters: for the location of each sign , the x and y coordinates are tracked. Furthermore, there is 
information about the orientation (left or right side of the road ), the street name and town, 
and the date of recording. Data of the type of traffic signs (according to the traffic signs classi-
fication in the national traffic regulation) are of course also inventoried with the dimensions 
of the plate and a picture of the set-up. Reference can also be made to the European project 
ROSATTE in which a methodology is developed to provide the data (relevant for road safety ) 
to digital road map providers, used in GPS.
This road sign database can easily be turned into a speed management tool. It delivers the 
information on existing speed limits established all over the road network. Secondly this 
traffic signs database can be used to rationalize the location of the speed limit signs and gu-
aranteeing safer traffic conditions by creating larger homogeneous speed zones. The concept 
of speed zones is the basis to rationalize the road management (as well for the road design 
as for the speed enforcement and also contributes to safer and easier driving. Traffic signs 
are an important source of information for the road user, determining the “conventions” and 
“rules” to behave in traffic. Moreover, the digital information of the speed limit signs can be 
converted into a digital speed map. The absence of a reliable digital speed map is one of 
the main technical barriers for the implementation of Intelligent Speed Adaptation (ISA). If 
vehicles are equipped with ISA and the system is implemented, not only a huge drop of the 
number and severity accidents can be achieved, but at the same time the driving task can be 
made considerably lighter.

4	 Feasibility of more homogenous speed zones in Flanders,  
based on generic scenarios 

The theoretical approach to the homogenization of speed zones can be tested in a case study 
on the Flemish secondary and local roads. In order to assess the consistency of the current 
speed limit policy in relation to the road functions as complete as possible for the Flemish 
region, it was decided to apply the choice of research areas according to the spatial classi-
fication of the different urbanisation typologies. The case study is limited to three types of 
analyses:
1	 A first scenario examines what impact it can have on the number of road signs when the 

speed limit standard regime of 90 km/h in non-built up areas is reduced to 70 km/h. 
Main roads and primary roads for which the use of a higher speed limit than 70 km/h is 
believed , are excluded.

2	 The second scenario analyses the length of the road segments along which a speed 
regime of 90 km/h is installed (as this is the standard regime, along this road segments 
there are no speed limit signs present) but that are surrounded by roads with a lower 
speed regime. In these cases it is examined whether the change in speed limit between 
these roads is justified.

3	 In a third scenario an analysis is carried out of the extent to which the speed regimes 
correspond to the roads categorisation proposed in the local spatial structure plans.

4	 These generic scenarios explore, within the limited nature of the cases, the possibilities 
offered by the road signs database to investigate the feasibility of a consistent speed 
limit policy.
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4.1	 Scenario 1: reduction standard regime 90 to 70 km/h 

The assumption of this lower standard speed limit makes it unnecessary to provide speed 
signs type C43 (and C45 - end speed limit) and zone 70 signs (ZC43 and ZC45), as defined in 
the Belgian road signs code. It concerns all C43 and C45 speed limit signs along roads not 
located in built-up areas, where a lower speed regime is in force (zone 30, zone 50, ...), as 
well as roads that are not part of the road categories “Highways” or “Primary roads”. Table 1 
shows all the signs (S) C43 and (Z) C45 again with inscription 70 km/h. Under “Current signs” 
shall mean all signs (70 km/h), including those in built-up areas. 

Table 1 	  Number of 70 km/h limit signs

TOWN Number of signs (Z)C43 en (Z)C45 indicating 70 km/h
redundant signs (non built-up areas) current signs (built-up and non built-up areas)
regional roads local roads total regional roads local roads total

Lebbeke 19 55 64 19 55 74
Gent 99 70 169 166 70 236
Destelbergen 16 69 85 16 85 101
Wetteren 83 66 149 83 74 157
Aalst 59 1 60 59 1 60
Denderleeuw 20 2 22 28 2 30
Dendermonde 45 43 88 49 43 92
TOTAL 341 306 637 420 330 750

The redundant signs are each of the 70 km/h road signs, which might disappear if the stan-
dard speed limit regime is reduced to 70 km/h. This analysis does not account that possibly 
new speed signs should be added in order to install the 70 km/h speed regime. Further rese-
arch could determine whether additional signs can be avoided. By applying zone indications 
systematically, a large number of road signs can be avoided. For a total of seven municipali-
ties, changing the default regime to 70 km/h would make it possible to eliminate 637 signs, 
it is 85% of the total number of the currently installed 70km/h signs. 

4.2	 Scenario 2: Determining the length of reduced 90 to 70 km/h segments

The purpose of this analysis is to determine what the length of the segments with the same 
speed regime is after reducing isolated 90 km/h segments to 70 km/h. Two possibilities are 
considered: 
1° continuous: segments along a single continuous path have different speeds. A road user goes 
straight ahead without having to carry out a manoeuvre or to turn left or right (see Figure 2). 

Figure 2	 Continuous road: 50-[90]-50
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2° road changing on the intersection: in these cases, the road is adjacent to road with a 
different speed regime, being no continuous road (Figure 3) or it can concern a zone that one 
cannot leave without crossing a 90 km/h road.

Figure 3	 Road changing via intersections: 50-[90]-50

The column “speed regime” in Tables 2 and 3 clarifies the maximum speed admitted on the 
adjacent road segments. The entry “70 - [90] -70” thus indicating a road where 70 km/h is 
allowed in a first segment, then 90 km/h and further on 70 km/h. The segment that caused 
the speed limit change is indicated between square brackets “[ ]”, only for this segment, the 
average length is displayed in the tables. Zone30 regulations in school areas are not taken 
into account in this study because their large number and because of the absence of dynamic 
signs (30/50). 

4.2.1	 Continuous roads
In table 2 it can be seen that the speed limit changes along a continuous road usually occur 
in steps of 20 km/h. However, there are also roads where a speed limit change of 50 - [90] 
-50 occurs. The 50 km/h limit point in this cases roads passing through built-up areas. (this 
also applies to the more common 50 - [70] -50 combination). Speed limit changes of type 
70 - [50] -70 indicate approaching intersections, and have an average length of 635 meters. 
Furthermore the transition segment to proceed from a standard speed regime 90 to 50 (for 
example, built-up area) can be implemented on the basis of a short section (on average 685 
m) with a speed limit of 70 km/h (type 50 - [70] -90) areas.

Table 2 	  Length of road segments by speed limit regime

speed limit regime number of segments average length (m) median length (m)
50-[90]-50 8 714.64 719.85
50-[90]-70 1 219.0 219.0
70-[90]-70 5 893.42 918.0
50-[70]-50 11 812.0 809.5
70-[50]-70 2 635 635
50-[70]-90 4 685.1 571.6
70-[50]-30 2 444.1 444.1
TOTAL 33 737.4 695.9

The average speed limit change runs over a length of 737 meter. If one takes into account the 
time which the vehicle requires to slow down or to accelerate, the higher speed limits on such 
short distances, can be called into question. 
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4.2.2	Road changing via intersections
In Table 3, the results of this part of the scenario are displayed. The individual road segments 
of 90 km/h roads adjacent to a lower speed road are at average 682 meters long. These are 
usually rural roads that fall outside a specific speed limitation indication. 

Table 3 	  Length of road segments by speed limit regime

 speed regime number of 
segments

average length (m) median length (m)

50-[90]-50 5 714.4 603.1
50-[90]-70 5 570.648 711.5
70-[90]-70 4 895.025 1044.9
30-[90]-50 1 227.6 227.6
TOTAL 15 682.1 711.5
speed regime number 

of zones
average length summed length 
road segments in zone (m)

median length summed length 
road segments in zone (m)

[90] omsloten door 70 en 50 1 4674.9 4674.9
[90] omsloten door 70 4 3634.9 3734.7
[90] omsloten door 50 3 2420.6 3072.7
TOTAL 8 3309.5 3072.7

In some cases also groups of roads(zones) surrounded by roads with a lower speed occur. 
This cases usually also consist of local country roads or forest roads, where no specific speed 
regime is applied, and therefore the speed limit is 90 km/h. In total, this applies in eight areas 
with an average total length of roads is 3.3 kilometres.

4.2.3	Scenario 3: Road categorisation speed limits implementation
The extent to which the speed limits currently applied coincide with the desirable limits accor-
ding to road classification was examined for two municipalities (Wetteren, Destelbergen), for 
these municipalities the current road categorization is known and shown in the local mobility 
plans. The effective speed limit which is displayed in the traffic signs database, and hence 
on the field, can be either equal to, greater than or less than the preferred limit according 
to the road categorisation standards. The most desirable is, of course, an equal speed limit. 
When the preferred speed is less than the actual speed, it does not rhyme with the desired 
function of the road and road safety is compromised. It is also possible that the preferred limit 
is higher than the actual speed limit. In that case, the comparison must be of the preferred 
speed with effective speed approached with caution, since the possibility of the introduction 
of the partitioning of the road based on the vulnerability or the surrounding functions and 
activities is not taken into account in the standard.
Table 4 shows for ‘Main roads’ and ‘Primary roads I’ a continuing compliance with the guide-
lines regarding the preferred speed limits. For roads within the category of ‘Primary road type 
II’ abnormalities are well established. For 27% of the Primary II roads the preferred limit is 
higher than the actual speed limit. It comes to roads not equipped with a physical traffic flow 
separator, so that the implemented speed limit of 70 km/h is indeed justified. For ‘Secondary 
roads’ in all studied cases the applied speed limit complies with the preferred limit according 
the road category. In contrast, the practice differs sharply for ‘Local roads Type III’, this type 
shows the largest share of deviation (48% ). This is due to the standard regime speed of 90 
km/h, which is in force when no specific speed limit sign is installed. On the other hand 
derogations in which the effective speed is lower, occur (in 14 % of the cases). This is due to 
the assignment of the 30 km/h speed limit instrument. This partitioning is often required in 
school environments or other vulnerable areas, and can hardly be labelled as undesirable.
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Table 4 	  Comparing preferable speed limit according road categorisation and current limit

Road-category preferable 
limit
=
current limit

preferable limit
>
current limit

preferable limit 
<
current limit

Total 
(km)

Total road 
length (km)

Total road 
length (km))

Average deviation 
speed limit (km/h)

Total road 
length (km)

Average deviation 
speed limit (km/h)

Main road 15,3 – – – – 15,3
Primary I 10,4 – – – – 10,4
Primary II 2,2 2,8 -23 5,6 +10 10,7
Secondary I 0 – – – – 0
Secondary II 9,8 – – – – 9,8
Secondary III 1,3 – – – – 1,3
Local I 20,1 2,2 -20 2,9 +20 25,2
Local II 21,3 3,8 -25 4,2 +23 29,3
Local III 96,9 35,5 -20 124,4 +38,5 256,8

5	 Conclusions 

Both the speed level and the ( lack of) of homogeneity in the traffic flow are major road acci-
dents factors. Belgium applies outside the vehicle-related speed limits, also limits which 
are related to the type of road and which are determined by the responsible road authorities 
(regional or local). Determining permitted speeds on 2x1 roads outside built-up areas either 
within the framework of the existing general speed limits (90 km/h) or in the context of any 
newly introduced overall lower speed limit level (70 km/h), should be assessed on its effects 
on road safety, driving comfort and traffic flowing.
On the basis of seven cases, spread over different spatial types of municipalities, the effect of 
decreasing the overall speed limit of 90 to 70 km/h was studied. Although the use of generic 
scenarios (much effect may be expected on the implementation of speed regime zone road 
signs) depend on the application of the zone, using the road signs data base offer only a first, 
rough analysis, it can be concluded that, in the lowering of the speed limit of 90 to 70 km/h 
on local and secondary roads in Flanders, 6 of every 7 speed limits signs can be removed. This 
does not only mean that the homogeneity of the traffic is going to increase on these roads but 
it can also reduce the workload for the driver and the costs for the road authorities, as the 
length with the same speed limit would increase substantially. 
The case studies therefore indicate that the deployment of this scenario over the entire road 
network in Flanders, supported by the use of the Road Signs Database, offers an interesting 
research track to assess more in depth. 
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Abstract

Road tunnels today, because of their technological and traffic characteristics, belong to the 
group of highly complex structures. Tunnel safety is primarily a social and then an economic 
category. It is determined by the relations between road users, vehicles, transportation in-
frastructure and other factors in its dynamic system. Fire and other major accidents that can 
occur in road tunnels not only cause direct costs due to the resulting damages and closure, 
but also threaten human communities and markets related to tunnels. Therefore, it is evident 
that a high level of safety in tunnels provides a wide range of benefits. This paper will analy-
se basic safety elements that should be taken into account when designing road tunnels. It 
will provide an overview of the basic traffic safety elements which are implemented in road 
tunnels in Croatia.

Keywords:	road tunnels, traffic safety, tunnel design

1	 Introduction

Tunnels are underground structures that must, in a safe manner, enable traffic to people and 
goods between two geographic points on Earth, divided by natural or man-made obstacles. 
The increase in traffic leads to a growth in risks from accidents in tunnels. Therefore, it is 
necessary to raise the level of traffic safety to an adequate and socially acceptable level by 
installing various systems that enable traffic safety. Accidents in tunnels often cause terrible 
consequences for road users, whereby even a minor incident can result in significant material 
damage and loss of human lives. Therefore, utmost care should be taken when equipping 
tunnels with systems such as power supply, lighting supply, ventilation and other safety 
systems that are fundamental elements for establishing high-level safety required in tunnels. 
This paper will present measures necessary to prevent accidents and to establish the highest 
level of safety in road tunnels.

2	 Minimum safety requirements for tunnels 

2.1	 Minimum safety requirements for tunnels according to the EU Directive 

The regulation that defines the minimum safety requirements for tunnels as engineering 
structures is the “Ordinance on minimum safety requirements for tunnels” [1], being the Cro-
atian national regulation, which actually represents alignment of the Croatian legal system 
with the EU Directive [2].
The EU Directive [2] was issued at the level of the European Union with the objective of ali-
gning the minimum requirements of the national rules and regulations of the member coun-
tries, with the aim of raising and harmonising the level of safety in European road tunnels. 
Although its provisions are formally only applied to trans-European road tunnels over 500 m 
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long, they are often applied to tunnels outside this network as a minimum safety criterion.  
When examining the level of safety in tunnels, we examine factors that can be classified into 
four main groups, as shown in Figure 1. The stated factors affect safety both individually, as 
well as in their interaction. Taking into consideration their interplay, it can be concluded that 
traffic safety as a whole is an extremely complex issue. The Croatian safety system, introdu-
ced on the basis of the EU Directive [2], has set forth the following functions/institutions for 
road tunnels:
·· Administrative Authority;
·· Tunnel Manager;
·· Safety Officer;
·· Inspection Entity;
·· Emergency Services.

An important element of tunnel safety is the safety documentation, which must contain des-
criptions of all prevention and safety measures, as well as information essential for safety. 

Figure 1	 Safety factors in tunnels 

2.2	 Traffic signs and traffic safety 

Factors that affect road traffic safety in general are: road route, technical road elements, con-
dition of roadway, road equipment, lighting, intersections and road maintenance system. In 
global analyses of road traffic accidents, the following factors are always taken into account: 
man as road user, vehicle, road, traffic environment and incident factors.
Road traffic encompasses:
·· Traffic organisation (traffic regulations and technical means for traffic organisation);
·· Traffic management;
·· Traffic control (monitoring traffic flow and volume, intervention in emergencies, recording 
and analysing traffic accident statistics).

Traffic signs are one of the characteristics of roads. The basic role of traffic signs is to promote 
safety and to successfully manage traffic flow. Traffic signs are used to inform road users on 
the condition of the road, allowing safe and unhindered traffic flow. Traffic signs must be 
simple, clear, understandable, visible, unambiguous, universal, continuous, appropriately 
designed and placed in sufficient quantity (Figure 2.).
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2.3	 Weather conditions and traffic safety 

Weather conditions in traffic, as well as properly observing and measuring them, exhibit a signi-
ficant influence on the safety of road users. When analysing weather conditions, the following 
data are measured: air temperature, roadway temperature, roadway humidity, roadway state, 
presence of salt and chemicals, intensity and quantity of different types of precipitation, air 
pressure and humidity, wind speed and direction, snow height, degree of iciness, freezing point, 
visibility and road illumination.

Figure 2	 Example of properly installed traffic signs in a tunnel [3]

Obtaining reliable meteorological data is a complex process which is essential for road traffic 
safety. Reliable and accurate information is crucial both to end users of roads, as well as to road 
maintenance services for the purpose of road safety and maintenance.

2.4	 Procedure in case of emergency in tunnels 

An important safety factor refers to the procedure in case of emergency, defined in the instruc-
tions on proper steps to be taken in case of emergency in tunnels. Incidents can occur at any 
moment, while the proper steps to be taken can prevent greater damage and enable safe flow of 
traffic for other road users. The instructions refer to basic steps in case of the following incidents:
·· Traffic hold-up in tunnel;
·· Vehicle breakdown in tunnel;
·· Traffic accident in tunnel;
·· Fire in tunnel.

3	 Euro Tap project

3.1	 EuroTAP project methodology 

EuroTAP (European Tunnel Assessment Programme) [4] is one of eight research projects on 
tunnel safety and is directly related to raising the level of traffic road safety. It was established 
on the basis of European Directive 2004/54/EC [2]. The EuroTAP project includes 11 automo-
bile clubs from 10 European countries. The testing of each tunnel is conducted through the 
following steps [5]:
·· Meeting with tunnel operator and collecting basic information on the tunnel;
·· Driving through the tunnel in the presence of the tunnel operator;
·· Inspection of characteristic locations;
·· Random control of safety equipment;
·· Taking photos of the tunnel;
·· Inspection of the tunnel control centre. 
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Figure 3	 Total result for the years 2005 to 2007 [5]

Figure 4	 Distribution of the risk potential for the 2005 to 2007 period [5]

3.2	 EuroTAP project results in the period from 2005 – 2007

In the period from 2005 to 2007, the safety of 152 tunnels was inspected as part of the EuroTAP 
project. The results show that most of the tested tunnels received a positive grade (Figure 3.). 
The grade distribution, presented in Figure 3. shows that a surprising 21% of tunnels, that is, 
every fifth tunnel, received a negative grade (poor and very poor). The main inadequacies in 
the individual categories, that is, the areas that received the poorest grades are the following:
·· Non-existence of loudspeakers;
·· Insufficient number of lanes;
·· Low level of illumination;
·· Non-existence of information signs on portals;
·· Non-existence of evacuation lighting and signs in case of emergency;
·· Lack of appropriate fire protection equipment for protecting the respiratory tract;
·· Lack of equipment for inspecting longitudinal air flow;
·· Irregular conducting of safety drills;

By examining the distribution of risk potential for the tunnels tested in the observed time period, 
it is evident that a surprising 23% of tunnels had a high risk potential, as can be seen in Figure 4. 

4	 Assessment of road tunnel safety 

The safety assessment encompasses all safety measures that have to be undertaken and 
that refer to tunnel structure, technical equipment and tunnel organisation. It is divided into 
eight categories, as shown in Table 1. The linking of influence factors and safety measures 
that should be analysed and applied when planning and designing new tunnel systems is 
provided in Table 2 and Table 3.
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Table 1 	  Review of safety measures [1, 2, 5]

Category of 
safety measures

Safety measures

Tunnel system ·· Number of tubes;
·· Width and layout of traffic lanes;
·· Geometry and layout of emergency lanes/lay-bys;
·· Geometry and layout of emergency walk-ways;
·· Brightness of tunnel walls;
·· Additional measures (portal design, road surface, tunnel route).

Lighting and 
power supply

·· Lighting throughout and adaptation zones;
·· Power supply (utility and internal);
·· Emergency power supply.

Traffic and traffic 
surveillance

·· Congestion in the tunnel;
·· Speed limits;
·· Control centre;
·· Restrictions for and/or registration of vehicles carrying hazardous goods;
·· Automatic detection of traffic and congestion;
·· Video surveillance;
·· Traffic control (traffic lights, variable traffic signs, signs, etc.);
·· Measures to close the tunnel (traffic lights, barriers, information displays);
·· Traffic signs;
·· Visual guidance equipment;
·· Additional measures (e.g. for heavy goods traffic, monitoring the distance between ve-
hicles and speed, automatic recognition of hazardous goods traffic, height detectors).

Communication ·· Loudspeakers;
·· Traffic radio;
·· Emergency phones (distance, signs, functions, insulation against traffic noise);
·· Tunnel radio.

Escape and 
rescue routes

·· Distance between emergency exits;
·· Emergency exit signs;
·· Prevention of smoke from penetrating escape routes, fire rating of doors;
·· Evacuation lighting and escape route signs in the tunnel; 
·· External access for fire and rescue services;
·· Access routes for fire and rescue services;
·· Additional measures (special lighting for emergency exits, signs showing what to do, 
barrier-free emergency exits).

Fire protection ·· Fire protection of the tunnel structure;
·· Fire resistant cables;
·· Fire alarm systems (automatic/manual); 
·· Extinguishing systems (arrangement, signs, functions);
·· Drainage system (system for draining flammable or toxic liquids);
·· The time it takes for the fire brigade to arrive;
·· Fire brigade training and equipment.

Ventilation ·· Ventilation in normal mode to thin out vehicle emissions;
·· Special fire programmes;
·· Control of the longitudinal flow in the tunnel and consideration of this in ventilation control; 
·· Temperature stability of facilities and equipment;
·· Proof of correct functioning in fire trials and by flow measurements;
·· Longitudinal ventilation (Air flow rate, Length of ventilation sectors, Air flow in the direc-
tion of traffic, Reversible fans);

·· Transverse/semi-transverse ventilation (Volume flow of extraction, Capacity to control 
longitudinal flow, Opening/closing of the exhaust air outlets can be controlled).

Emergency 
management

·· Emergency response plans;
·· Automatic linking of the systems;
·· Measures in the case of an accident or fire;
·· Regular emergency drills;
·· Regular training for tunnel control centre staff;
·· Maintenance plan.
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Table 2 	  Possible evaluation of influence factors [5]

HAZARD POTENTIAL
INFLUENCE FACTORS VERY LOW LOW MEDIUM HIGH VERY HIGH
Length of tunnel [m] 500 – 1.000 1.000 – 

1.500
1.500 – 
3.000

3.000 – 
5.000

> 5.000

Volume of traffic
[vehicles/day/lane]

< 2.000 2.000 – 
5.000

5.000 – 
10.000

10.000 – 
15.000

> 15.000

HGV percentage
[HGV mileage/day/tube]

< 500 500 – 2.000 2.000 – 
6.000

6.000 – 
12.000

> 12.000

Hazardous goods traffic
[No. of HGVs/day]

< 10 10 – 50 50 – 300 300 – 1.000 > 1.000

Gradient in the tunnel [%] < 1 1 – 3 3 – 5 5 – 7 > 7
Speed [km/h] < 50 50 - 70 70 - 90 90 - 120 > 120
Access time for emergency services [min] < 5 5 -170 10 - 15 15 - 20 > 120

Table 3 	  Linking influence factors and safety measures [5]

SAFETY MEASURES LENGTH Volume 
of traffic

Percentage 
of HGVs

Traffic 
routing

Hazardous 
goods

Speed

I.Prevention
Number of tubes • •
Lane width • • •
Lay-bys • •
Lighting in the tunnel • • • • •
Video surveillance • • •
II.Detection
Incident detection • • •
Fire alarm system • •
SOS phones •
III.Self-rescue
Emergency exits • •
Ventilation system • • •
IV.Incident management
Barriers/information displays 
to close the tunnel

• • •

Tunnel radio • •
Rescue routes for emergency 
service vehicles

• •



Traffic safety 777
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

5	 Characteristics of tunnels on Croatian motorways

Croatia has a total of 42 kilometres of tunnels on motorways, of which 11 are over 1,000 
m long. The longest Croatian tunnels are Mala Kapela, Sveti Rok, Učka, Sveti Ilija, Plasina, 
Tuhobić, which are over 2,000 m long, while Učka is the only tunnel consisting of only one 
tube without an additional service tube [6]. Concerning safety, Croatian tunnels maintain a 
high standard, which is supported by the EuroTAP project results [4]. In 2005, Plasina tunnel 
took third place. In 2006, Grič tunnel was ranked second, whereas in 2007, Brinje tunnel was 
declared the safest tunnel in Europe. The main positive characteristics of Croatian tunnels on 
motorways are evident from the following [6]: 
·· They are built as dual-tube or single-tube with an additional service tube;
·· Complete video surveillance;
·· Lay-bys and connections to the other tube;
·· SOS telephone system installed and fire extinguishers available;
·· Larger tunnels are managed from traffic control centres.

6	 Conclusion

Tunnels, as road structures, represent an important element of traffic infrastructure, in par-
ticular of motorway networks. Longer traffic hold-ups due to accidents are not acceptable, 
let alone human casualties that can be avoided by applying contemporary safety systems 
and measures. The EuroTAP tunnel test is a key factor for introducing measures defined by 
EU Directive (2004/54/EC) and national regulations of individual member countries, which 
should be taken into consideration already in the design phase in order to raise safety levels 
in tunnels. Analysing the tunnel network in the Republic of Croatia, it can be concluded that 
the tunnels possess a satisfactory level of safety. They are equipped with state-of-the-art fire 
protection and fire alarms, dynamic signs and video surveillance systems, as well as other 
control and management systems that significantly contribute to raising the level of safety 
in tunnels. 
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Abstract

Railway safety is concerned with the protection of life and property through regulation, ma-
nagement and technology development of all forms of rail transportation. The analytical re-
sults of the world modern tendencies and approaches to solve the problem of a passive safety 
of railway vehicles, in particular passenger wagons are presented. Also, the existing legisla-
tion of the European countries that regulates a passive safety of express and high-speed 
passenger trains is considered. The basic concepts of the design of a passive protection of a 
high-speed passenger train wagon are determined. The paper analyzes the necessary recon-
struction of passenger wagons in Bulgaria to ensure their passive safety.

Keywords:	rolling stock, railway maintenance, innovation, vehicle dynamic, passenger 
wagons (coaches), passive safety

1	 Introduction

The problems of passive safety of passenger wagons (coaches) are treated in regard to compli-
ance with the regulations of the EU, mainly with the Technical Specification for Interoperability 
(TSI) relating to the rolling stock subsystem – “Locomotives and passenger rolling stock” of 
the trans-European conventional rail system (notified under document C (2011) 2737) [1]. The 
TSI is applicable to all units except for the units that are not designed to carry passengers or 
staff during operation and OTMs “On track machines”, which are vehicles designed especi-
ally for construction and maintenance of track and infrastructure. Furthermore, the units that 
cannot reach speeds specified in any of the collision scenarios given below are excluded from 
the provisions related to that collision scenario. The passive safety measures are intended to 
be supplement to the active safety ones when all other measures have been exhausted. For 
this purpose, the mechanical structure of vehicles has to meet the requirements for construc-
tion of railway vehicle bodies [2] and ensure the protection to people in case of a collision by 
providing means for:
·· deceleration limiting; 
·· keeping the survival space and structural integrity of the residential premises;
·· reducing the risk of getting the wagons one on another; 
·· reducing the risk of derailment;
·· limiting the consequences of hitting an obstruction on the track. 

In order to keep these functional requirements, the units must comply with the detailed requ-
irements set in EN15227: 2008 + A1: 2010 standard [3] to crashworthiness design category 
CI (according to Table 1 of EN15227: 2008 Section 4), unless something different is stated.

http://www.vtu.bg/
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The following four basic collision scenarios will be examined:
·· Scenario 1: a front end impact between two identical train units;
·· Scenario 2: a front end impact with a different type of railway vehicle (with a freight wagon);
·· Scenario 3: a train unit front end impact with a large road vehicle on a level crossing;
·· Scenario 4: a train unit impact into a low obstacle (e.g. car on a level crossing, an animal, 
a piece of rock, etc.). 

These scenarios are described in Table 2 in Section 5 of EN15227: 2008 standard. Within the 
scope of the current TSI, the rules in Table 2 are supplemented with the following:
·· The application of the requirements related to scenarios 1 and 2 for heavy haul locomotives 
used only for freight operations and fitted with central couplers that comply with the prin-
ciple of Wilson (e.g. SA3) or Jenny (AAR standard) intended for operation on CR TEN track is 
an open question;

·· The conformity assessment of central-cab locomotives with the requirements of Scenario 3 
is still an open question.

The current TSI defines the crashworthiness requirements applicable within its scope. Therefore 
Annex A to EN 15227:2008 standard is not applied. The requirements of Section 6 of EN15227: 
2008 standard shall be applied in regard to the reference collision scenarios mentioned above.

2	 State-of-the-art in the Bulgarian railways

If we trace the period of 50-60 years backward under the condition of the Bulgarian railways 
(BDZ), it can be seen that front end impact accidents with fatalities have a clear tendency to 
decrease. For instance, while for the period of 60 years until now the fatalities caused by front 
end impacts were over 70, for the past 10 years only one man died – the driver of the passenger 
train who did not stop at a red signal and crashed into the stopped fast train. The favourable 
tendency mentioned above is primarily due to duplication and ALS introduction on main tracks, 
the increase of train braking security as well as to improvements in passenger rolling stock, 
namely to the substitution of the old-structure coaches (mostly two-axle and three-axle ones) 
with new four-axle coaches with structures entirely made of metal. The latter meet the require-
ments of UIC for extra load bearing. Considering the decreased number of collisions, it should 
be also mentioned the influence of significantly reduced volume of rail freight in the past two 
decades. Speaking about the front end impact scenarios including No 1 and No 2, one should 
not neglect the lateral collisions with locomotives or wagons: there were 25 casualties due to 
such accidents in the period of 25 years but none for the past 10 years. At present as well as in 
earlier periods the most significant accidents (in number of accidents and number of fatalities) 
are those that happen at level crossings: about 70 people were killed for the last 35 years and 
29 died for five years (2009 -2013). Most of them were in road vehicles and pedestrians. In 
2012 there were 30 accidents at level crossings with 7 fatalities and 15 wounded (Table 1). As it 
can be seen, the increase of this type of accidents is a clear and disturbing tendency. The main 
reason is indiscipline, aggressiveness, negligence even to the own lives of drivers. Moreover, 
this disturbing tendency has been increasing regardless of the increasing number of automa-
ted level crossings (with electric barriers with or without level-crossing keepers in the area of 
stations and level crossings with automatic signaling). In Bulgaria only about 22% of all level 
crossings are with manually-operated barriers and 17% are without any facilities, i.e. only with 
signs. At that, it is curious and disturbing at the same time that the official statistics show the 
lowest number of accidents at these particular level crossings, which have only signs (but it 
is apparently because the frequency of trains and motor vehicles is not considered). It is also 
interesting that Bulgaria occupies the top position in the EU by the indicator “equipment of level 
crossings” but contrary to expectations, the country is on the top places also by both the num-
ber of level crossing accidents and the number of deaths caused as a result of those accidents.
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Figure 1	 Number of fatalities due to railway accidents in Bulgaria since 1962 (according to the data taken from [4])

Table 1 	  Number of deaths and injured in 2012 due to railway accidents [4]

Indicators Accidents Deaths Injured
Collision 5 1 5
Derailment 3 - -
Accidents on level crossings 30 7 15

Of all railway accidents (heavy and light) until now, those with derailment happened most 
often (over 90% of the total number). Almost all cases of derailment were with freight wagons 
and locomotives, at low speeds and usually while shunting. However, there were two cases of 
derailment (in 1974 and 1980) of fast passenger trains at a speed of 90 km/h caused by the 
loss of stability on the track at high temperature. Although with these accidents the wagons 
had lost the connection with each other and were scattered over a distances of 50-100 meters 
and even farther from the track, many of them were turned on their sides (at 90°) and “on 
their back”, yet their integrity was preserved and the number of fatalities was minimal (one 
passenger). Apparently, that could be explained by the fact that the wagons were newly-con-
structed, had passed through all kinds of tests including those under emergency loads with 
longitudinal and vertical forces as required by the UIC. There are certain reasons to claim that 
if the wagons had been of old types, the number of passengers killed in such severe crashes 
would have been at least 10 times bigger.
It is worth analyzing two more severe crashes (in1969 and 1980): the first one happened to a 
passenger wagon with many casualties (27 fatalities and 38 seriously injured many of whom 
consequently died); the second one was with a freight train without fatalities. The first crash 
(the one of a coach) represents a typical case of extra-loading with passengers and luggage, 
which caused loss of stability, i.e. violation of the “iron” condition: the metacentric height 
should be greater than the height of the center of gravity. In fact this led to overturning the 
wagon side (на 90°) and towing by the locomotive in this state about 250 m where many 
passengers fell through window openings, which lead to a fatal end. It is also important to 
note that the overturned wagon was actually a narrow-gauge 760 mm utility cart of Fiat train-
set known for its high comfort at the time being: modern furniture, big windows and “soft” 
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spring suspension, i.e. with springs of large static deflection - fst. Obviously, the overload of 
wagon resulted in even greater static deflection, hence reduced the metacentre height further 
(because it is inversely proportional to fst), and on the other hand, to increasing the height of 
centre of gravity. Thus with divergent changes of these two heights (of metacenter and cen-
tre of gravity), they reached their equality, i.e. violation of the above mentioned condition, 
depletion of wagon stability with fatal consequences. BDZ has accepted that the newly-built 
passenger wagons should be with advanced features of springs. For example, the coaches 
produced in1987 with static deflection of more than 300 mm have rubber pads inserted into 
the springs of the central level that come into action at high load when sustainability could 
worsen without them. Of course, it is on the expense of worsened smoothness of running 
but taking into account that such cases arise quite rarely, the solution in favour of safety is 
preferred.
The second accident of the ones mentioned above (with a freight train) was caused by a loss 
of overturning resistance due to large centrifugal force in a curve as a result of speeding. In 
this case the freight train was “released” in an area of ​​steep slopes and sharp curves, so due 
to the terrain peculiarities the wagons slid (or rolled) to a deep ravine.
In 2008 there was a fire accident with 9 fatalities. The most important conclusion based on 
that and other similar accidents (but without fatalities) is that it is necessary to unconditio-
nally meet the requirements for fire-resistance of materials used in wagons furniture.
The statistics of the Bulgarian railways shows that the accidents with derailment are the most 
frequent ones. The main reasons for derailment are the defects on the track and violation of 
the signs requiring deceleration. Speeding is a consequence of train driver’s errors as well as 
of vehicles moving uncontrollably on the track (the so-called “released” vehicles). The activi-
ties undertaken in regard to derailment belong to the group of active safety.
Taking into account the experience of the Bulgarian railways and international assessments, 
it is seen that railway collision accidents are still significant due to frequency and damages 
caused to passengers. However, even with the assumption that the frequency of collisions 
will be significantly reduced in future but considering the tendency of speed and damage 
increase with the square grade of speed, it should be concluded that accidents of front end 
impacts are the most serious problem.

3	 Approaches to technical solutions

To solve the problem of passive safety with railway collision accidents, the technical solutions 
applied can be classified into two groups: active – aimed at preventing the occurrence of 
emergencies and passive – intended to reduce the possible negative consequences of actu-
al accidents. It is because the analysis of international experience has shown that even the 
application of all possible means of active safety does not make possible to completely avoid 
emergency involving death and injury of passengers. Therefore the development of systems 
and devices to provide passive or structural safety of wagons can be assessed as a priority 
trend in passenger transport. To minimize the negative effects of emergency collisions is carri-
ed out by embedding the so-called crash systems to the bearing structure of the body. These 
systems contain devices for absorbing the energy of a strong singular impact (this concerns 
the impact that requires energy-absorbing more than the available We0, realized by elastic 
deformation of the buffer energy absorbing devices.) that emerges random by destruction 
with irreversible plastic deformation. These destructing devices and components, also known 
with the definition of “victims”, should meet the following conditions:
·· simplified structure;
·· small mass;
·· low cost;
·· easy and convenient replacement after being destroyed.
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Due to economic considerations, it is appropriate to build crash systems at least in two stages:
First degree: with devices (elements) embedded in crash absorbers (i.e. buffers or automatic 
couplings), which according to the current possibilities may have energy-absorbing capacity 
of We ≥ 0,8 MJ1). In compliance with the standards, which are in force for in-service modern 
wagons and newly-constructed ones, the maximum force should be of about 3,2 ÷ 3,6 MN 
(pair number buffers).Second stage: with devices located in the front (transition) parts of the 
wagons where there might stand only people occasionally passing between them. The mini-
mum value of force, at which the second level becomes active (in order to preserve it in lighter 
strokes of power up to 3 MN (this value of strength corresponds to the minimum value of the 
safety coefficient of static loads as well as to the standards of crash loads, which should not 
cause inadmissible plastic deformations.) and kinetic energy to ≤ We0 + WeI), can exceed the 
strength of the first stage with mean 10% (4 ÷ 4,4 MN). The probability of its storage is at least 
70 %. On the other hand, this power shall not exceed the threshold, at which inadmissible 
plastic deformations of the metal structure could occur in the part occupied by passengers. 
Provided that the safety deformation of the second degree in the front part of the vehicle can 
not be more than “1m and considering the requirement of power (4 ÷ 4,4 MN), it is seen that 
energy absorption can not exceed 4,4 MJ for the one side of the wagon.

The following requirements have to be met additionally:
1	 The second stage of the crash system, which according to its purpose should be destroyed 

and replaced, must be connected to the main structure by bolted joints;
2	 To determine the boundary conditions of collision (by speed, type and number of 

vehicles, etc.) where:
a	 derailment of some wagons can occur;
b	 the longitudinal acceleration must not exceed the permissible value for passengers (5g);
c	 the permissible value of the longitudinal acceleration (e.g. the value of 5g, which is 

assumed as permissible) is precised at what degree of probability preserves life or 
health of passengers.

3	 The existing legal framework in the European countries, which regulates passive safety, shall 
be constantly updated and adapted to increase the passive safety of passenger wagons.

Figure 2	 Fig. 2. Elements of the design process of a crashworthiness structure
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Figure 3	 Fig.3. Crash buffer of a sleeping carriage operated in Bulgaria since April 2013

The design of passenger wagons is an iterative process between the process of design, selec-
tion and evaluation of a crashworthiness structure and the assessment methods. Fig. 2 shows 
the elements of the design process of the crash-resistant structure. The existing evaluation 
methods, criteria or standards are two: numerical simulation and full tests [5]. The parameters 
of evaluation are: deformation, energy absorption, material properties, non-linear limitations 
and contact. Based on the optimized parameters, an algorithm and solution as well as possi-
bilities for structural simplification have been proposed. The crashworthiness structure of a 
passenger wagon frame is a subject of study carried out at the Todor Kableshkov University of 
Transport, in Sofia, Republic of Bulgaria. Fig. 3 shows the crash buffer of a sleeping carriage 
operated in Bulgaria since April 2013.

4	 Conclusion

Based on the current regulations in the EU and the global developments in the construction 
and operation of passenger wagons (coaches) as well as the overall trend of speed increase, 
it can be concluded that the current priority in passenger traffic is to increase their passive 
safety by building crash-systems at least in two stages taking into account the established 
permissible longitudinal loads for in-service passenger wagons with modern structures and 
the newly-built ones. The main parameters (force and approximate energy absorption) of the 
1st and 2nd crash systems of passenger wagons are also determined. A number of questions, 
which are “hanging” at present but should be made clearer on the basis of consensus and/
or research, are also marked.
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Abstract

Drivers’ behaviour in intersections crossed by the tram is not only influenced by the rules of 
the tramway priority in the intersection but also by the road features that influence right or 
wrong behaviour of the driver. The driver follows the road with expectation and orientation 
logic formed by his experience and recent perceptions. This means that the road has to be 
constructed accordingly, so as to be understood, perceptible and recognizable.
Our research was aimed at finding out, how, in the dynamics of driving in intersection cro-
ssed by the tram, do drivers perceive and identify road situations, change in them, and the 
regulating actions they imply. We consider the causes of driver’s operational error as the first 
step in a chain of actions, which may proceed to unwanted events. This paper describe our 
methodology for the analysis of driver behavior in real driving conditions, involving two tech-
niques: the observation and measurement of two intersections crossed by tram at Rabat city, 
which were selected according to the number of collision and related incidents that occurred 
there combined with an assessment of the driver’s behaviour during a journey made from 
within the vehicle itself. The merits of such an approach are highlighted and the main results 
are discussed and interpreted

Keywords:	human factor, cognition, intersection, tramway, road environment, 
representation and perception logic

1	 Introduction

The modern tramway has resurfaced as the cure to today’s urban transport problems such 
as pollution, road congestion and uneven access to transit. However trams at intersections 
often experience frequent and extended delays due to vehicles crossing the tram tracks. The-
re is an increased potential for conflict between trams and vehicles at these locations and 
crashes are common. Indeed from 2011 to 2013, it was reported a total of 222 tram-involved 
crashes in Rabat city, 4 fatal, and 81 with serious injury consequences. Of these, 125 (56%) 
involved tram-to-vehicle collisions at intersection. 
 Statistical data prove that there is a need to conduct research about the influence of tramway 
and surrounding environment, (specifically at crossroads) on car drivers’ behaviour; the focus 
remains on creating an environment that minimises likelihood of serious injury. 
With this focus in mind, our study aim to allow a systematic sorting out of the different 
malfunctions which intervene in the genesis of unwanted event at intersections crossed by 
tram. It is particularly important to recognize that the drivers’ behaviour in intersections cro-
ssed by the tram is not only influenced by the rules of the tramway priority in the intersection 
but also by the road features that influence right or wrong behaviour of the driver.
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Our analysis is based on the human factors concept taking into consideration the triggers of 
the driver’s reactions and patterns of behaviour, which may result in an accident or even near 
miss. The systematic study of driver behaviour in real driving conditions makes in our view a 
useful contribution for such analyses.
The following article first situate the human aspect involved in driving activity, then for the 
purposes of illustrating our approach, we will briefly discuss some research method and their 
interest for understanding the way drivers behave in the situations concerned, we present 
in the last part our experimental study to collect data on driver performance at intersections 
crossed by tram and the primary finding of our research

2	 The driver’s ability to understand the road intersections crossed  
by tram

In order to better understand how we function as drivers at intersections crossed by tram we 
first turn to Endsley’s thoughts on how human operators have evolved during the evolution in 
interaction with the world. According to this author, situational awareness is the perception 
of elements in the environment within a volume of time and space, the comprehension of 
their meaning and projection of their status in the near future,[1]. Applying Endsley’s model 
to the driving environment, the driver firstly perceives road situations. The driver then has 
to comprehend what they have perceived, by forming “a holistic picture of the environment, 
comprehending the significance of those objects and events”. Finally, the driver takes this 
understanding, and projects into the near future, in order to take the most appropriate action 
[2]. Situation awareness plays a vital role in driving as in every dynamic decision making. So 
driver performance can be evaluated through three parameters: the information received, the 
interpretation of this information made and the decision taken. An explanation of inappro-
priate driver behaviour should be sought at each of the different levels of situation awareness.

2.1	 Driver’s perception of the road

The perception of the road environment, especially its hazards, would be expected to influ-
ence driving performance, [3, 4, 5]. There are various level of perception that depends on 
the stimulus and the task confronting a person. The most basic form of perception is simple 
detection; that is, determining whether a signal or target is present, [6]. According to the 
literature [3][7], perception is more than just sensations; it uses memory, classifications, 
comparisons, and decisions to transform sensory data to a conscious awareness of the envi-
ronment. This means that through our senses we get an immediate perception of the road 
environment and what is about to happen around us and we are unconsciously adapting our 
actions to the road. The physical design of the road and its various parts is the most important 
source of information to the driver. Drivers perceive the road and the traffic conditions as a 
whole. In this way, the drivers are the most perceptive of the information they need the most. 
Indeed drivers seem to be equipped with a well-developed “skip function”, they try to acquire 
messages on aspects of their surroundings that they believe are relevant while ignoring those 
without useful information. It is an active process that requires significant discipline, as well 
as knowing what to look for, when to look for it and why.

2.2	 Expectation and representation

In the field of cognitive psychology, the notion of representation refers to the idea of internal 
model developed by the subject for dealing with complex situation. Our understanding is 
built by combining observations from the real world with knowledge and experience recalled 
from memory, [8, 9]
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The driver follows the road with expectation and orientation logic, which was formed by his 
experience and recent perceptions [10]. Lunenfeld and Alexander [11] define expectancy as 
“a driver’s readiness to respond to situations, events, and information in predictable and 
successful ways”. The expectations are functional for the driver in the sense that they are an 
important prerequisite for well-adapted driver behaviour [7].
 The driver’s expectations, however, will be dysfunctional in case he encounters an unexpec-
ted traffic situation. When the driver has false expectations of the road and traffic conditions, 
this mean that he well have an image or idea of what it is to happen which is not in conformity 
with reality. Indeed the drivers get “confused” and surprised when the road and traffic con-
ditions are not in line with their expectations. In a situation where prompt action is required, 
problems often occur because there is no enough time to take proper actions, which implies 
a high risk of missing important information and making wrong decisions, [12].
In order to meet the driver’s expectations, roundabouts crossed by tram have to be recogni-
sable, distinguishable, interpretable and safe. This means that they must be designed in a 
consistent and standardized manner.

2.3	 Driver’s ability to read the road and self–explaining road 

In the road safety context, Salmon and al [13] argue that incompatibilities in situation awa-
reness across road users lie at the root of conflicts between them. A malfunctioning road 
and traffic environment is identified by the fact that drivers do not behave as intended. A 
large occurrence of deviant behaviour then indirectly shows that the drivers misunderstood 
and were surprised by the road and the traffic environment. Because the driver’s reaction 
characteristics cannot be changed, the attention should be focused on a self-explanatory 
road design.
Concepts such as “positive guidance”[11], “road readability” and “self explaining road” [14] 
all these terms have been applied to those road designs that communicate to the driver what 
type of roads they are, or that can be easily categorized by drivers as requiring specific kinds 
of driving behaviour. They seek to identify the relevant infrastructures features likely to provi-
de a clear picture of the functionality of the road space: how to cross an intersection crossed 
by tram, who has priority, what kind of information can be expected and so on. Designing 
road environments that facilitate the ‘connection’ of different road users’ situation awareness 
therefore seems to provide an appropriate way to reduce collisions between them.
These questions raised from this perspective have led us to formulate our general hypothe-
sis of research, which can be defined as follows: Driver behaviour at tram crossroads will 
depends very much on what is seen or “not seen” by the driver, in the road scene and how 
he “reads” the situation. Our research aims to evaluate which expectations the drivers have 
to tram crossroads and how they drive on it. 

3	 Overview of research method

In order to do analysis on road traffic dealing with human behaviour, it is required a great amo-
unt of data. The range of methods typically used includes observations, questionnaire, verbal 
protocol analysis and experts (police, road engineers, etc). In depth analysis normally requi-
res experimental observations or field observations with specific supporting equipments. The 
general rules regarding data collection are (a) not to rely on one source of information and (b) 
to beware of potentially misleading information.
For the purposes of illustrating our approach, we will briefly discuss some research method 
and their interest for understanding the way drivers behave in the situations concerned. 
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3.1	 Observation

Observation consists of recording behaviour during task performed. The three main ways that 
observational data are collected are direct observation, indirect observation, and participant 
observation. These methods can be used in combination with each other in order to obtain a 
broader understanding of the task. According to Stanton [15], one of the main concerns with ob-
servation is the intrusiveness of the observational method. Observing people affects what they 
do; people observed can bias the results as they might perform an unrepresentative range of 
tasks; and the way in which the data are recorded could compromise the reliability and validity 
of the observations. Overcoming these potential problems requires careful preparation and pi-
loting of the observational study. In planning observational studies, a researcher identifies the 
variables to be measured, the methods to be employed, and the observational time frame. [16] 
For our study, the observation was based on an analysis grid that we have developed to carry 
out the assessement, and to examine whether it would be possible to identify characteristics of 
intersection crossed by tram that coincide with a higer likelihood of unwanted events. To guide 
our choice of elements to be included in this grid, we were inspired by the work of Millot [17] ta-
king care to adapt the reading points to our own field of study and to our specific questions, [18].

3.2	 Verbal protocol analysis

Verbal protocol analysis (VPA) is a method which involves participants ‘thinking aloud’ as 
they perform a task. Verbal protocol analysis uses data from verbal transcripts to analyze 
the content there in. These transcripts could come from protocols gathered from recordings 
of live performance of the task. The transcript can be coded and analyzed at various levels 
of detail, from individual words, to phrases, to sentences, to themes [19]. Verbal protocol 
analysis has found use within human factors research as a means of gaining insight into the 
cognitive underpinnings of complex behaviors. Walker [20] has pointed out the importance 
of Verbal protocol analysis; he stated that” Within the context of exploring hypotheses and 
conducting studies in naturalistic settings, verbal protocol analysis can be extremely useful 
and has much to offer”.
To take into account all of these characteristics and the construction of driving in connection 
with a given situation, we felt that it was essential for our study, to put drivers in real driving 
situations. The methodology used entailed making observation from within the car during 
driving on two intersections crossed by tram. At these intersections we consider the point of 
view of drivers on how they carried out the activity, in order to collect explanatory data on it. 
This technique enables driver to make comments about his behavior, especially as regards 
to the environmental conditions which influenced him and came into play in the various 
situations he encountered. 

3.3	 Interviews

The interview is one of the original methods for gathering general information, and it has 
been popularly applied across a range of fields. Interviews can be classified into 4 types of 
informal conversation, semi-structured, standard structured and focus group interviews, [21]. 
Greenberg [22] proffers the idea that the task analyst can discover what tasks people perform 
and develop task descriptions through observation and then validate the descriptions throu-
gh interviews with the same people. Annett [23] argues that data collection should comprise 
observation and interviewing at the very least. 
Based on the literature review above, a specially designed questionnaire was carried out for 
the purposes of our study. The questionnaire was composed of three parts. The first part of 
questionnaire concerns the driver characteristics (gender, age, level of education), the se-
cond part concerns information about the driving characteristics of the interviewee (driving 
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experience, yearly kilometers driven, etc) and the third part of questionnaire contains a basic 
questions on the road design, the meaning of road signs related to tram, behaviour of other 
road users, and general questions about the problems that drivers could be experiencing 
with the tramway crossroad. 

4	 Study methodology and preliminary findings 

4.1	 Validation

As a first step, a validation exercise was carried out to assess the feasibility of the metho-
dology. Two crossroads (see figure 1 and figure 2) at Rabat city were selected according to 
the number of collision and related incidents that occurred there in the last three years from 
2011 to 2013. 
During the validation exercise, observations were carried out. This involved spending periods 
of time at each crossroads and observing the behaviour of users. A review of the physical 
aspects of each crossroad and its surrounding were made. An assessment of the driver’s 
behaviour during a journey within the vehicle itself was also used. A detailed explanation of 
the driving process was provided by the drivers as they progressed through the sequence of 
each roundabout, after the journey, the participants were asked to answer a questionnaire 
with relevant questions about the scene in order to better determine their knowledge and 
their representations of the driving situations studied.

4.2	 Preliminary findings

The following list highlights a number of human factors and design features at each cro-
ssroads that can have an influential role in unwanted events and contribute to unsafe condi-
tions. The list can be supplemented by further observations and interviews:

(i) At crossroad Al MANSOUR place at Rabat

Figure 1	 Tramway crossroad AL MANSOUR PLACE

·· A high traffic volumes and pedestrians movement due to shops, this requires car drivers to 
be alert for pedestrians and tram approaching;

·· A stop line is not demarcated, either with a white line or appropriate pavement marking, to 
attract the driver’s attention and help drivers identify safe stopping location; 

·· Tramway signs are not always conspicuous due to their position relative to other signs;
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·· Many drivers indicated that unfamiliarity with the tramway crossroad or driving at night 
would make the maneuver more challenging;

·· Parked cars before and after the tramway line may result in vehicle drivers slowing and being 
caught on the tracks while a tram approaches

·· Non compliance with traffic signal encouraged sometimes by police due to problems of 
traffic congestion;

·· The sequence of lights is believed to be confusing in whether the lights are functional or 
not; the waiting time is perceived to be too long for all car drivers interviewed, which can be 
considered as an agent for psychological stress.

·· The crossing being completed without the necessary caution increases during rush hours 
and on working days; 

·· Text in association with trams signs can be hard to read due to car driver’s speed;
·· For many drivers there is no difference between all the roads signs related to tram and they 
just ignore these roads signs so they cannot understand what is expected for them to do.

(ii) At crossroad street IBN ROCHD 

Figure 2	 Tramway Crossroad Street IBN Rochd.

·· At some locations there is considerable visual clutter from surrounding infrastructure, which 
can detract from the primary safety messages “give way to tramway” and “beware of tram”;

·· Text in association with trams signs can be hard to read due to car driver’s speed;
·· Some users failed to fully understand the meaning for various trams signs and aren’t aware 
of the rules and procedures for correctly using trams crossroads;

·· Drivers can be distracted from scanning for trams while they seek an appropriate gap in 
traffic on main road;

·· A stop line is not demarcated, either with a white line or appropriate pavement marking to 
help drivers identify safe stopping location;

·· Vehicles waiting or queuing across the tram tracks due to traffic congestion;
·· The curvature of the intersection creates a difficult angle from which to observe on-coming 
trams;

·· The desire to pick gaps generated by traffic platoons can result in crossing being completed 
without the necessary caution, indeed the amount of time the users expect to wait at trams 
crossroads may influence their risk taking behaviour;
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5	 Conclusion

The conclusions of the preliminary findings of our study has identified a number of problems 
associated with tramway crossroad and has explored some of the road design and human fac-
tors that contribute to the difficulties experienced by drivers at these intersections. Evidence 
has been found that at the intersections visited , road scene elements and traffic condition 
play a role in the difficulties that drivers encounter when crossig these intersections. It is 
clear that much further investigation is required on the causal factors of errors and on the 
implications that these driver errors have on tram crossroad safety.
The second stage of the study is now to address the relationship between the elements of the 
tram environment and types of driver errors; this work is on progress, with the aim to provide 
suggestions for minimizing potential conflict between cars and trams and for enhancing error 
tolerance at tramway crossroads. 
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Abstract

In the recent years, the occurrences of terrorist attacks in metro systems have increased no-
ticeably, as illustrated for instance by the Tokyo, Paris, Madrid, and London attacks. Indeed, 
several efforts aim at improving the resilience of the metro coaches in order to Increase the 
resilience of metro vehicle to terrorist bomb blast, through the selection of vehicle materials 
and structural design, to speed-up the recovery following an attack, allowing the rail system 
to return to normal operation quickly and to reduce the attractiveness of metro systems as a 
target for attack. Such efforts include the European-funded FP7 SECUREMETRO project, which 
reached its conclusion in June 2013, and gathered 11 partners from United Kingdom, Spain, 
France and Italy. SECUREMETRO aimed at bringing new solutions in fighting the consequences 
of damages caused by internal blast in metro vehicles. A first full-size blast test was performed 
to assess the performance of current rolling stock faced to a blast. The second trial consisted of 
a series of small-scale blast tests of unitary material samples in order to assess their behaviour 
and the improvement over existing materials. The final stage of the project then consisted of 
integrating the new solutions in a demonstrator vehicle, and submitting it to the same blast test 
as the existing vehicle. The paper presents the results of the SecureMetro projects to improve 
the resilience of the metro vehicle to protect passengers and staff.

Keywords:	metro vehicles, terrorist attacks, blast test, blast-resilient certification

1	 Introduction

Considerable effort is being devoted by researchers and stakeholders in order to improve the 
safety of metro systems with regard to terrorist attacks. The issue has been addressed by many 
researchers, taking into account the bow-tie model of safety management, in which the node 
is the terrorist attack, with on one side the causes of the attack (e.g. political issues, technical 
weaknesses) and on the other side the consequences (e.g. human, organisational, economical) 
[1], [2].
The common goal is to implement a line of defence to isolate these causes and consequences, 
in order to prevent the attack from occurring and, should it happen, to mitigate its consequences 
as much as possible. Several research projects have addressed specific elements, or full sets of 
integrated solutions implementing technological and organisational measures to increase the 
effectiveness of this line of defence. An example of such current project is SECUR-ED ( http://
www.secur-ed.eu ) which aims at providing and demonstrating a full, interoperable set of tools. 
Another example is PROTECTRAIL ( http://protectrail.eu ) which aims at designing a scalable 
solution integrating a modular set of sub-mission protection tools for railway security, such as 
passenger clearance control, electrical or communication systems. A last example is MODSA-
FE ( http://www.modsafe.eu ), focused on the establishment of a common European strategy 
including safety and security measures.
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SECUREMETRO [1] aimed at bringing solutions to mitigate the consequences of internal blast in 
metro vehicles. It adds up to more conventional approaches to reduce the casualties and dis-
ruptions related to terrorist attacks, although its findings are also relevant to accidental events.

2	 Findings from the analysis of existing attacks

SECUREMETRO concentrated on specific cases chosen for their representativeness and the 
abundance and relevance of the documentation. These cases are notably the bomb attacks in 
London (2005) and Madrid (2004), and fires in the Daegu metro (2003) and the Kaprun funicular 
(2001). Other related situations, such as 9/11 or fires in high buildings and other places from 
which evacuation is difficult, were also considered. The project found considerable insight in 
the previous work carried out in these fields. As the databases include all the types of terrorist 
attacks perpetrated during the period, we disaggregated data according to the aim of the SE-
CUREMETRO project. Considering the target of the attack as the main filter for the selection of 
relevant cases, we focused on events involving strictly rail-based public transportation assets. 
The tactic used for perpetration is of particular importance to devise ways to mitigate the effects 
of the attack. Out of the 833 attacks in the data bases, bombing is used in 73% of the cases. If 
we consider the weapons [Table 1], bombs are by far the most used way to carry out attacks, not 
only bombings per se, but also other types of attacks such as sabotage, threat or mixed tactics. 
These proportions have not significantly evolved over the last decade. 
This appears even more clearly in the number of victims [3], [4], with 70% of the fatalities (2,541 
out of 3,457) and 77% of the injuries (7,832 out of 10,682, if we don’t take into consideration 
the 5 killed and 5,205 people injured in the sarin gas attack against the Tokyo metro in 1995, 
which remains the only one of its kind so far) caused by bombing during the considered period, 
making it the deadliest type of attack.

Table 1 	  Weapons used to carry out attacks on rail in the last 50 years

Weapon used Percentage of all attacks, 1960-2010 period
Bomb 73%
Firearm 6%
Firebomb-Molotov 4%
Fire 3%
Landmine 2%
Grenade 1%
Material obstacle 1%
CRBN material 1%
Rocket 1%
Knife 0%
Car-bomb 0%
Other 1%
Unknown 7%

An explosion causes damage through several mechanisms, causing specific types of disrupti-
ons and calling for different mitigation measures. The primary effects are the shockwave and 
the blast, as well as primary fragments from the bomb itself: pieces of its case and artefacts 
such as nails (Figure 1). These effects are inherent to the bomb and can only be alleviated by 
shielding or dampening measures to dissipate the blast and to prevent the propagation of 
fragments. Another effect is the creation of secondary fragments, caused by fragmentation of 
the inner structures, walls or windows, turned into shrapnel. The last mechanical effect is the 
loss of structural integrity, causing collapse of overhead equipment or of the roof. Although it 
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is impossible to design a 100% infallible protection system, it is possible to greatly improve 
the protection of the passengers from falling debris which is a major cause of head injuries. 
It was found that non-incendiary bombs do not usually cause a fire, and that the current 
EN45545 standard is adequate to prevent fire in these conditions. 
Although the inner structure of the vehicle was mostly destroyed in the studied cases, the 
overall structure, wheels, bogies and floor, was mostly intact, allowing access and even 
towing away. This observation, that holds true even with high explosive loads, motivated us 
to consider resilience, both from the technical and organisational points of view: if a bombed 
vehicle has surviving passengers and is still able to operate, even in a very limited manner, it 
is desirable to add resilience in the design to ease and speed up the rescue and the recovery 
of the system after the blast.

Figure 1	 Effects caused by the detonation of a bomb

3	 Designs improvements

Particular attention was paid to specific key systems and components of the metro vehicle 
that must be considered for the safety of the passengers on a bombed train:
·· Windows/glazing: should be able to deform plastically, absorbing part of the energy of the 
blast and minimizing the fragments. High resilience, high plasticity materials should be 
employed to avoid glass shards. Appropriately supported laminated glass panels have far 
superior properties that allow them to absorb energy with little or no fragmentation. Another 
key is the support system: particular attention was paid to the connection between the 
window and the frame, and between the frame and the carriage structure.

·· Walls should be able to deform plastically without fragmenting or breaking into large pieces 
that could be projected inside by the negative pressure following the blast wave.

·· External doors: current rolling stock metro trains have sliding doors, whose mechanism can 
be severely affected by blast. External doors should not be thrown away.

·· Interlocking doors: results from the RAILPROTECT project show that internal walls can conta-
in blast, limiting its effect inside the carriage. Modern trains without interlocking doors can 
be improved using transparent transversal walls.

·· Roof breaks into large pieces under the effect of the blast wave. The roof panels should not 
fall inside the carriage and injure the passengers. Mechanical systems, like tethered cables, 
should prevent the panels to be thrown inside.

·· Seats: the most important issue is their connection with the vehicle structure, because the 
blast wave could tear them away from the floor.
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·· HVAC and other heavy equipment are typically located on the roof of the carriage. As a result 
they can fall inside the vehicle and hurt the passengers. They would be best placed under 
the floor, protected by the strong bogies structures.

·· Critical systems: since the floor is little affected except at the location of the explosion, all 
the main supply and critical systems may be protected by placing wires, pipes, etc., inside 
steel/aluminium cases and ducts placed beneath the floor. A survivable driver’s cab could 
allow driving the train to the closest station, which would dramatically ease rescue and 
evacuation. All this would increase the weight of the train, so attention should be paid to 
the mass of the carriage components and to the materials used.

The modifications required to make a metro train blast safe could require a very high inves-
tment, which not all could afford. A possible solution is a sort of “blast-resilient certification” 
for metro lines. Cities where the risk of metro bombings is low may not be interested in a large 
investment for blast resistant trains. On the contrary medium/high risk cities like London, 
Paris and Madrid could be interested in being certified as “blast resilient”.

4	 Experimental assessment

4.1	 Test on existing carriage- Metro de Madrid

A full-size blast test was performed to assess the performance of current rolling stock. This 
test was carried out on a decommissioned Series 5000 carriage given to the SecureMetro 
project by Metro de Madrid (MdM) [5]. This type of carriage is typical of the rolling stock built 
in the mid-seventies and still in operation today (Figure 2). The trial consisted of detonating 
a charge similar to those used in the London attacks, located at the centreline of the carriage. 
The two doors on both sides of the carriage, at the explosion point became detached and 
landed 60 meters away. Several other passenger doors were removed from the carriage, while 
others were buckled and inoperable. All the windows on the right side within the passenger 
area were shattered, their rubber seals dislodged from their frames.

Figure 2	 High-speed image of the trial with an existing MdM carriage

In the driver’s cab, all the windows and doors were dislodged, except the access door which 
remained operable. Damage to the chassis, however, was limited to the rear heat exchanger 
pack being broken from its mounts, while the central pack was only broken at its rear point. The 
air reservoir remained intact. Overall, the chassis fared well and the carriage could be towed 
away, confirming that improved resilience in the passenger area would improve dramatically 
the security in case of blast. Analysis of the effects, based on this test and the case studies, 
identified several key areas for improvement, mainly:
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·· Windows
·· Doors
·· Interlocking doors
·· Components materials
·· Joining techniques
·· Information and communication systems
·· Evacuation system.

Computer simulation was performed to better understand the behaviour of the shock wave 
inside the carriage, identify the most stressed parts of the internal structure, devise and select 
structural improvements to improve resilience. This led to a series of small-scale blast tests of 
unitary samples to assess the improvement over existing materials. 

4.2	 Test on new demonstrator 

The final step then consisted of integrating these solutions in a demonstrator vehicle [Figure 
3], and submitting it to the same blast test as the existing vehicle. The improvements brought 
to the demonstrator consisted notably of:
·· Improved resistance of the windows that cleanly separate from the body and do not shatter, 
thanks to protective film and bonding.

··  Improved resistance of the ceiling panels and ceiling-mounted elements using retaining ca-
bles to the main vehicle structure: the ceiling does not fall on the passengers, and does not 
cover the ground with debris which would make walking difficult and hazardous.

·· Reinforced lighting using LEDs.
·· Reinforced driver’s bulkhead.
·· Use of flexible backing layer (polyurea) on key elements of the secondary structure to improve 
flexibility and avoid fragmentation.

In the blast test the driver’s bulkhead failed, which the simulation had not predicted. However, 
the pressure data close to the bulkhead allowed to determine the reasons of the failure, and 
to propose the necessary reinforcement. The floor was punctured below blast point but did 
not cause structural failure. Several window bonding solutions were simultaneously tried, and 
none shattered except the unprotected (reference) window which failed as expected. All the 
bonded windows stayed in place. The emergency window, protected by film but not bonded to 
the structure, was ejected in one piece: leaving the frame open but free from glass fragments, 
allowing safe egress.

Figure 3	 High-speed image of the trial with the demonstrator carriage
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The seating remained mostly intact, except the seats closest to the charge which were fractu-
red but did not generate secondary fragments. The ceiling panels attached by cables to the 
main vehicle structure remained attached and did not fall, making walking in the carriage 
much easier and safer than in the unprotected carriage. Panels attached to secondary ele-
ments fell to the floor, showing the importance of tying to the main vehicle structure. The 
prototype LED lighting worked throughout and after the trial. Overall, these results confirmed 
the improvement to the resilience of the metro vehicle, passengers and staff. Another achie-
vement of SECUREMETRO is the design of a testing set-up that was an improvement over that 
used during the first trial. 

5	 Conclusion 

The outcome of the project is expected to yield improvements in the design of metro vehicles 
to improve blast resilience, and their testing led to the design of measurement methodologies 
suitable for the specific context of an explosion inside a carriage. It therefore appears that 
the raised issues, and the solutions found, are both worthy of consideration by the standar-
dization bodies. In addition, adopting low-cost solutions into the design and manufacturing 
stages will not lead to a marked increase in the cost of rolling stock. For retrofit and future 
construction, it opens up a new competition in the rail industry supply chain to provide blast-
resilient solutions. The results of the work is expected to led to improvements in the design of 
metro vehicles in the direction of improving their blast resilience, and their testing led to the 
design of measurement methodologies suitable for the specific context of an explosion inside 
a carriage. It therefore appears that the issues raised, and the solutions found to these issues 
in this specific context, are both worthy of consideration by the standardization bodies and 
insufficiently taken into account by the standards available today, including those pertaining 
to the related issues of crash worthiness, that take into account some relevant aspects but 
miss important points related to the pressure wave and its structural effects for instance on 
doors and windows, and on the environment of the train.
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The implementation of intelligent information 
systems to increase safety in rail level crossings

Marko Hoić, Ivan Vlašić
HŽ-Infrastruktura d.o.o, Croatia

Abstract

On the HŽ-Infrastructure network there are total 1503 level crossings (LC). LC are the intersec-
tions of rail and road traffic in the same level. As such they represent a point of high risk on 
which often comes to extraordinary events with the worst consequences. The most common 
accidents are caused by motor vehicles drivers (95%), who are unfortunately the most en-
dangered in railroad accidents. Raising safety awareness to a new level is carried out with 
technical and technological solutions and actions that encourage traffic discipline, drivers 
and pedestrian culture when crossing the rail tracks. To improve traffic information provided 
to vehicle drivers, it’s necessary to implement intelligent information system (ITS-Intelligent 
Information Services). Intelligent Information Services is the provision of timely and effective 
information of dangerous situations (real-time warning systems). In this work is presented 
application of the level crossing geo-referenced data, on a HŽ Infrastructure railway network, 
to ensure accurate and timely information delivery to drivers arriving at the level crossing.

Keywords:	 level-crossing, geo-referenced data, improve safety, HŽ-Infrastructure

1	 Introduction

Level crossings (LC) are the intersections of rail and road traffic in the same level. Therefore they 
represent a point of high risk in which often comes to accidents with the worst consequences. 
Participants of road traffic often suffer from accidents on LC, although in accidents 
of heavy road vehicles and rail passenger trains can also cause serious injury to pa-
ssengers and railway workers, and major damage to vehicles in railway transport. 
Number of killed and injured people, significant material damage due to vehicles damages 
(road and rail), and significant losses (economic and time) because of the traffic stop - indi-
cate the seriousness of the problems of security and regularity of traffic on the LC.

Table 1 	

Year 2007. 2008. 2009. 2010. 2011. 2012. 2013.
Number of killed 12 9 15 7 15 8 11

Table 2 	

Year 2007. 2008. 2009. 2010. 2011. 2012. 2013.
Seriously injured 12 15 17 10 8 15 12
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Raising safety at level crossings is implemented with technical and technological solutions 
and campaign that encourage traffic discipline and drivers or pedestrian habits when crossing 
the tracks. Although in crashes of train and road vehicles the most vulnerable are precisely 
drivers of road vehicles, astonishingly, they are the ones who blame for 98% of accidents at 
level crossing. An additional astonishing fact is that many semi-barriers, which enable the 
highest level of security, are damaged. Although only 23%, of total number of level crossings 
on HŽ-Infrastructure network, are secured in this way. Comparable data of accidents on the LC 
in Croatia, Slovenia, Austria, Germany, France and Denmark are presented in Table 4.

Table 3 	

Year 2007. 2008. 2009. 2010. 2011. 2012. 2013.
Broken semi-barriers 682 670 706 613 572 534 518

Table 4 	  The number of Level-crossing accidents relative to train km

Year 
Country

2011. 2012.

Croatia 0,70 0,69
Slovenia 0,29 0,40
Austria 0,28 0,24
Germany 0,05 0,07
France 0,08 0,07
Denmark 0,03 0,08
* according to – ERAIL (European Railway Accident Information Links)

It is therefore necessary, in addition to technical solutions and campaign that promote drivers 
culture and the respect of traffic signs, improving system of informing drivers of road transport 
by establishing smart information systems.

2	 Program and campaign for solving LC problems

2.1	 Program for solving LC in RC

Level crossings or rail-road crossings, in security terms are the critical point of the rail and road 
transport network, and so the quality of solutions should definitely relate to both branches of 
traffic. They are the main entities that are responsible for the implementation of this program 
together with the local authorities interested in the general security of the local population.
For all these reasons the Department of railway traffic of Ministry of Sea, Transport and Infra-
structure has launched an initiative to create the measures and activities related to systema-
tic and continuous solution to the traffic safety on the LC, which is in cooperation with the 
working group from HZ-infrastructure resulting in the document entitled ‘’Program of solving 
LC in the Republic of Croatia’’ (Program).
The Program was conceived as a national program, which is one of the preconditions for a 
systematic problem solving of LC in big traffic system (HŽ, HC, ŽUC), all administrative, organi-
zational and technological levels of local communities. This Program makes up one segment 
of the entire “National rail infrastructure program”.
The Program has processed the range of technical and technological solutions on the LC; 
ensuring safety with light/audible ringing signals and half barriers, the removal of crossings 
with or without reduced roads construction and two-level constructions. 
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The Team for solving the level crossing issues in HŽ-Infrastructure during the last years, 2007-
2013.g., achieved significant results with technical solutions foreseen in the Program:
·· 105 – ensuring safety with light/audible ringing signals and half barriers;
·· 64 - removal of crossings with or without reduced roads construction;
·· 8 - two-level constructions.

In the upcoming period enhanced investments are going to be in this area. Making of a new 
5-year ‘Program for solving LC’ and better cooperation with local governments, as well as 
Croatian Roads and County Road Administration - will contribute to the acceleration of solving 
level crossing issues according to the Program.

2.2	 Campaign ‘’Train is always faster’’

Educational and promotional campaign ‘Train is always faster’ HŽ-Infrastructure carried out 
since 2000 year, in collaboration with Police Departments and primary schools across the 
Croatian. The target groups of this campaign are; the drivers of road vehicles, school-age 
children, the local community and media.
Statistics shows that with the increase in the level of security at level crossings does not 
decrease number of accidents in the same proportion. The general trends are educational-
marketing activities aimed at raising awareness of traffic participants. Also, since 2011 HŽ-
Infrastructure has actively participated in the campaign marking the International Level Cro-
ssing Awareness Day (ILCAD). The campaign synchronizes International Union of Railways 
in collaboration with the European Commission, in order to change misperception that level 
crossings accidents are a problem only for railways companies. Program and campaign have 
achieved many positive effects, and maintain a state without a significant increase in acci-
dents at level crossings in a time of increasing the number of road vehicles and a hectic pace 
of life.

3	 Proposal for increasing security

Existing methods of warning drivers about approaching LC are only with the road signs of 
approaching the rail, in the 240, 160 and 80 meters before the rail (Figure 1 and Figure 2).

Figure 1	 Approaching the level crossing with 
barriers or semi-barriers.

Figure 2	 Approaching the level crossing without 
barriers or semi-b.

Those signs according to the ‘Regulations on traffic signs, signals and equipment on the 
roads’ belong to the group of ‘signs for dangers’, which stipulates that participants in road 
traffic approaching to a place where they could be in danger.
Because of the astonishing fact in which motor vehicle drivers are blamed for 98% LC acci-
dents, it is obvious that we need better solutions in alerting road drivers.
The European Parliament 2010th is adopted the ‘Directive 2010/40/EU’ - on the implementati-
on of intelligent transport systems in the field of road transport and interfaces with other types 
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of traffic. The goal is improving system of informing drivers of road transport by establishing 
smart information systems (ITS- Intelligent Information Services).
It is a time efficient, informative and effective warning about possible dangerous situations 
(real-time warning systems). The information system must be interoperable, applicable and 
available to as many drivers as possible. Smart information systems are part of the everyday 
life of the majority of EU citizens. Accurate and timely information about dangerous situations 
in traffic will help us to increase the level of traffic safety but also to increase the efficiency 
of the transport system. 
ITS which would inform road drivers of approaching the level crossing can be carried out by 
using geo-referenced data of level crossing on the HŽ-Infrastructure network. 

4	 Technical solutions for increasing security on LC

4.1	 Data collection and processing

Existing data about LC in HŽI has conducted in tables, and for database is used Microsoft 
Excel. It is good enough for all current and planned future needs and is due to the simple 
architecture and data using, selected for further use.
Each LC is assigned my unique identifier in the form of a new column ID. In the database 
terminology, the primary key of a relational table uniquely identifies each record in the table.
In this paper we have used a data of the level crossings on wider area of Zagreb.
Absolute positioning via GNSS devices with the possibility of receiving corrections of EGNOS 
system is chosen for data collection method. During storage in memory, handheld computer, 
with the number of points and coordinates, each recorded point is assigned an attribute name 
ID of a level crossing according to the database.
Geo-referencing is aligning geographic data to a known coordinate system so it can be viewed, 
queried, and analyzed with other geographic data. The collected data are transmitted to a 
computer with the help of software solutions Trimble GPS Pathfinder Office, and the result is 
a text file (CSV​​) with a list of points, the corresponding coordinates (E, N) and a unique ID of 
each LC. The road navigation and web applications (Google Maps / Earth, OpenStreetMap) 
use the World Geodetic System (WGS84) datum as the underlying coordinate system for na-
vigation purpose and imagery base (spatial coordinate’s φ and λ). 
To transform rectangular coordinates in Croatian coordinate system to WGS84, official pro-
gram of Republic of Croatia State Geodetic Administration, T7D for coordinate transformati-
on (Figure 3). For simplicity’s sake and difference between HTRS96 and WGS84 coordinates 
(which is irrelevant for this work), HTRS96 is used.

Figure 3	 The official program of the SGA to coordinate transformation - T7D 

Coordinate transformation converts data to an ASCII file containing the aforementioned geo-
graphic coordinates in hexadecimal system (decimal degrees). The prepared data are ready 
for use in navigation devices.
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4.2	 Application for inform drivers of road vehicles

Orientation and navigation has never been easier than today, using GPS technology. Whether 
for the protection of life, reaching destination faster, entertainment or any other use you can 
imagine. GPS navigation is becoming an increasingly important in everyday use.
Points of interest (POI) are points stored in GPS device memory called “waypoints”. House, 
Airport, Level Crossing or famous cultural - historical places that you would like to re-visit are 
some of the examples of positions that can be saved and later found. In GPS-receiver memory 
can be created points that show places where you were and GPS-receiver becomes a naviga-
tional device showing users the way to go.
For the purpose of informing drivers of road vehicles on the arrival of the railroad POI file for 
Garmin devices was created. POI file, for each location contains a name, a brief description 
and coordinates. Attached file could be a picture that will be displayed on the map at loca-
tions in the POI file. Sound warning for vehicle drivers is designed out of ​​the soundtrack to 
alert drivers to the presence of LC (a combination of audible warning light-sound devices and 
quotations from campaign “Train is always faster”).
Using the POI Loader (Garmin’s free program to record the waypoints in the device) and pre-
pared files, we made ​​POI files with proximity detection (garminZCPZagrebwav.gpi). Proximity 
detection is set so that you’ll be automatically notified when you’re approaching 100 m of 
the level crossing. With the same program POI file is transferred to internal memory of a GPS 
device to be used in road navigation (Figure 4).

Figure 4	 An example of the POI file

Short film attached to this paper, shows how road navigations works with the included POI 
files and audio-visual experience of road drivers when encountering the level crossings.

5	 Other possibilities of using geo-referenced data on LC

5.1	 Improving LC records

Spatial data obtained this way can be used to connect each LC with DGU Geoportal or display 
that combines following layers: digital orthophoto maps, spatial units, digital cadastral and 
others.
When user in Excel “clicks” on a prepared link, default web browser is started with preloaded 
view centered exactly on the level crossing. From the DGU Geportal for each LC were extracted 
attribute data on the number of the cadastral parcel and the name of cadastral municipalities 
(Figure 5).
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Figure 5	 Web browser view centered on the level crossing

5.2	 Use of LC data on the Internet

By collecting data on the field every level crossing was photographed four times; 
a	 perpendicular to the axis lines, right side of the railroad chainage;
b	 in the direction of the tracks, toward the beginning chainage;
c	 in the direction of the tracks, toward the end chainage;
d	 perpendicular to the axis lines, left side stripes .

Each photograph generic name has been renamed so it contains ID and photographing direc-
tion (ID-A, ID_B etc). To view photos online, these were transferred to the Internet using Go-
ogle services, Picaso Web Albums. The same allows free storage, and makes sharing photos 
a snap. For each photo automatically generated web address was merged with LC database 
imported in Google Fusion Tables. So in the browser we have all the data from basic Excel 
table with pictures for each level crossing (Figure 6).

Figure 6	 View data of level crossings

By adding view cards in Fusion tables we can visualize LC data on Google Maps (Figure 7). 
The red dots on a map represent LC’s locations. Each dot is interactive, and by clicking on 
each one you can open an information window with basic information about level crossings.
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Figure 7	 Data Visualization of LC on the map

It is also possible to filter the data so that at any moment user can make queries depending 
on particular needs, and for all attributes defined in the database. If you wish to display data 
of pedestrian crossings in the filter, select attribute PP and choose find and Fusion Tables 
shows the map with filtered data of pedestrian crossings.

6	 Conclusion

The level crossings are potentially dangerous point because of its specificity, and the cro-
ssing of two types of traffic at the same level. Increasing the safety of movement of vehicles 
and pedestrians are carried out by technical and technological solutions, and campaign that 
encourage traffic discipline and drivers or pedestrian habits when crossing the tracks. The 
number of deaths and injuries, and especially the number of avoided accidents (broken se-
mi-barrier) illustrate the need for additional improvements. By using new technologies it is 
possible to achieve improvement of the system informing drivers of road vehicles on the 
dangers when approaching the level crossing. Development of technology simplifies usage 
of navigation devices in everyday life.
Collecting and processing geo-referenced data on the level crossing network Railways Infra-
structure, it is possible to use them as an Intelligent Information Services to inform drivers 
to approach level crossing. Because of facts that vehicle drivers are the ones to blame for 
98% of accidents at level crossing, it can be expected that use of ITS can reduce the number 
of accidents at level crossings. Collected spatial data can also be used as improvement of 
information about level crossings, and in every work of Railways Infrastructure employees, 
external traffic experts, police, local government, etc.
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Abstract

Worldwide, about 30% of the final energy and 62% of final oil is consumed by the transport 
sector. Reducing global fuel consumptions is one of the highest priorities for all countries for 
both energy security and greenhouse gas emission implications. With globalization, transport 
of goods increased significantly and then pressure on the environment. If the departure and 
arrival of the goods are on the same continent, transportation can be done by air, road or rail. 
Between this three means of transport, it is usual to consider that rail freight transportation 
allows reducing energy consumption per ton transported. United States and Europe have de-
veloped an important railway system to transport goods and people. These two systems are 
very different in terms of infrastructure, rolling stock and operation. They are specialized; the 
American in freight transportation while the European in people transportation. In a first part 
of this article, these differences are compared and analyzed. Then, a well-to-wheel reasoning 
is carried out on various types convoy (container or bulk) in Europe and US. Length, mass, 
propulsion, train resistance, speed, track profile, gauge, electricity generation etc. are taken 
into account. Train is modeled as a point with a mass. Newton’s second law is applied on 
this point. The total force to the drive wheels provided by the electric motor is computed by a 
dynamic simulation. Finally, US and Europe rail freight are compared with an energy per ton 
transported indicator. This energy comparison shows the advantages of the American system 
on the environment despite the use of diesel locomotive.

Keywords:	rail freight, energy, well-to-wheel, Europe, United States

1	 Introduction

Globally, transportation activities are using more than 30% of the primary energy consump-
tion, (33% in EU 27, [1]), they cause more than 25% of greenhouse gas emissions [1] and the 
trend is increasing as shown in Fig. 1.
In a world where energy is becoming more costly, and where global warming is making violent 
climatic episodes (floods, storms, etc.) more and more common, using environmental friendly 
freight transportation will soon be a necessity. Freight trains have now, in Europe, a modest 
market share for long distance transportation, but they are thought as being more efficient 
both in energy consumption and in greenhouse gas (GHG) emissions than other transporta-
tion modes as shown in Fig. 2.
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Figure 1	 Greenhouse gas from transport in Europe, according to [2]

Figure 2	 Internal transport modal split in Europe Market share and Greenhouse gases share, according to [1]

2	 Typical train

Freight trains come in many varieties and a comparison between typical European and non-
European freight trains shows the differences in Tab. 1.

Table 1 	  European and freight train comparison

European freight Non european freight Impact
Motorisation 1 or 2 Electric engines Up to 5 Diesel engines ·· speed sensitivity to track profile

·· acceleration and transit time
Couplers UIC couplers Automatic couplers ·· train length number of engines

·· aerodynamic resistance
Gauge GA to GC Double stack ·· competitivity

·· aerodynamic resistance
Max length 500 to 750 m 2,500 m and more (ECB) ·· line capacity competitivity
Speed 100 km/h 60/80 km/h ·· transit time

·· energy consumption
Trafic management Passenger train priority Freight train priority ·· transit time, number of stops/

starts, energy efficiency

As seen above, the two types of freight trains are quite different, and it is a legitimate question 
to ask if one is more efficient than the other in primary energy use or in greenhouse gaz effect.
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To check what type of train is more efficient in terms of energy consumption or GHG (or both), 
we tested 4 typical European and US trains:
·· An heavy mineral train 87 waggons and 2 engines, 900 m and 10,440 t, named US-t-1 in 
this paper;

·· A double stack container train, 105 waggons and 2 engines, 2,050 m and 10,500 t, named 
US-t-2;

·· An European heavy freight train on a mixed passenger/freight network, 215 m, 1 engine, 
1,300 t, noted EU-t-1;

·· An european container train, 390 m, 1 engine, 1,300 t, noted EU-t-2.

3	 Train resistances

The running resistance has a direct impact on energy consumption of trains. It is important to 
evaluate it correctly. Hence, in a first step we compare the different formulas proposed in the 
literature. In a second step, we choose one running resistance formula and we calculate the 
running resistance for the 4 trains selected in our European/US comparison.

3.1	 Formula train resistance comparison

Four train resistance formulas are compared. The fisrt one is proposed by Lukaszewicz [2], 
data comes from full-scale tests with freight trains in Sweden. The second is proposed by 
Rochard [3] which summarizes various formulas. The third one comes from Allenbach [4] and 
the last one is the so called “Davis equation” summarized by Hay [5]. The 4 running resistance 
formulas are consistent and similar. We found a difference of less than 15% at a speed of 100 
km/h for a standard freight train. Subsequently, only the Davis is then presented.
Particular attention should be paid to convert the “Davis equation” into international system 
units. Indeed, it is necessary to convert the speed in m/s, the mass in kg (US ton is equal to 
907 kg) and force in N (1 lbf is equal to 4.45 N). The formula used is express in the equation (1).

	 	 (1)

where:

RDavis	 is the resistance in N for one car;
Vms	 is the speed in m/s;
WSI	 is the car weight in kg;
n and K	 are number of axle and drag coefficient.

3.2	 Train resistance calculation

Davis equation is used to calculate the running resistance of the 4 trains used in the US/
European comparison. The coefficient K used is: 0.07 for US-t-1 and EU-t-1 (conventional 
equipment), 0.0935 for EU-t-2 and 0.11 for US-t-2 (double stack).
The train resistance for each train is proposed in the Fig. 3. We can observe that the running 
resistance is largest for US than European trains (Fig. 3, left). This is explained by the fact that 
the U.S. trains are much longer and heavier. If we compare the running resistance divided by 
transported mass, it can be seen with Fig. 3, right than the US-t-1 is more efficient. Moreover, 
we can observe than rock trains (US-t-1 and EU-t-1) are in the both case more efficient than 
the containers train. Due to high aerodynamic drag, the efficiency of US-t-2 (double stack) 
greatly decreases with the speed.

R W n W V K VDavis SI SI ms= + ⋅ + ⋅ ⋅ + ⋅ ⋅× ⋅ ×− −2 943 10 88 96 1 097 10 22 263 4. . . . mms
2
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Figure 3	 Train resistance (left) and train resistance by ton transported (right)

4	 Speed profile simulation

A virtual line of 80 km was created to simulate a representative track and a speed profile. On 
this path, speed limits are introduced to comply with the regulations and practices in the US 
and Europe. A dynamic model of a train is used and subsequently presented.

4.1	 Track profile

We compare the 4 trains on a track shown in Fig. 4. This 80 km itinerary is characterized by: 
3 hill at a gradient of 8, 5 and 4 mm/m and one down at 10 mm/m.

Figure 4	 Slope (left) and profile (right) of the line

4.2	 Dynamic model

As proposed by Lukaszewicz [2] or Rochard [3], a simplified dynamic model train is used. The 
train is considered as a point with a mass M. Newton’s second law is applied on this point to 
calculate the total force to the drive wheels (F) provided by the electric motor. The formula is:



Environmental protection 813
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

	 	 (2)

where:

k	 conventional coefficient which represent inertia of rotating masses;
m	 the mass of the train;
γ	 the longitudinal acceleration;
Fr	 the resistance force calculated by Davis equation;
g	 the gravity acceleration and is local gradient of the line.

The rules of driving are as follows: two limit speeds are introduced. The first one is the set 
point speed (Ssp). If the speed of the train is lower than the set point speed then F is positive. 
It is the case 1 (traction). The second one is the limit speed (Sl). If the speed of the train is 
between the set point and the limit speed then F is zero (case 2, coasting). If the speed of the 
train is above the limit speed then F is negative (case 3, braking).

4.3	 Results

We can see in Fig. 5 the simulated speed profiles of the 4 trains. The black line is the speed of 
the train, the blue dotted line is the set point speed and the red dashed line is the limit speed.
The set point speed is 60 km/h for US-t-1, 80 km/h for US-t-2 train and 100km/h for European 
train. Moreover, to respect the rules of traffic in the country, the set speed is reduced to 25 
km/h in the US and 100 km/h in Europe in the slope. To represent a real driving, coasting is 
introduced for U.S. trains before the speed reduction for slope. It can be seen that the speed 
profiles are very different between the U.S. and Europe trains. US train speed is more sensitive 
to the track profile.

Figure 5	 Speed profile of the 4 trains

F m k M g sin Fr= ⋅ ⋅ − ⋅ ⋅ ( )−γ α
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5	 Energy consumption

For all trains, the power transmitted to the wheel Pw is calculated (product of velocity v and 
force F). Furthermore, a constant Pa is added to take into account the consumption of auxiliary 
(cooling engine, compressed air system, etc.). Then, the energy consumed by the train Etrain 
is calculated using the equation 3:

	 	 (3)

where:

η	 efficiency of the traction system.

For electric traction (European train), η equals 80% (Jeunesse [6] give a ratio of 87% for the 
French high speed train) and for diesel train (US-t-1 and US-t-2), η equals 45% (according to [7]).
Finally, to calculate the primary energy, losses to extract and process oil and to produce 
electricity are taken into account. The well-to-tank ratio is taken at 1.3 (according to [8]) and 
the production electricity ratio is taken at 3.1 (according to [8] or [9]).
In addition, the GHG emission indicator is calculated. According to [8], we considered 530 g 
of GHG rejected for 1 kWh of electricity consumed (emission power generation in Europe) and 
92 g of GHG rejected for 1 MJ of diesel burned.

6	 Results

The results of our 4 simulations are shown in Tab. 2. European trains consumption is upper 
than 2 times US trains consumption per transported mass in energy. Moreover, GHG emissi-
ons are significantly higher.

Table 2 	  Primary energy (MJ/tkm) and greenhouse gas emissions (g/tkm) comparison

US-t-1i US-t-2 EU-t-1 EU-t-2
MJ/tkm 0.097 0.11 0.25 0.27
g/tkm 7 9 12 13

These results are consistent with data from [9]. According to this reference, the consumption 
in primary energy is about 0.25 MJ/tkm in Europe. Obviously, the travel time of 4 trains are 
different. It is approximately 130 minutes for US trains and 50 minutes for European trains.

7	 Conclusion

We show in this paper that rail freight is more interesting from an energy and GHG emissions 
point of view in the United States. Despite the low efficiency of thermal engines, US trains are 
more efficient for several reasons: technological choices (couplers, electric/diesel traction, 
etc.) and different operating methods (speed, priority, etc.). In the perspective of this works, 
other simulations can be performed with different engine efficiency or well-to-tank ratio for 
instance if more accurate data are available. It would be interesting to work on the Ofoten line 
in Norway for example. Indeed, this line combines the advantages of two systems: heavy trains 
with resistant couplers, electric traction and high performance energy mix (electricity production 
in Norway is mainly generated by hydropower).
We note that the rail freight remains more interesting than road transport from an energy point 
of view. Indeed, according to [9], road transport consumption is 0,7MJ/tkm (between 3 and 
7 times more than rail).

E
P P

dttrain
w a=
+

∫ η
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Abstract

Sustainable development is largely depending on transportation systems ensuring mobility 
and safety. This mobility requires a sufficient access to the energy, at an affordable price. 
According to the peak-oil hypothesis, rarefaction and increasing in price of the non-renewable 
energies are nevertheless expected.
Even if transportations systems could partly rely on renewable energies, their optimization 
should involve energy and mobility criteria. In this study, surrounding wind fields and tra-
veling speed are conjointly investigated in order to evaluate achievable reductions in fuel 
consumptions for both railways and road transportation systems.
In the first part of this work, aerodynamic forces on trains are evaluated with the help of an 
energy model, validated with experimental tests data. For that, numerical determination of 
aerodynamic coefficients for several wind and topological situations have been computed 
with Solid-Works and associated to atmospheric characteristics determined over the conside-
red high-speed line (Rhine-Rhone line; about 140 km) with the AROME model (meteo-france), 
from measurements at several weather stations.
Simulation results show that for a weak wind and a train traveling at high speed, wind influ-
ence is about 5% on aerodynamic forces power. Moreover, for a moderate train speed (about 
45 m/s), a slightly stronger wind (about 5 m/s) has an influence of about 30%, compared to 
the without wind case.
In a second time, road experiments have been conducted with a passenger car equipped with 
an air flow meter and an oil flow meter, in addition of dynamical measurements as speed, 
position, altitude... Similarly to the railway case, wind exposition could be considered as a 
significant road design parameter.
In conclusion, this work based on large sets of full-scale experimental data and the numerical 
simulation of the aerodynamic forces, points out that wind influence on total aerodynamic 
power consumption is noticeable, both for railways or road transportation systems.

Keywords:	railway, roads, energy, use phase, wind

1	 Introduction

Transportation systems as roads and railways are usually designed by considering criteria 
of time-efficiency, mobility and safety [1,2], and to a lesser extend, energy savings. Negative 
perspectives on oil availability and climate changes justify the need to enhance the conside-
ration of this last criterion.
Indeed, the production of non-renewable energies as oil, gas and coil is peaking as their 
demand is growing, this unbalance between oil demand and production being often quali-
fied as the Peak Oil Theory [3, 4]. According to the International Energy Agency New Policies 
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Scenario [5], world oil production should reach 96 million barrel/day in 2035 on the back of 
rising output of natural gas and unconventional oil, as crude oil production remaining sta-
ble. A large part of the demand growth could come from China alone, driven by rising use of 
transport fuels [6].
In order to better integrate the energy criterion in the design of road and rail infrastructu-
res, preceding researches on safety have been adapted to the energy evaluation [7, 8]. For 
example contact forces models have been transposed from safety to energy evaluation [9] 
and extended to the LCA assessment of railways [10]. Nevertheless, if aerodynamic forces 
are generally considered as the result of the vehicle speed, with substantial achieved drag 
reductions [11], surrounding wind field influence studies are often limited to transverse sta-
bility [12]. But for modeling the infrastructure-based energy demand, wind field influence 
remains to be evaluated.
In this paper, the wind influence on energy consumption is evaluated from experimental me-
asurements and for both use phases of a high-speed railway and a road. For that, Ifsttar and 
RFF have performed full scale tests on a newly built high-speed railway and the wind influence 
has been later determined numerically from wind field reconstitutions. Wind influence on a 
passenger car has been verified similarly but with the advantage of having direct measure-
ments of relative wind on the vehicle.
In perspectives, energy models will be helpful for qualifying infrastructure alternatives on 
energy criterion, for the two predominant transportations modes.

2	 Wind influence assessment on train consumptions 

2.1	 Experimental tests and aerodynamics modeling

The acceptance of work tests of the newly build Rhine-Rhone high-speed line have been an 
opportunity for verifying the wind influence on train consumptions: electrical consumptions 
and vehicle speed have been recorded for various speeds and environmental conditions. 
Wind speed and direction have been afterwards determined over the whole line (140 km long) 
with the help of the numerical model AROME [13], from measurements at several weather 
stations (one of the wind field computation in given in Fig.1).
15 runs have been selected for evaluating the wind influence on consumptions, among the 
144 runs of the performed tests. This selection managed to keep various combinations of train 
speeds and wind incidence angles and speeds.

Figure 1	 Example of the discretized wind field computed with the AROME model, around the 140 km high-
speed line

Aerodynamic coefficients of the train (ALSTOM TGV Duplex) are computed with the help of Navier-
Stockes simulations of the air flow on auto-adaptive Cartesian meshes. Particularly, a longitudinal 
coefficient Cx of 0.148 is found, in accordance with values determined for other studies [14].
The computation of the aerodynamic forces is based on the Eq. (1), which establish the link 
between the longitudinal aerodynamic force Fx and the relative air flow velocity with the Cx 
coefficient, the air density (ρ) and the S reference surface (S=10 m2).
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	 	 (1)

Simulations are then done for the 15 selected train runs, for various wind angle directions, 
wind speeds and train dynamics. At last, aerodynamic power is computed all along the itine-
raries, while considering situations with or without wind. 
Power variations of aerodynamic forces, between simulations cases with or without wind, 
are given in the Fig. 3 for three tests runs. The green curve labeled HS1 corresponds to a train 
traveling at a high speed of 95 m/s in a weak mean wind (2 m/s). The blue and red curves, 
labeled respectively LS1 and LS2, correspond to a train traveling at a moderate, steady speed 
of 47 m/s for two quite different wind mean speeds (wind speed profiles given in Fig. 2).
As a result, for a weak wind (2 m/s) and a train traveling at high speed (95 m/s), wind influ-
ence is yet of +5% and -5% on power due to aerodynamic forces on the train, respectively on 
sections of the itinerary where wind is forwardly and rearwardly oriented (test run labeled HS1 
on Fig. 3). This result is deduced from the analysis of the HS1 test run between the 70 and 120 
km abscissa, section for which the mean speed is of 95 m/s.
A more remarkable result is that for a moderate train speed (about 47 m/s), a stronger rear 
wind (5.5 m/s) lowers the needed power by 30% compared to the case without wind, and a 
front wind of 3 m/s raises it by 20% (respectively test runs labeled LS1 and LS2; see Fig. 2 
and 3, at the considered pk position of 70 km). These results will be integrated in the train/
infrastructure energy model, linking railway geometry, environment (wind), vehicle dynamics 
and energy of use consumptions.

 

Figure 2	 Wind speed for the LS1 (left) and the LS2 (right) test runs along the curvilinear distance pk (km)

Figure 3	 Power variation of wind forces for the LS1, LS2 and HS1 test runs

F = SV Cx x
1
2

2r
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3	 Wind influence assessment on road passenger cars

3.1	 Experimental tests

Wind influence on a passenger car has been verified similarly, for various test runs of a midd-
le size gasoline passenger car, a “Renault Clio”. The aim of these tests is, as for the railway 
case, to enhance a consumption model that could be use for the energy-based comparison 
of alternative infrastructures.
Tests have been carried out for various sets of wind fields, for intended vehicle speeds of 50, 
60, 75, 80, 100, 120 and 125 km/h, for the 4th and the 5th gear ratios, and in the two directions 
of a 400 meters section of a specific test lane.
All measurements have been recorded with a National Instrument acquisition board at the 
simultaneous frequency of 100 samples by second. Fuel consumptions are measured with a 
Kistler DFL transducer for fuel consumption measurement (accuracy ±0.5 % of reading; reso-
lution 330x10-3 ml; non-contact Hall sensors technology). Vehicle speed is determined with an 
optical Correvit sensor, air flow speed is measured with two windmill anemometers mounted 
perpendicularly on the vehicle roof. Other data as Buscan consumption or vehicle speed are 
recorded too, as a reference basis.
Compared to the railway case, road tests have the advantage of having direct measurements 
of relative wind on the vehicle, instead of a numerical reconstitution.

3.2	 Wind influence assessment

Tests performed for various wind conditions, for several days, confirm a rather large variation 
of fuel consumption at a given test speed. For example, Fig. 4 exhibits consumptions varia-
tions of 3 to 4 l/100km for nevertheless steady test speeds of 48, 73 and 97 km/h (intended 
test speed of 50, 75 and 100 km/h, variations due to vehicle display shift).
In Fig. 5, these fuel consumptions are plotted in function of the whole corresponding ane-
mometer speed range. As expected, a 2nd order polynomial regression can be established 
between axial airflow speed and consumptions, since car aerodynamic force is expressed in 
the same form as given in (1) and that consumption is linked to the aerodynamic force (by 
engine and drivetrain efficiency, and aside other forces as tire rolling resistance).
For the case of intended vehicle speed of 75 km/h, the wind influence on consumptions is 
merely pointed out in Fig 6, as consumptions are plotted in function of the A/V ratio of the 
airflow speed to the vehicle speed. The airflow speed being the addition of the vehicle and 
wind speed vectors, values of the A/V ratio lower to 1 indicate a rearward wind, and values 
upper to 1 indicate a frontward wind.
This influence is noticeable since, at a moderate speed of 75 km/h (Fig. 6), A 30% forward 
wind compared to a similar no-wind case is therefore raising the fuel consumption of 18% (1.3 
l) and a rearward wind of 30% is lowering the fuel consumption of 12% (0.9 l).
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Figure 4	 Ranges of fuel consumptions for three intended vehicle speeds of 50, 75 and 100 km/h (4th gear ratio)

Figure 5	 Fuel consumptions variations for the whole anemometer speed range (planned vehicle speeds of 50, 
75 and 100 km/h ; 4th gear ratio)
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Figure 6	 Influence of airflow speed over vehicle speed ratio (A/V ratio) on fuel consumptions (vehicle speed 
of 75 km/h ; 4th gear ratio)

4	 Conclusion

This work has been achieved in the general context of energy assessment of transportation. If 
considering the peak-oil hypothesis, energy for transportations could become less accessible 
and more expensive.
Models are used to assess the energy use phase of rail or road transportations, and, in this 
study, the aim is to evaluate if surrounding wind fields have to be taken into account in these 
models, in addition of own vehicle speeds.
In a first part, wind influence on trains consumptions have been evaluated. Numerical deter-
mination of aerodynamic coefficients for several wind and topological situations have been 
associated to atmospheric characteristics determined over a high-speed line. Simulation re-
sults show that, despite unfavorable conditions, with a train traveling at high speed in a weak 
wind field, wind influence can yet reach 5% of the aerodynamic forces power, compared to the 
without wind case. Moreover, for slightly more favorable conditions, a moderate train speed 
(about 45 m/s) and a slightly stronger wind speed (about 5 m/s) are leading to a computed 
wind influence of about 30% on the aerodynamic forces power, still while comparing to the 
without wind case.
In a second part, road experiments have been conducted with a medium-size passenger car 
equipped with an air flow meter and an oil flow meter, in addition of dynamical measure-
ments as vehicle speed. Similarly to the railway study, wind influence is noticeable since, 
at a moderate speed of 75 km/h, a 30% forward wind compared to a similar no-wind case is 
therefore raising the fuel consumption of 18% and a rearward wind of 30% is lowering the 
fuel consumption of 12%. The non-symmetric aspect of these results can be imputing to the 
transversal wind field component, which should be investigated in a next step.
In conclusion, this work, based on full-scale experimental data and numerical simulations, 
points out that wind influence on total aerodynamic power is noticeable, both for railways 
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or road transportation systems. Magnitude order of these influences is given, in the aim to 
justify the necessity to take into account wind fields for modeling use phase energy of these 
transportation systems.

References
[1]	 Esposito, T., Mauro, R., Russo, F., Dell’Acqua, G.: Speed prediction models for sustainable road safety 

management, Proc. Soc. and Behavioral Sc. 20, pp. 568–576, 2011.

[2]	 Tingvall, C., Stigson, H., Eriksson, L., Johansson, R., Krafft, M., Lie, A.: The properties of Safety 
Performance Indicators in target setting, projections and safety design of the road transport system, 
Accident Analysis and Prevention 42, pp. 372–376, 2010.

[3]	 Hubbert, M.K.: Nuclear energy and the fossil fuels, Presented at the spring meeting of the American 
petroleum institute, San Antonio, Texas, 1956.

[4]	 Gallagher, B.: Peak oil analyzed with a logistic function and idealized Hubbert curve, Energy Policy, 
39, pp. 790–802, 2011.

[5]	 IEA (International Energy Agency): World Energy Outlook 2010, http://www.iea.org/weo/2010.asp, 
2010.

[6]	 Ou, X., Zhang, X., Chang, S.: Scenario analysis on alternative fuel/vehicle for China’s future road 
transport: Life-cycle energy demand and GHG emissions. Energy Policy, 38, pp. 3943 – 3956, 2010.

[7]	 Coiret, A., Orfila, O., Kane, M.: Concept of controllability: From pavement skid resistance to safety 
diagnostics on roads, RGRA 891, pp. 36-40, 2011.

[8]	 Orfila, O., Coiret, A., Do, M.T., Mammar S.: Modeling of dynamic vehicle–road interactions for safety-
related road evaluation, Accident An. and Pr. 42, 1736–1743, 2010.

[9]	 Coiret, A., Vandanjon, P.-O., Bosquet, R., Jullien, A.: Energy consumption induced by operation phase 
of railways and road infrastructures, 2nd International Conference on Road and Rail Infrastructure, 7–9 
May 2012, Dubrovnik, Croatia, pp. 693-699.

[10]	Vandanjon, P.O., Coiret, A., Muresan-Paslaru, B., Fargier, A., Bosquet, R., Dauvergne, M., Jullien, 
A., François, D. & Labarthe., F: Practical guidelines for life cycle assessment applied to railways 
project, in: Proc. International Symposium on Life Cycle Assessment and Construction. Nantes, 
France, jul.2012.

[11]	 Khaled, M., El Hage, H., Harambat, F., Peerhossaini, H.: Some innovative concepts for car drag 
reduction: a parametric analysis of aerodynamic forces on a simplified body, J. Wind Eng. Ind. 
Aerodyn. 107-108, pp. 36-47, 2012.

[12]	Tomasini, G., Cheli, F.: Admittance function to evaluate aerodynamic loads on vehicles: Experimental 
data and numerical model, J. of Fluids and Structures 38, pp. 92 -106, 2013.

[13]	Seity, Y., Brousseau, P., Malardel, S., Hello, G., Bénard, P., Bouttier, F., Lac, C., Masson, V.: The AROME-
France convective scale operational model, Mon. Wea. Rev., 139, pp. 976-991, 2011. 

[14]	Raghunathan, R.S., Kim, H.-D., Setoguchi, T.: Aerodynamics of high-speed railways train, Progress in 
Aerospace Sciences, 38, pp. 469 – 514, 2002.





Environmental protection 825

IMPACT OF NEW BUILT ROUNDABOUTS ON 
ENVIRONMENTAL IN CITY OF VINKOVCI

Nikola Šubić1, Marko Lučić2, Tomislav Zulumović3

1 HOK Insurance d.d. Zagreb, Croatia
2 Student of Faculty of Transport and Traffic Sciences, Croatia
3 City of Vinkovci, Vinkovci city Goverment, Croatia

Abstract

By development of road traffic and all increasing demand for transport, new requirements 
to meet that same transport demands emerge. Many roads and intersections fail to meet 
the increasing demands of traffic and thus contribute to an unstable and inefficient traffic 
flow, increased number of traffic accidents, environmental pollution and the resulting adver-
se impact on the economy. Among many solutions, roundabouts have proved themselves in 
many cases to be one of the most successful. In this study the research was conducted on 
newly built roundabouts that replaced traffic light signalized and unsignalized intersections 
at two locations in the town of Vinkovci. Collected traffic and project data were analyzed and 
processed with the help of aaSIDRA analytic deterministic model in order to obtain compa-
rison results for fuel consumption, waiting time and harmful exhaust emissions of CO2, NOx, 
CO and HC for the past and present state of the intersection. After comparing the results, it 
was concluded that the new roundabouts have proved themselves as the best solution for 
reducing adverse effects of traffic and, as such, represent the future of further construction.

Keywords:	roundabouts, simulation, waiting time, fuel consumption, emissions of harmful 
gases,CO2, NOx, CO, HC

1	 Introduction

The traffic is highly valued and necessary part of modern society, but its rapid expansion has 
been identified as a major cause of unwanted side effects. Traffic congestion makes cities 
less pleasant place to live in and reduces transport efficiency, thus increasing travel time, fuel 
consumption and driver stress. Organizing traffic represents an environmental, economic and 
political problem. It is important to establish an economical and efficient transport network 
while causing as little negative consequences as possible, particularly the negative influen-
ce of traffic on man and the environment. However, due to vehicle exhaust gases the traffic 
heavily influences the environment, thus representing one of the tasks that traffic engineers 
and technologists need to solve. Exhaust emissions from motor vehicles contain a wide range 
of pollutants, of which the most important are carbon monoxide (CO), nitrogen oxides (NOx), 
carbon dioxide (CO2), sulfur oxides (SOx), hydrocarbons (CH) or volatile organic compounds 
(VOC) and particulate matter (PM) which, through their chemical composition, significantly 
affect air quality and human health. The amount of emissions of harmful exhaust gases vary 
depending on the total frequency of traffic, type of intersection control, behavior of partici-
pants and the characteristics of the vehicle .
The road intersections are places of deceleration and unnecessary traffic flow stops, resulting 
in an increased fuel consumption, lost time and creation of a certain amount of harmful exha-
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ust gases. The roundabouts have appeared as a positive solution to reducing the negative 
traffic effects. When compared to other classical intersections, the intersections with roun-
dabouts enable a steady stream of vehicles moving through without unnecessary stopping, 
unlike other types of leveled intersections where the flow of vehicles must stop and wait to 
be allowed free entry into the intersection. This problem mainly occurs at intersections conta-
ining traffic lights with an enforced traffic flow stops and changes in the signal plan. To check 
the effects of roundabouts on the environment in this study, we have analyzed the two newly 
constructed roundabouts that have replaced both the signalized and unsignalized intersecti-
on in the town of Vinkovci. For a comparison of the present and past state of the intersection 
we have used all of the important efficiency indicators such as fuel consumption, waiting-time 
and harmful exhaust emissions of CO2, NOx, CO and HC, obtained by using aaSIDRA analytic 
deterministic model based on collected traffic and project data on the observed intersections. 
The research results obtained will serve as an answer to the question of which intersection 
type has more favorable environmental impact and represents the optimal solution for the 
future planning and organization of traffic.

2	 An overview of previous researches

Previous studies directly related to the topic of the impact of an existing roundabouts on the 
environment and the economy are based on mutual comparison of leveled intersections via 
environmental (fuel consumption, harmful exhaust gases emissions) and traffic (waiting time, 
the number of unnecessary stops) criteria.
In a study conducted by the author Mustafa et.al (1993) it was concluded that there exists a 
direct relationship between the quantity of exhaust gases and the frequency of traffic at in-
tersections regardless of the type of signaling installed. Conducted simulations have showed 
that both signalized and unsignalized intersections produce up to 50 % higher amounts 
of toxic emissions than the ones with roundabouts [1]. Várhelyi (2002) has examined the 
effects of small roundabouts that have replaced signalized and unsignalized intersections, 
on harmful exhaust emissions, fuel consumption, vehicle waiting time and the number of 
unnecessary vehicle stops. Roundabouts that have replaced signalized intersections have 
effectuated results in reducing vehicle waiting time for 11 seconds per vehicle as well as in 
the number of unnecessary stops, which declined from 63 % to 26 % of the total number of 
vehicles at the intersection. Emission of carbon monoxide (CO) was reduced by 29 %, nitro-
gen oxide (NOx) decreased by 21 % and fuel consumption per car has been reduced by 28 %. 
Roundabouts that have replaced unsignalized intersections haven’t effectuated results with 
respect to reducing the quantity of harmful exhaust gases. Emission of carbon monoxide 
(CO) increased by 6 %, nitrogen oxide (NOx) increased by 4 %, and fuel consumption per car 
increased by 3 % [2]. Retting et.al. (2002) has conducted a survey in which he concluded that 
roundabouts that have replaced three unsignalized intersections have reduced waiting times 
by 13-23%, and the number of unnecessary stops by 14-37% [3]. On three unsignalized inter-
sections remodeled into roundabout ones, Mandavilli et.al (2003) has proven a reduction in 
the harmful exhaust gases emission of carbon monoxide (CO) of up to 32 %, nitrogen oxide 
(NOx) of up to 34 %, carbon dioxide (CO2) of up to 37% and hydrocarbons (CH) of up to 42 
% [4]. Sides et.al (2005) has proved that six classic types of intersections (three signalized 
and three unsignalized) refurbished into roundabouts, on an annual basis enables fuel sa-
vings of 67,142 liters and reductions of harmful exhaust emissions of CO2, NOx, CO and HC by 
179,440 kg [5]. The research conducted according to Bergh (2005) estimated that savings in 
waiting time of 62-72 % would be achieved should five out of ten signalized intersections get 
reconstructed in the roundabout ones, which represents the approximate equivalent of 325 
000 hours of waiting time in reduced delays at the annual level [6].
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3	 Collecting, processing and display of traffic data

For a comparison of fuel consumption, waiting time and harmful exhaust emissions of CO2, 
NOx, CO and HC for the past and present states of the selected intersections, we chose two 
intersections with roundabouts that have replaced one signalized and one unsignalized in-
tersection in the town of Vinkovci. The intersection with roundabout which has replaced the 
signalized intersection (V2) is located on the corner of Kneza Mislava street – Lapovačka 
street – Ivana Gorana Kovačića street and Ljudevita Gaja street, while the unsignalized inter-
section (V1) which was replaced by the intersection with roundabout is located on the corner 
of Hrvoja Vukčića Hrvatinića street and Hansa-Dietricha Genschera street. Figure 1. shows the 
present and past state of the intersection at the observed locations.

	
Past state at the V1 location			   Past state at the V2 location

	
Present situation at the V1 location		  Present state at the V2 location

Figure 1	 Display of the present and past state at the intersection on V1 and V2 locations

To collect traffic data via video recording on mentioned V1 and V2 roundabouts sites, we used 
sports video camera Prestigio RoadRunner 700x for its technical characteristics and simplicity 
(compact size, wide angle coverage, autonomy of use, high resolution of full HD recording 
and easy video processing on the PC). Video recording of traffic at roundabouts was carried 
out during the working day on December 22nd 2013, over a four hour peak period (6:00 AM 
to 8:00 AM and 3:00 PM to 5:00 PM). Videos were reviewed manually and traffic data was 
collected on the type of vehicles (flow structure) and the number of vehicles flowing through 
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the roundabout and approach (due to low frequency, the pedestrian traffic was not analyzed). 
The collected traffic data from morning and afternoon peak loads are reduced to one peak 
hour. At the V1 location, the peak hour for the morning period from 6:00 AM to 8:00 AM is 
located in the time interval between 6:30 AM and 7:30 AM, and on the V2 location in the time 
interval between 7:00 AM and 8:00 AM. The peak hour for the afternoon period from 3:00 PM 
to 5:00 PM is located in the time interval between 4:00 PM and 5:00 PM for the V1 location, 
and for the V2 location in the time interval between 3:00 PM and 4:00 PM. Table 2 shows the 
peak hour for the morning and afternoon period at the V1 location and Table 3 shows the peak 
hour for the morning and afternoon period at the V2 location. The collected traffic data are 
implemented in the aaSidra analytic deterministic model for simulating the present situation, 
and the same traffic data were used to simulate the past state at the intersections.

Table 1 	  The peak hour for morning and afternoon period at V1 location
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Table 2 	  The peak hour for morning and afternoon period at V2 location

From the design documentation for the observed intersections, provided to us by the Town 
of Vinkovci, we’ve gathered the project sizes of: outer radius, that is the intersection’s inner 
radius, the width of the circular roadway, the width of the entrance and exit parts of approach 
, the width of the approach lane, the width of the isles or dividers in approach , the entrance 
angle , the entrance and exit’s round off, the length of the extension, sharpness of the exten-
sion, lateral circular inclination of the track and drainage, which were implemented in the 
aaSIDRA analytic deterministic model.
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4	 aaSIDRA analytic deterministic model

In making of this study we’ve used aaSIDRA analytic deterministic model (signalized and 
unsignalized Intersection Design and Research Aid ) developed by Akcelik and Associates 
for the design and evaluation of various forms of at-grade intersections (circular, signalized 
and unsignalized) [7]. 
On basis of certain input data, the program calculates output values and, among other thin-
gs, calculates the level of service at the intersection, waiting time, fuel consumption, envi-
ronmental impact, and ultimately the very viability of the intersection. Depending on the 
structural characteristics of the intersection it is possible to switch between the types of 
intersections depending on user requirements, and therefore it is possible to analyze signali-
zed, unsignalized, circular, four-spoke and T-shaped intersections. It is as well possible to set 
the main ways and alternate the signaling at the intersection, and thus analyze a particular 
option of an intersection arrangement.
 For the purposes of this study we used the input data (project- design elements intersections 
and traffic data) in aaSIDRA program through which we’ve reached the output data (wai-
ting time, harmful exhaust emissions, fuel consumption). To estimate fuel consumption and 
harmful exhaust emissions, aaSIDRA program uses four basic sequences of driving through 
an intersection, acceleration, deceleration, idling and driving (see Figure 2) for each driving 
lane, while taking into account the light and heavy vehicles used to model the consumption 
and emissions of harmful exhaust gases.

Figure 2	 Four basic driving sequences

5	 Output data for the present and past state of the intersection

aaSIDRA program output data for the quantities of harmful exhaust emissions of CO2, NOx, 
CO and HC, the waiting time and fuel consumption for the entire circular and unsignalized 
intersection for morning and afternoon peak hour on the V1 location is shown in Table 3. Table 
4. shows all output data for the entire circular and signalized intersection at the V2 location 
for morning and afternoon peak hour.
From Table 3. it can be concluded that there are several significant changes in relation to the 
comparison of the past and present state of the intersection. Quantities of carbon monoxide 
(CO) have been reduced by 6% to 10%, nitrogen oxide (NOx) by 6.7%, while the amount of 
hydrocarbons (HC) increased by 1.5% to 3.3%, and the waiting time for 17% to 33%. According 
to Table 4., it can be concluded the roundabout that has replaced the signalized intersection, 
has in all output parameters significantly reduced the waiting time at the intersection, as well 
as the amount of harmful exhaust emissions and unnecessary fuel consumption.
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Table 3 	  Display of output dana for morning and afternoon peak hour on the V1 location

Table 4 	  Display of output dana for morning and afternoon peak hour on the V2 location
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6	 Conclusion

According to the stated in this study, it can be concluded that the newly built circular inter-
section replacing the unsignalized one has partly contributed to the reduction of exhaust 
emissions, fuel consumption and waiting time. Circular intersection that replaced the signa-
lized intersection has significantly contributed to the reduction of exhaust emissions, fuel 
consumption and waiting time. It is therefore necessary to undertake additional research 
related to the reconstruction of the existing unsignalized intersections into signalized or cir-
cular ones, that is it is necessary to develop a scientific methodology for justification of re-
constructing the existing unsignalized and signalized intersections into circular intersections.
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Abstract

The article addresses the issues of determining the impact of noise at at-grade intersections. 
While noise levels on open road sections may be determined relatively unambiguously, at 
intersections the noise pollution levels are relatively difficult to identify. It is, particularly, in 
urban areas where this becomes an essential problem that significantly affects the impact of 
designed transport solutions on their surroundings. At the same time, it is obvious that this 
type of noise pollution in the road network is one of the highest ever because of the vehicle 
movement characteristics. Therefore, a realistic evaluation of intersections is impossible 
without the identification of complex noise pollution and its distribution in the intersection 
area. This was done using the AIMSUN micro-simulation software environment. The generated 
result reflects both the traffic and layout characteristics of individual intersections. Traffic 
noise pollution levels were determined through the use of dot array.
Noise pollution is identified primarily with regard to the impact of its adverse effects on hu-
man health. This evaluation takes into account mainly the emergence or deterioration of some 
diseases. (also so-called lost years of life, the costs of hospital stays, etc.). The evaluation 
method of these effects is based on standards also used in EU countries; the methodology is 
also applied in the HDM-4 system. Thus, it allows determining a specific impact of individual 
noise levels on adjacent areas and the population. External costs of noise pollution may also 
be quantified. The paper gives a detailed account of the methodology for the determination 
of average noise pollution, its external costs and the dependence of these parameters on the 
shape of an intersection and its entry traffic volumes. It represents one of the basic criteria 
used for a complex assessment of intersections.

Keywords:	noise emissions; intersection; HDM-4; traffic micro-simulation; external costs

1	 Introduction

The impact of traffic noise is becoming one of the important aspects considered in the asse-
ssment and optimization of proposed traffic solutions, particularly in urban areas. The exi-
sting methodologies for detecting traffic noise are primarily designed to determine the noise 
level on open road sections. A problem, however, arises in urban areas where the main limi-
ting factor of the road network are at-grade intersections where the possibilities of current 
methodologies are strictly limited. While the noise generated by car traffic may be identified 
without significant problems for existing design solutions, for newly built intersections or 
reconstructions of existing intersections this problem becomes far more complicated. The 
methodology described in the article uses an alternative procedure to identify the impact 
of traffic noise generated at at-grade intersections. However, the methodology is primarily 
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designed to serve for comparative assessments of alternative designs of an intersection, not 
for a predictive identification of actual noise emissions. It is based on existing procedures 
exploiting the potential of the Aimsun micro simulation software from which the input data 
for the assessment of noise emissions are generated. The resulting data of traffic noise le-
vels may then be used as part of a complex assessment of alternative designs of an at-grade 
intersection.

2	 Traffic noise and its impacts 

2.1	 Basic parameters of noise emissions

The existing methodologies for the identification of noise effects on the human body use the 
values of Leq (equivalent continuous sound pressure level). This is a fictitious level of steady 
noise pressure which has the same effects on the human organism during a reference time as 
variable noise. The total acoustic energy of variable noise for a reference time must be equal 
to steady noise with a constant level Leq. Therefore, not a simple average, but mean energy 
applies in this case. The A-weighted filter, which represents the inverse sensitivity curve of 
the human ear, is used to measure noise from road traffic. This filter is built-in in measuring 
instruments, and the values corrected by this filter get the subscript “A”. The value obtained 
is then called LAeq (equivalent continuous A-weighted sound pressure level). 
Noise does not propagate linearly in space. The logarithmic scale is commonly used for the 
description of noise propagation. The effect of the noise source intensity and distance from 
the source is shown in Fig. 1.
Noise impacts are naturally regulated by the legislation. The legislation currently in force 
(Czech Republic) defines public health noise limits in protected outdoor spaces of structures. 
The LAeq,T for noise from road traffic is detected for the whole day (LAeq,16) and night time (LAeq,8). 
Public health exposure limits are set as the arithmetic sum of the equivalent sound pressure 
level LAeq,T = 50 dB and a correction considering the type of protected space and the day time 
or night-time. Table 1 presents public health exposure limits for the protected outdoor space 
of other structures in the day time, depending on the type of road.

Table 1 	  Public health exposure limits according to the type of road (CR)

Road Type Public health exposure limit [dB]
Day (6-22 h) Night (22-6 h)

Main roads 60 50
Minor roads 60 50
Other types of roads 55 45
Old noise values 70 60

For the usage in our methodology the value LAeq is not ideal. The methodology should be able 
to determine the complex traffic noise impact, nevertheless value LAeq defines the value for 
peak volumes mainly. For our purpose value Ldvn will be more suitable, because it takes into 
account volume distribution during the day.
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Figure 1	 The effect of noise source intensity and distance from the source

2.2	 Noise from car traffic

The basic sources of noise from car traffic are the following:
·· noise of the engine (drive unit)
·· noise arising during the contact of wheels with the pavement (rolling), or also rolling noise
·· aerodynamic noise (bypassing)
·· noise of transmission and distributor gear
·· noise of the exhaust system 
·· noise of brakes
·· noise of impacts and shocks of the load.

Engine noise is the primary source of noise prevailing particularly at lower vehicle speeds. For 
passenger cars, it dominates at speeds of up to 30 km/h, while for heavy vehicles at speeds 
of up to 50 km/h. “Total noise emissions from vehicles” are currently regulated by the EU limit 
of 74 dB for passenger cars and 80 dB for heavy vehicles.
Noise levels are further affected by other factors (i.e. traffic volumes, traffic flow composition, 
vehicle speed, pavement surface etc.) The resulting noise level at a given site is affected by 
numerous factors, some of which are under our control while others are steady and invariable. 

3	 Noise emission model in intersection areas

3.1	 Usability of existing methods at intersections

It is obvious from the above facts (2.2) that the noise generated in the area of intersections 
is mainly generated by the vehicle drive unit due to the expected lower driving speed of 
vehicles. For this reason, while considering noise emissions we must also take into account 
other factors than just the vehicles driving speed. This may be mainly apparent at intersecti-
ons with traffic lights where a traffic flow starts moving all at once in accordance with a signal 
plan. The noise generated by the engine during the start depends on the engine rpm, not on 
the driving speed. From this perspective, the application of existing static methodologies 
at intersections without their major modifications is practically useless. Another problem 
of intersections is the identification of the factor that can be measured, or at what point is 
can be measured. Complex assessment based on micro-simulations would have to take into 
account information on the movement of individual vehicles and, applying the principle of 
the detection of the sound pressure level generated by these vehicles, establish equivalent 
sound pressure levels. 
The above described methodology would set extreme computational demands and would 
be unnecessary for our purposes. Therefore, our starting point is the current applicable met-
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hodology for calculating noise levels from car traffic, which was calibrated and modified for 
our needs. In other words, proposed methodology combines current static calculations with 
technical information of vehicles used in evaluated micro-simulation model, i.e. on evalua-
ted intersection. The calibration of the microscopic model itself was based on the output of 
a classical noise assessment of this model intersection performed in the HLUK+ specialized 
programme as well on the comparison of measured in-situ values with the values from exi-
sting micro-simulation model.

3.2	 Design of a methodology of area detection of noise emissions

The designed methodology is based on the fact that the noise level detection at a specific 
point of intersections is not a relevant value indicating the overall area noise emissions ge-
nerated by traffic in the intersection area. Thanks to the possibilities of the Aimsun micro 
simulation software, however, we are able to express the sound pressure value at each point 
in the vicinity of an intersection. With a view to noise characteristics, valid limit values are 
detected at a distance of 7.5 m from the axis of the adjacent lane. The values were detected 
up to the distance of the branches (100 m) from the intersection boundary (Fig. 2). The area 
delimited by these boundaries is relevant for the detection of average noise emissions gene-
rated by the intersection in the form of the Ldvn,int value (equivalent continuous sound pressure 
level in the intersection area).
For the purposes of computations limitation, the delimited area was subdivided by a squ-
are grid with squares 2x2 m. While a 2 m difference would have a significant impact on the 
accuracy of the result in point detection of noise levels, interpolation methods may be used 
to identify the values with sufficient accuracy in area detection. The accurate Ldvm,i value is 
detected at each intersection of the axes of the square grid to be used as an input value for 
the identification of the resulting value Ldvn,int. The distribution of individual Ldvn,i values also 
defines the range of respective equivalent sound pressure levels. Due to the nature of noise, 
however, it is also necessary to take into account the negative impact of individual noise le-
vels on the surroundings, namely on the health of the population influenced with traffic noise.

 

Figure 2	 Area detection of sound pressure levels at a roundabout and a four-way intersection

The existing HDM-4 methodology, which determines the prices of external costs of noise 
exposure, was used to identify these impacts (Table 2). The essential figure in the context of 
our assessment is not the real quoted price, but the ratio between individual noise levels.
The LAeq,int value is calculated from the following formula (1):
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	 	 (1)

where:

Ldvn,i	 the Ldvn value at the i-th point of a square grid [dB];
Ai	 specific area corresponding to the Ldvn,i value [2×2 m = 4 m2];
Ci	 price of external costs of noise exposure [€].

Table 2 	  External costs of noise exposure (2010 – per person and year)

Ldvn [dB] Cost [€] Ldvn [dB] Cost [€] Ldvn [dB] Cost [€]
53 30.6 62 126.2 71 277.3
54 42.1 63 135.8 72 294.6
55 51.6 64 147.3 73 313.7
56 63.1 65 156.9 74 330.9
57 72.7 66 168.3 75 348.1
58 84.1 67 177.9 76 382.5
59 93.7 68 187.4 77 399.7
60 105.2 69 198.9 78 417.0
61 114.7 70 208.5 79 436.1

3.3	 Methodology application to a model example

The selected model example was a single-lane roundabout with four perpendicular branches 
formed by a two-way two-lane road. The assessment involved overall traffic volumes carried 
by the intersection ranging between 600 – 2800 veh/h, with a symmetrical distribution of 
traffic volumes into individual branches (i.e. in the ratio 1:1:1:1), intersection movements in 
the ratio 1:2:1 (left/through/right), the percentage of heavy vehicles being 4% in all branches. 
The terrain is considered as non-reflective, the longitudinal slope being 0%. The assessed 
intersection and individual traffic volumes are displayed in Fig. 4.

 

Figure 3	 Assessed intersection and distribution of approach traffic volumes

The resulting values for individual approach traffic volumes are presented in the text and 
graphic format in Figure 5. An assessment of a four-leg four-way intersection with traffic lights 
was performed for comparison.
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Figure 4	 Assessed intersection and distribution of approach traffic volumes

Figure 5 also clearly shows the rapid growth in noise emissions after the intersection capa-
city was exceeded (for RA over 2600 veh/h, for 4W over 1800 veh/h). The assessment of the 
values once the intersection capacity was exceeded is pointless as computational methods 
operate with a free traffic flow and, therefore, congestion generated noise is subject to a 
considerable error. The difference in the distribution of individual noise levels is evident from 
Figure 6 showing a noise map for a model intersection at the overall traffic volumes carried 
of 1000 veh/ h (left) and 2400 veh/h (right).

 

Figure 5	 RA noise maps for 1000 veh/h and 2400 veh/h

4	 Future application potential

The above procedure provides sufficiently valid data for the assessment of alternative desi-
gn solutions of intersections under identical conditions. The application options are offered 
primarily to designers, traffic engineers and municipalities. No matter what the resulting data 
are used for: as input data for multi-criteria analysis or for a separate assessment in terms of 
noise emissions, we may say that the final evaluation will be valid and will identify the diffe-
rences between individual design solutions considered. This methodology may appear more 
problematic in the determination of the actual impact of traffic on the surroundings. Here, a 
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relatively large number of factors that can significantly affect the result enter the assessment 
(such as terrain reflectance, type and configuration of surrounding developments, density 
of population, etc.). Despite the fact that the calibration procedures verifying model results 
provided results within acceptable tolerance limits (ca up to 0.6 dB), sufficient accuracy of 
the model cannot be unambiguously confirmed. On the other hand, it must be added that 
this calculation model is sufficiently accurate and more suitable for the assessment of the 
impacts of car traffic in the area of intersections than the design methodology without any 
corrections. An even more accurate model results would be achieved only in the case of its 
interconnection with traffic engineering micro- and nano-simulation software where the mo-
vement of individual vehicles would have to be continually tracked and their impact on noise 
emissions defined in surrounding area.
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Abstract

Today road traffic noise represents one of the most serious environmental problems in urban 
areas. It is well known that the specific deceleration and acceleration dynamics of traffic at 
road intersections can cause different noise levels than free-flow traffic on open road se-
gments. Also, each intersection type has variously distributed sections with different traffic 
flow conditions: constant speed, stop and go, deceleration and acceleration. The aim of re-
search described in this paper is to establish whether the design of road intersection has 
influence on traffic noise emissions and to establish which intersection type is most suitable 
for application in urban areas, where residential buildings are often placed directly next to the 
noise source – in this case, the intersection. Models used for noise modeling in this research 
consist of two identical intersecting roads connected as follows, by mini roundabout and by 
intersection with or without traffic lights. Traffic noise calculations were conducted by means 
of specialized noise prediction software LimA using modified static noise calculation method 
RLS 90. Accuracy of roundabout noise model described in this paper had been verified in 
previous studies by comparison of measured noise levels and calculated noise levels on a 
number of urban roundabouts. 

Keywords:	 intersection type, road traffic noise levels, traffic flow, noise modeling

1	 Introduction

Today, in time of rapid technological progress and urbanization, and due to everyday expo-
sure of population to high noise levels, negative effects of noise from various sources are 
increasingly noticed. Road traffic noise comprises an appreciable segment of total share of 
disturbance caused by noise in residential areas and therefore engineers are constantly wor-
king on finding new, more efficient and also most cost-effective protection measures that 
would reduce its levels to those prescribed by regulations. 
It is well known that the specific dynamics of traffic flow at road intersections can influence 
local noise emission. Considering the fact that each intersection type has variously distribu-
ted sections with different traffic flow conditions (constant speed, stop and go, deceleration 
and acceleration) and the fact that vehicles under stop-and-go conditions produce more noise 
compared to traffic at a constant speed [1], it can be stated with certainty that traffic noise 
levels depend on intersection geometry and applied traffic regulation. 
A problem with increased noise levels in the vicinity of intersections especially occurs in urban 
areas where residential buildings are placed right next to the road. Minor city streets are usu-
ally intersected by regular crossings with or without traffic lights and, lately, by roundabouts. 
In this paper, traffic noise modeling of these three most common types of urban road inter-
sections is described. The road traffic noise analysis was conducted by means of specialized 
noise prediction software LimA using static German RLS 90 model, modified for the use in local 
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traffic conditions. Each testing model contains segments with different traffic flow conditions 
that correspond to real driving pattern through particular intersection type. The main goal of 
this study is to present the influence of certain intersection type on traffic noise emissions. 

2	 Traffic noise in the vicinity of road intersections 

Generally, traffic noise situation can be determined by: field measurements, calculations con-
ducted by means of specialised noise prediction software (noise modeling) or by combination 
of both measurements and calculation. For the purpose of this research, noise modeling pro-
cedure was carried out – noise modeling is most suitable method for comparison of various 
noise model scenarios, which is in this case a comparison of noise emissions in the vicinity 
of different road intersection types.

2.1	 Road intersection noise modeling

Temporal and spatial variations in vehicle speed have a substantial impact on traffic noise 
emissions [2]. Depending on the way noise prediction models account for traffic flow, dynamic 
effects are more or less accurately captured. In static noise models, roads are divided into secti-
ons where the traffic flow is considered smooth and homogeneous. Since this assumption does 
not hold in the vicinity of intersections, some models include a propagation correction term. 
In this research noise calculations were conducted by means of specialized software LimA 
using modified static German RLS 90 model. RLS 90 model includes the influence of road in-
tersections on traffic noise levels by introducing propagation correction term for intersections 
with traffic lights, for up to a distance of 100 m from two nearest intersecting lane axis [3]. To 
capture the difference between noise levels of various intersection types it was necessary to 
make certain method modifications. Accuracy of modified RLS 90 noise model described in 
this paper had been verified in previous studies by comparison of measured noise levels and 
calculated noise levels on a number of urban roundabouts in Zagreb [4]. 

2.2	 Intersection noise models 

In order to investigate the impact of intersection type on traffic noise levels, three different 
noise models were designed: 
·· four leg intersection without traffic lights (priority to the right), 
·· four leg intersection with traffic lights and
·· four leg mini roundabout.

Approaching legs of all testing models consist of identical two-lane two-way urban roads connec-
ted at an angle of 90°. Priority to right model and model with traffic lights have the identical 
intersection geometry. Mini roundabout was designed with circulatory roadway radius which 
occupies the same area as the first two regular intersections. The source of the traffic noise was 
situated at 0,5 m above the road surface in each lane axis and it was presumed that input traffic 
load was divided equally into all driving directions. Due to the comparability of results another 
assumption was that vehicles in roundabout drive only right, straight and left, excluding U-turn. 
In modified RLS 90 model used in this research each lane axis is divided into segments with 
different traffic flow conditions (constant speed, stop and go, deceleration and acceleration) 
in accordance with real driving situation (Figure 1). Specific dynamics of traffic were defined 
by the average traffic speed of certain segment, and stopping and queuing by introducing 
traffic light position on each stopline and the entrance on the crossing area i.e. circulatory 
roadway. Identical input data on other noise emission parameters (vehicle speed, road sur-
face type, longitudinal slope) and identical noise propagation parameters were defined for 
all testing models.
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Figure 1	 Intersection noise models 

Figure 2	 Predicted noise levels for period “day” for different intersection types
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2.3	 Noise prediction results

Traffic noise calculation procedure was carried out by means of specialized noise prediction 
software. All noise mapping simulation software packages have facilities to produce noise 
maps where receivers are arranged in a grid pattern following the terrain in a set height. In 
this research, noise prediction results were presented using noise maps (Figure 2) created 
at grid points defined by regulations [5] (grid 10x10 m at height of 1.5 and 4 m) and diagonal 
cross sections (Figure 3) showing predicted noise levels in intersection area to a height of 10 
meters above driving surface. 

Figure 3	 Predicted noise levels for period “day” at intersection diagonal cross-sections (1-1) in width of 50 
meters

In Figure 4 comparison of resulting noise contours of all testing models is presented (noise 
results of all three intersections were folded through the centre of their axes).

Figure 4	 Comparison of noise prediction results
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Beside the grid points, noise calculations were conducted in three free field receptors positi-
oned at same locations for all testing models – at height of 1.2 m and 4.0 m, 7.5 meters from 
the axis of the lateral lane at entry and exit lanes and next to the intersection area. The results 
of these calculations are presented in Table 1. 

Table 1 	  Traffic noise levels in free field receptors

2.4	 Discussion

Noise prediction results showed that differences in predicted traffic noise levels between 
examined intersection types are not significant (they vary from 0 to 0.4 dB(A)), which can 
be seen from Figure 4. Previous studies [6] based on microscopic traffic simulations on a 
large number of simple intersection scenarios led to similar results: the intersection type was 
found to have a large influence on travel times, but only a small influence on global noise 
emission. Other studies [7] based on evaluation of noise conditions at intersections before 
and after conversion into a roundabout, including comparison of noise situation at regular 
intersection before reconstruction with activated and deactivated traffic lights, demonstrate 
that intersection with traffic lights has higher noise levels than roundabout (1.2 dB(A)) and 
intersection with traffic lights turned off (2 dB(A)). 
Despite small differences in traffic noise levels given by noise modeling procedure in this 
research, it can be noticed that certain difference in noise emissions between examined in-
tersection types does exist. Noise levels were highest at regular intersection with traffic lights 
(measuring points MM4, MM5 and MM6) while noise levels at intersection without traffic 
lights and mini roundabout were very similar – they vary from 0 to 0.1 dB(A) without any 
specific traceability. 
The major advantage of roundabouts and intersections without traffic lights, with regard to 
decreasing traffic noise levels in the vicinity of crossroads, is a speed reduction and the fact 
that vehicles do not have to stop and wait under the traffic lights. In places near crossings 
regulated by traffic lights it is known that decelerating and accelerating traffic causes higher 
noise levels than free-flowing traffic because of higher engine noise levels. From aspect of 
intersection safety and traffic capacity, roundabouts are certainly more suitable for applica-
tion in residential areas (compared to intersection without traffic lights), which is also one 
of the reasons why they became one of the most popular choices for intersections in urban 
areas. A noise problem that can occur in roundabouts is related to the application of overrun 
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areas with track aprons at the centre in order to allow heavy vehicles to pass the roundabout. 
If cars use these areas to drive through the roundabouts at high speed, this may generate 
high impulsive-like noise levels, which may additionally increase the overall noise levels. 

3	 Conclusion

Considering the fact that traffic noise became one of the most invasive types of noise polluti-
on in residential areas and that traffic conditions at road intersections can lead to additional 
noise pollution compared to traffic at open road segments, it was necessary to examine if 
noise levels in the vicinity of road intersections can be reduced. The main goal of the research 
presented in this paper was to establish whether intersection design has any influence on 
noise emissions and in accordance with that to determine which intersection type is most 
suitable for application in urban areas. 
Noise calculation results showed that there are no significant differences in predicted no-
ise levels between three testing models. It was noticed that intersection with traffic lights 
produced highest noise levels. Despite the small differences in calculated noise levels on 
analysed models, reductions at roundabout and intersection without traffic lights compared 
to intersections with traffic lights are likely to depend upon the traffic flow conditions and the 
intersection layout. In accordance with that, further investigations on larger number of inter-
section models with different input parameters (other noise emission parameters, various 
intersection designs) are needed. 
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Abstract

Environmental benefits of roundabouts are well known: roundabouts help reduce fuel con-
sumption and vehicle emissions and also require less maintenance than traditional intersec-
tions with traffic signals, providing a reduction in energy use and costs. The prerequisite for 
these assets is smooth speed profile through the roundabout, which is achieved by ensuring 
the clarity of the situation for approaching drivers, visibility between road users, comprehen-
sibility of traffic operations and appropriate accommodation of the design vehicles. These 
requirements are met through quality roundabout design. Roundabout design is an iterative 
process that consists of identification of initial design elements, performance checks (defi-
nition of fastest path, offtracking geometry and visibility tests) and final design details. The 
development of reliable software for vehicle movement simulations simplified these perfor-
mance checks, and led to the exploration of new possibilities for roundabout design, which 
represents a logical step in the area of road traffic engineering research. 
In Croatia the positive aspects of roundabouts are often annulled due to their inappropriate 
design. Namely, performance checks that should ensure proper speed profile and required 
intersection visibility are usually ignored. The main reason for this stems from the fact that 
there are no official national guidelines or regulations for the roundabout design. In this paper 
key elements for successful roundabout design will be shown, based on performance checks 
conducted by vehicle movement simulation software. Proposed instructions could be used 
for the development of national guidelines for roundabout design.

Keywords:	roundabout design, offtracking control, fastest path, visibility

1	 Introduction

In the past two decades roundabouts became one of the most popular choices for intersecti-
ons in suburban and urban areas in Croatia: according to the available data, in the year 2008 
there were more than 130 roundabouts, 85 of which were located in urban and suburban areas 
[1]. Their application can result in a number of benefits, which include not only the improved 
intersection capacity and safety, but also lower maintenance costs and less air pollution. Nu-
merous studies showed that application of modern roundabouts can help reduce the excessi-
ve emissions and fuel consumption associated with idling time, acceleration and deceleration 
of vehicles that usually occur on traditional intersections with traffic signals, as well as noise 
pollution in the vicinity of road intersections Reported average reductions varied from 21 to 
42% in emissions of carbon monoxide, 16-59% in emissions of carbon dioxide, 20–48% in 
emissions of oxides of nitrogen, 18–65% in emissions of hydrocarbons and 4 dB(A) in noise 
emission [2, 3].

28–30 April 2014, Split, Croatia
3rd International Conference on Road and Rail Infrastructure



Environmental protection848
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

Environmental benefits of modern roundabouts are directly linked to the quality of their de-
sign. Namely, in order to achieve the required reduction in vehicular emissions, the speed 
profile through the roundabout must be as smooth as possible [4, 5, 6] This can be ensured in 
the roundabout’s designing phase by conducting performance checks that include offtracking 
geometry, definition of fastest path, and visibility tests. 
Unfortunately, in Croatia the positive environmental aspects of roundabouts are often 
annulled due to their inappropriate design. Namely, performance checks that should ensure 
proper speed profile and required intersection visibility are usually overlooked. The main 
reason for this stems from the fact that there are no official national regulations for the ro-
undabout design. Because of that, in this paper focus is set to display the key elements of 
roundabout performance checks described in several design guidelines that are applied in 
countries with lasting tradition of roundabout design and construction.

2	 Roundabout performance checks

Roundabout design is an iterative process that consists of identification of initial design ele-
ments, performance checks (which include definition of fastest path, offtracking geometry and 
visibility tests), and final design details. Roundabout design in Croatia is, due to the lack of offi-
cial guidelines, usually carried out according to the guidelines of the Institute of Transport and 
Communications [7], German guidelines [8], Austrian guidelines [9] and/or Swiss norms [10]. 
These guidelines and norms do not include detailed instructions for all performance checks, 
particularly for the speed checks, i.e. definition of fastest path, which is essential for safe and 
functional roundabout design. Because of that, the key elements of roundabout performance 
checks represented in documents that are not commonly referred to by Croatian designers, 
namely FHWA’s Roundabouts: An Informational Guide [11], and Serbian regulations on road 
and intersection design [12], are also described.

Figure 1	 Offtracking control at roundabouts

2.1	 Offtracking control

In order to secure safe and unobstructed traffic flow on any type of intersection, it is crucial to 
investigate the design vehicle’s ability of passing through the intersection. This in ensured by 
means of offtracking control. In accordance with [8, 9, 10, 12], a drivable roundabout offtrac-
king control should meet the following requirements: 
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·· design vehicle selected for this performance check must correspond to the intersection 
position in the road network,

·· offtracking control must be conducted for all approaches on roundabout and for all three 
directions (straight, right and left, as shown in Figure 1.),

·· the safety lateral width of at least 0.25 m must be ensured along all elevated curbs.

In the past, offtracking control was usually conducted by means of design vehicle’s templates. 
Issues concerning the usability of these templates for the said performance check on modern 
roundabouts include following limitations. Templates are given for limited number of design 
vehicles, turning radii, scales and steering angles and can be applied only for offtracking 
control on right turns. Because of that, offtracking control on modern roundabouts should be 
conducted by means of verified swept path analysis software.

2.2	 Speed analysis

Another key performance check of a roundabout concept is speed analysis. According to [11, 
12], this analysis is composed from following steps: 
·· construction of the fastest path through the roundabout for each approach, 
·· definition of five critical path radii for each approach (Figure 2) and
·· vehicle speed estimation based on speed-radius relationship (Figure 3).

Fastest path is defined as the smoothest, flattest path possible for a single vehicle, in the 
absence of other traffic and ignoring all lane markings. The fastest path is drawn for a vehicle 
traversing through the entry, around the central island, and out the relevant exit [11, 12]. It 
can be drawn by hand, or constructed by means of CAD software, using 3rd degree splines 
(piecewise polynomials of 3rd degree with function values and 2nd derivatives that agree at 
the points where they join). For the purpose of speed analysis on roundabouts, fastest path 
is drawn with safety lateral width of 1.5 m along all elevated curbs. 

Figure 2	 Fastest path and five critical path radii 

After sketching the fastest path, the minimum radii are measured using suitable curve tem-
plates or by replicating the path in CAD and using it to determine the radii. Vehicle speed 
estimation is based on speed-radius relationship, which is described in [11, 12 13] and shown 
on Figure 2. 
In order to achieve required entry (V1, V5), circulating (V2, V4), and exit speeds (V3), appro-
priate critical radii relationships for each approach must be achieved. Entry path radius (R1) 
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must be larger than circulating path radii (R2 and R4), but at the same time smaller than exit 
path radius (R3); also, circulating path radius (R2) must be smaller than exit path radius (R3).
In addition to appropriate (maximum) speeds, speed checks should consider the speed diffe-
rential between conflicting traffic movements. According to [11], in order for vehicles to safely 
negotiate the roundabout, the maximum speed differential between movements should be 
approximately 15 to 25 km/h, while according to [12] this value should be approximately 10 to 
20 km/h. The predicted speed values are used to assess a roundabout’s safety performance 
and are used in the intersection and stopping sight distance computations. 

2.3	 Visibility

An important aspect of roundabout design is the provision of adequate sight distance for all 
approaches. To safely negotiate the roundabout the driver must clearly perceive and under-
stand the permitted manoeuvres before reaching the intersection – drivers approaching the 
roundabout should be able to recognize the main canalization features of the roundabout (the 
central island, raised splitter islands) and slow down to the appropriate speed [14].

Figure 3	 Fields of vision on roundabouts

In order to provide the adequate sight distance, visibility checks (that include investigation 
of stopping sight distance on every approach and on circulatory roadway, and also intersec-
tion sight distance for each approach) should be conducted during the roundabout design. 
Required sight distances on the approaches are directly related to predicted speed values on 
fastest paths through the analysed roundabout (V1, V2 and V4), critical headway for entering 
the major road (tc), while sight distance on circulatory roadway is related to predicted speed 
on circulatory roadway (V4), perception-brake reaction time (tr) and deceleration (a) [11, 13].
Visibility checks result in sight lines that should be overlaid onto a single drawing, as shown 
in Figure 3. This graphic presentation of fields of vision on roundabouts can be used as gui-
dance on the appropriate locations for various types of visual obstructions. Namely, excessive 
intersection sight distance can lead to higher speeds that reduce intersection safety, so in 
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order to restrict sight distance to the (recommended) minimum landscaping or other visual 
obstructions are used [11].
The white zones in Figure 3 are areas that should be clear of large obstructions that may im-
pede driver's line of sight. In the areas with grey solid shading, especially within the central 
island, visual obstructions may be used to break the forward view for through vehicles, which 
should contribute to speed reductions and reduction of oncoming headlight glare [11].

3	 Speed profiles on roundabouts

Numerous studies have shown that all roundabouts have an influence zone over which they 
exert a significant speed effect, forcing the driver to decelerate from cruise (free flow) speed 
to circulating speed and to accelerate back to cruise speed when leaving the intersection. 
This influence zone usually extends from the centre of the intersection to each intersection 
leg for about 80 to 100 m in total [15, 16].
Based on the extensive empirical measurements, three distinct speed profiles for a vehicle 
moving through a single lane roundabout were identified, which cover all combinations of 
traffic flow conditions [4]:
·· an unstopped vehicle that approaches the roundabout, decelerates to negotiate the roun-
dabout circular roadway and then accelerates as it exits the roundabout,

·· a vehicle experiencing a single stop, in which there is a full deceleration to a stop at the 
yield line, while waiting for an acceptable gap in the circulating lane, then accelerating to 
the circulating and cruise speeds, and

·· a vehicle that experiences multiple stops on the approach as it moves up the queue.

It was also found that high speed differential between circulating and cruising speed will 
result in excessive accelerations and decelerations, with accompanying inconsistent driver 
behaviour, increase in emissions and fuel consumption [4, 16]. 
It was established that the emissions increase in following situations:
·· when queuing conditions prevail as conflicting traffic increases,
·· at low conflicting traffic volumes, when the acceleration rate back to cruise speed is high, 
and

·· at larger differences between the cruise and circulating speeds [4].

Critical sections on a single lane roundabout in terms of their relative impact on total emissions 
is the section on which vehicles experience short stop and go cycles (in front of circulating 
traffic yield line) and the section on which vehicles accelerate back to cruise speed [4]. Becau-
se of that, it is important to ensure the appropriate speed differential between consecutive 
geometric elements through quality roundabout design. As mentioned earlier, speed checks 
should ensure that relative speeds between conflicting traffic streams and between consecuti-
ve geometric elements are minimized to 20 (25) km/h. Speed checks must also ensure that re-
lationships between predicted speeds on fastest paths through the roundabout are as follows: 
·· entry speed (V1) must be smaller than exiting speed (V3),
·· circulating speed (V2, V4) must be smaller than entry speed (V1),
·· maximum entry speed (V1, V5) should be smaller or equal to 40 km/h.

4	 Conclusions

Environmental benefits of modern roundabouts are directly linked to the quality of their desi-
gn. In order to achieve the required reduction in vehicular emissions, the speed profile throu-
gh the roundabout must be as smooth as possible, which can be ensured in the roundabout’s 
designing phase by conducting performance checks (analysis of offtracking geometry, defini-
tion of fastest path, and visibility tests). 
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In Croatia the positive environmental aspects of roundabouts are often annulled due to their 
inappropriate design: performance checks that should ensure proper speed profile and requ-
ired intersection visibility are usually overlooked. The main reasons for that are the facts that 
there are no official national regulations for the roundabout design, and that design is usually 
carried out according to the guidelines and/or norms which do not include instructions for all 
required performance checks. 
Apart from roundabout design guidelines and norms that are usually referred to by Croatian 
designers, future official national regulations on roundabout design should include perfor-
mance checks described in FHWA’s Roundabouts: An Informational Guide and/or Serbian 
regulations on road and intersection design, which are presented in this paper. Also, in order 
to ensure the required environmental benefits of roundabouts, described performance checks 
should result in smooth speed profiles and minimized relative speeds between conflicting 
traffic streams and between consecutive geometric elements (to maximum 25 km/h).
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Abstract

Urban heat islands are among most serious environmental problems in cities because over-
heating of the pavement surfaces during summer season causes discomfort for citizens and 
increased consumption of energy. The strategies for solving this problem are different but 
using materials which have favorable thermal characteristics is emphasized as important 
part of those strategies. Understanding of parameters that affect and contribute to the urban 
heat island and more precisely to the increased heating of the urban pavement surfaces is 
necessary in that process to assure that future reconstructions and constructions in urban 
areas are done in the best possible way.
Research done in the field showed that urban heat islands appear in areas where wind velocity 
and evapotranspiration are decreased (less green areas) and level of waste heat is greater.
Field research in the city center of Rijeka and on the pilot field at the location of the University 
Campus (outside center in less built area) was done during summer season of 2011, 2012. and 
2013. The task of the field research was primarily to identify local materials which use can 
help reduce or mitigate the effect of additional heating in the urban environment caused by 
emission of heat from pavement surfaces but also to analyze the impact of other parameters 
(humidity, wind speed, presence of water, traffic intensity) on the heating of urban pave-
ment surfaces. In the paper short overview of the parameters influencing heating of urban 
pavement surfaces will be done and results of the temperature measuring on cross section 
situated in the city centre 

Keywords:	pavement surfaces, pavement materials, urban areas, urban heat island, 
temperature

1	 Introduction

Modern urban areas have typically darker surfaces and less vegetation than their surroun-
dings. These differences affect climate, energy use and habitability of cities [1]. Materials 
commonly used in urban areas, such as asphalt and concrete, have significantly different 
thermal and optical properties than the surrounding rural areas. As vegetation and natural 
surfaces are replaced by asphalt and concrete surfaces for roads, buildings and other structu-
res necessary to accommodate growing population, heat islands are developed; urban mate-
rials alter energy balance of an urban surface as they absorb, rather than reflect, the incoming 
solar radiation causing surface temperatures and overall ambient temperatures to rise. Lack 
of vegetation in urban areas also affects the energy balance, as the natural cooling of the 
surface by evapotranspiration is minimised [2]. The phenomenon of urban heat island (UHI) 
is related to positive thermal balance created in the urban environment because of the incre-
ased heat gains like the high absorption of solar radiation and the anthropogenic heat, and 
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the decreased thermal losses. Uncontestably, UHI is the most documented phenomenon of 
climate change and is very well documented for various geographic areas of the planet [3,4]. 
The impact of pavements on the development of UHI is very important. Many recent studies 
have shown that paving surfaces play a very determinant role on the overall urban thermal ba-
lance [5,6]. Pavements cover a quite high percentage of the urban fabric and contribute highly 
to the development of UHI. Paved surfaces in Europe and USA, consist mainly of asphalt and 
concrete surfaces that present high surface temperatures during the summer period [4, 7]. 
The aim of this paper is to present part of the results of temperature measurements on diffe-
rent types of pavement surfaces. Measurements were conducted in the City of Rijeka (Croatia) 
and are first known to the authors measurements of this kind conducted in Croatia. Measure-
ments were conducted during the summer period when the temperature of road surface is 
reaching its peak. Analysis of the results will be used to comment possible parameters that 
can contribute to increase or to the decrease the temperature of urban pavement surfaces. 

2	 Pavements and urban climate

As was stated in the introduction, pavements affect strongly the urban climate. Their thermal 
balance is determined by the amount of the absorbed solar radiation, the emitted infrared 
radiation, the heat transferred by convection to the atmospheric air, the heat stored into the 
mass of the material and the heat conducted to the ground. The thermal balance of pave-
ments and its impact on urban climate is analysed using experimental and computational 
simulation techniques. Microscale measurement techniques provide detailed informati-
on on the thermal conditions of the studied areas and allow a deep understanding of the 
corresponding thermal processes. Most of the microscale experimental studies have been 
performed using infrared thermography or conventional temperature measurements using 
thermocouples. The use of thermocouples to measure surface temperatures is a well known 
and accurate technique provided that a very good contact is achieved between the surface 
and sensors [4].

2.1	 The role of the parameters that affect pavement heating 

As was stated in the introduction, urban areas typically have surface materials which have a 
lower albedo than those in rural areas. As a result, the built environment generally reflects 
less and absorbs more of the Sun`s energy. This absorbed heat increases surface tempera-
tures and contributes to the formation of urban heat islands. The value of the reflectivity is 
determined by the colour of the material and its roughness. Light colours present a lower 
absorptivity to the visual spectrum of solar radiation, while the specific absorptivity to the 
infrared part of the radiation is quite independent of the perceived colour [3, 4]. Numerous 
studies have been performed to correlate the impact of the colour of pavement materials on 
their surface temperature and sensible heat release. The research, conducted by Doulos et all 
[8] in which behaviour of 93 samples of commercial pavement materials were analysed under 
the same insolating conditions, has pointed out those analyzed materials which, under the 
determined micro-climate conditions (Athens, Greece) can contribute to reducing the UHI, 
reducing the electricity consumption and improving thermal conditions in open areas.
Materials emit long wave radiation as a function of their temperature and emissivity. High 
emissivity values correspond to good emitters of long wave radiation and can readily relea-
se the absorbed energy [3, 9]. Several studies were performed to understand the impact of 
the emissivity on the thermal performance of materials used in the urban environment. The 
research, conducted by Syneffa et all [9] showed that emissivity is the most important factor 
affecting the surface temperature of the materials during the night period.
Besides these properties, the thermal behaviour of urban surfaces plays an important role 
in the UHI development. This behaviour is largely determined by the density, specific heat 



Environmental protection 855
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

capacity, thermal conductivity and thermal admittance coefficients of the used materials. 
Heat capacity refers to ability of material to store heat, while thermal conductivity is ability 
of material to conduct heat. Both entities determine thermal diffusivity of material, which is 
an important indicator of how easily heat can penetrate into material. The ability of material 
to store and release heat is defined by the thermal admittance which is a product of thermal 
conductivity and heat capacity. Increased thermal conductivity of paving surfaces contributes 
to transfer faster the heat from the pavements to the ground and vice versa [4]. The research, 
conducted by Gavin et all [10] have showed that with increasing conductivity the average 
maximum surface temperature decreases, while average minimum temperature increases. 
In the same study the same correlation is showed for thermal capacity.
Water also plays a very important role. In permeable pavements, water passes to the soil. It 
evaporates when the temperature of the material increases and thus lowers a pavement sur-
face temperature. Evaporation depends on moisture content in the material and atmosphere 
and depends of materials temperature [4, 11]. 
Use of high-albedo urban surfaces and planting of urban trees are inexpensive measures that 
can reduce summertime temperatures. When trees are planted and albedo is modified thro-
ughout an entire city, the energy balance of the whole city is modified, producing city-wide 
changes in climate. Phenomena associated with city-wide changes in climate are referred to 
as indirect effects [1].

3	 Pavement surface measurements in the City of Rijeka

3.1	 Overview of the published results and findings

An extensive study of the pavement heating was conducted during summer seasons 2011., 
2012. and 2013. in the City of Rijeka. Part of the research was done in the city centre where 
temperature of surfaces made of different materials (asphalt, concrete, stone, granite) were 
compared and during 2013. data were collected at the pilot field at the pavement test sections 
at the location of the Campus of the University of Rijeka (located outside of the centre) at the 
higher elevation (150-180 masl). In this paper part of the results of the study conducted in 
the city centre will be presented. 
Interesting analyses of the influence of different parameters on the pavement surface tem-
perature can be done if considered a cross section in urban area. At the Picture 1 the cross 
section defined in the Centre of Rijeka City is shown together with the details about surface 
materials. In this case the cross section is situated partly in the intensively built pedestrian 
zone, partly on canal and partly on the big parking area. Few streets with high traffic volume 
are taken into analyses too and also pedestrian bridge made of aluminium and glass. At the 
location the temperature was measured during 3rd and 4th July 2012. during 24 hours in period 
of 30 minutes.
The results [12, 13, 14] showed that asphalt is certainly, regarding thermal properties, the 
most unfavourable material to be used in urban areas. Differences have been noticed if lighter 
aggregate (limestone) is used or if asphalt pavement is in use for some time and has washed 
surface. Concrete can be estimated as more favourable than asphalt for urban pavements 
because exposed to the same temperature conditions develops lower surface temperatures 
and consequently realises less heating to the surrounding air.
The chart from Figure 1 shows changes in the air temperature and surface pavement tempe-
rature measured during July 2012 at the locations near cross section described and analysed 
in paragraph 3.2. From the picture is evident that asphalt surface has highest surface tempe-
rature compared with stone and concrete placed in the same conditions [15]. 
Except the type of material used for pavements the Study pointed out some other parameters 
important for formation of urban heat island in the cities: position of the surface inside urban 
area, presence of water and exposure to isolation are among most important.
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Figure 1	 Cross section – location and materials

Figure 2	 Whole day temperature measurement on different pavement surfaces on 3rd July 2012. [15]

3.2	 Cross section in the City centre of Rijeka

The temperatures of the air and pavement surfaces measured at 7 a.m. and at 1 p.m. at the 
cross section (Figure 1) are showed at the chart (Figure 3). It is evident that the difference in 
air temperature and surface temperature in the morning period is significantly lower than in 
afternoon when the pavement at specific locations is more than 10°C warmer than air.
The results are showed in the way that temperature of different sub-areas can be compared 
and sub-areas are showed both with pictures and symbols.
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The influence of the presence of water can be established as the factor that decreases tem-
perature of the air as well as the temperature of the surfaces around the water, in this case 
the canal. Even being very small (positions 17-19) the green zone with some trees has positive 
effect on the pavement temperature nearby and they are for few degrees lower than on the 
pavement open to the insolation.
Temperature of the closed and intensively build area (square surrounded with houses) is sli-
ghtly lower than temperature measured on the open and exposed area of the parking. The 
conclusion can be that it has to do with the type of surfaces as well as with the duration of 
exposure to the direct insolation. Pavements in pedestrian zone are made of stones and that 
kind of pavements show better characteristics regarding heating than asphalt pavement (see 
Figure 1) [12, 13].
Slightly higher temperatures were also measured at the position of traffic lines on the roads 
(15-16, 28-29) and it can be presumed that the influence of intensive traffic is negative, e.g. 
that intensive traffic volumes can contribute to the increase of pavement temperature, even 
not very much. 

Figure 3	 Cross section – temperatures of the air and pavement

4	 Conclusion

It is known that pavements surfaces play a very determinant role on the overall urban ther-
mal balance. Different are the parameters that influence that relation, some are connected 
with the material properties and some with the location of the urban area. Previous analyses 
done by the authors pointed out which of the materials have positive influence on UHI. From 
data collected at the field study of pavement temperatures in the City of Rijeka (Croatia) 
in this paper a temperature of one central area is shown. Since the cross section included 
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areas within pedestrian zone and the zone of densely built areas as well as areas near canal 
and large parking areas, it was possible to analyse environmental conditions that affect the 
temperature. It turned out that more protected areas within the built-up area (so called urban 
canyons) that are not exposed to constant sunlight, the areas near water and areas within 
greenery, have lower average temperature than parking surfaces and traffic lanes that are 
exposed to traffic and direct sunlight. 
Further analyses that will include calculation of the average temperature in the zone built 
of different materials as well as data about solar radiation must be done. In that way, more 
precise conclusions can be done.

References
[1]	 Akbari, H., Pomerantz, M. & Taha, H.: Cool surfaces and shade trees to reduce energy use and improve 

air quality in urban areas, Solar Energy, 70(3), pp. 295-310, 2001.

[2]	 Stathopoulou, M., Synnefa, A., Cartalis, C., Santamouris, M., Karlessi, T. & Akbari, H.: A surface heat 
island study of Athens using high-resolution satellite imagery and measurements of the optical 
and thermal properties of commonly used building and paving materials, International Journal of 
Sustainable Energy, 28(1-3), pp. 59-76, 2009.

[3]	 Santamouris, M.: Heat island research in Europe: The State of the Art, Advances in Building Energy 
Research, 1, pp. 123-150, 2007.

[4]	 Santamouris, M.: Using cool pavements as a mitigation strategy to fight urban heat island-A review 
of the actual developments, Renewable and Sustainable Energy Reviews, 26, pp. 224-240, 2013.

[5]	 Sailor, D.: Simulated urban climate response to modifications in surface albedo and vegetative cover, 
Journal of Applied Meteorology, 34, pp. 1694-1700, 1995.

[6]	 Surabi, M., Akbari, H., Mahanama, S., Sednev, I. & Levinson, R.: Radiative forcing and temperature 
response to changes in urban albedos and associated CO2 offsets, Environmental Research Letters, 
5, 014005, 2010.

[7]	 Tran, N., Powel, B., Marks, H., West, R. & Kvasnak, A.: Strategies for design and construction of high-
reflectance asphalt pavements, Journal of the Transportation Research Board 2098, pp. 124-130, 
2009.

[8]	 Dolous, L., Santamouris, M. & Livada, I.: Passive cooling of outdoor urban spaces. The role of 
materials, Solar Energy, 77, pp. 231-249, 2004.

[9]	 Syneffa, A., Santamouris, M. & Livada, I.: A study of the thermal performance of reflective coatings 
for the urban environment, Solar Energy, 80(8), pp. 968-981, 2006.

[10]	Gavin, G.J., Phelan, P.E., Kaloush, K.E. & Golden, J.: Impact of pavement thermophysical properties on 
surface temperatures, Journal of Materials in Civil Engineering, 19(8), pp. 683-690, 2007.

[11]	 Cuculić, M. & Šurdonja, S.: Pregled novijih kolničkih konstrukcija koje ublažavaju efekt urbanih 
toplinskih otoka, Zbornik radova. knjiga XIII, pp. 245-262, 2010.

[12]	Babić, S., Deluka-Tibljaš, A., Cuculić, M. & Šurdonja, S.: Analiza zagrijavanja kolničkih površina 
urbanih područja,Građevinar 64, (2); pp. 125-132, 2012. 

[13]	Cuculić, M., Babić, S., Deluka-Tibljaš, A. & Šurdonja, S.: Pavement surfaces in urban areas, Road and 
rail infrastructure II, Proceedings of the 2nd international conference on road and rail infrastructure – 
CETRA 2012, 7–9 May 2012, Dubrovnik, Croatia, pp. 273-279.

[14]	Cuculić, M., Šurdonja, S., Babić, S. & Deluka-Tibljaš, A.: Possible locations for cool pavement 
use in city of Rijeka, The 4th EPAM, European pavement and asset management, Malmo, poster 
presentation, 2012. 

[15]	Deluka-Tibljaš, A., Šurdonja, S., Babić, S. & Cuculić, M.: Analyses of urban Pavement surface 
temperatures, The Baltic Journal of Road and Bridge Engineering (in press). 



Environmental protection 859

Buried Flexible Corrugated Steel Structures 
– modern technology in construction 
of wildlife crossings
Adam Czerepak1, Mario Bogdan2, Ivana Barišić3

1 ViaCon Sp. z o.o., Poland
2 Protekta d.o.o., Croatia
3 Faculty of Civil Engineering Osijek, Croatia

Abstract

Even though modern road network is the main prerequisite for sustainable economic de-
velopment of every country, intensive road construction also has a negative influence on 
surrounding life and environment. With its unique characteristics, motorways presents lar-
ge obstacle in landscape, intersecting the habitual migratory wildlife routes in their natural 
surroundings. One of the measures from adverse motorway impacts includes ensuring natural 
wildlife migrations across motorways. One of such measurements is construction of wildlife 
crossings which are well-established in the Croatian road planning process and relevant legi-
slation. Therefore, it is created a favourable environment for the development and adoption 
of new technologies for their construction.
Buried Flexible Corrugated Steel Structures (BFCSS) presents modern construction techno-
logy for wildlife crossings with the variety of opportunities in term of spans and shapes. 
Technology of BFCSS for civil engineering infrastructure projects is well known in countries 
with developed steel industry and expensive labour. But in this part of Europe, south-eastern 
Europe, it has been unfairly neglected and just sporadically used. In order to promote new 
technology and achieve progress in the field of road construction, modern way of wildlife 
crossings construction will be presented.
In this paper, basic engineering properties so as the designing details and usage possibilities 
of BFCSS will be presented. Special emphasis will be given on practical experience of their 
use in the construction of wildlife crossings as well as on the use of long-span structures. 

Keywords:	Buried Flexible Corrugated Steel Structures, wildlife crossings, long-span 
structures, design details 

1	 Introduction

High-quality road network, especially the motorway network incorporated in the global tran-
sportation system is one of the basic conditions for the development of every country. At the 
same time, number of road users are in constant increase, so current road network is reaching 
even the most remote corners of the world. However, besides undisputable positive effects 
of road construction on global development, some negative impact have to be mentioned. 
Increasing built of motorways drastically affect the landscape, and it has high influence on 
human life and even higher on the animal and plant life. So the community attention to the 
environmental aspects of road construction is increasing.
There is a variety of measures implemented in road built for environmental protection. Some 
of protective measures from adverse road built are noise protection, drainage system, lan-
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dscaping of the road area, protection of archaeological finds and measures for ensuring na-
tural migration of animals across roads. 
Habitat fragmentation has been recognized as one of the most significant factors contributing 
to the decline of biodiversity in Europe [1]. So, with its unique characteristics, motorways 
presents large obstacle in landscape, intersecting the habitual migratory wildlife routes in 
their natural surroundings. For that reason, it is very important to devote adequate attention 
during the design development stage for new motorway projects to provide suitable wild 
animals passageways. For that purpose, four types of structures have been conceived: green 
bridges, wildlife crossings and passageways, pipes and ground channels for small mammals 
and other vertebrates and amphibian tunnels [2]. 
Wildlife crossings are constructions that allow roads permeability for animals and safe cro-
ssing of wild animals at appropriate spatial intervals. By the Regulations on wildlife crossings 
[3], the construction of these structures is the obligation of roads investors and this specially 
(dedicated) built crossings have protection as natural values. 
Construction of wildlife crossings are well-established in Croatian road planning process and 
relevant legislation. There are 80 wildlife crossings on 1250,7 km of motorways and semi-mo-
torways in Croatia, which means one crossing on nearly every 16 km. One of them is presented 
in Fig. 1.

Figure 1	 Wildlife crossing on Croatian motorway [2]

Therefore, it is created a favourable environment for the development and adoption of new 
technologies for their construction. Buried Flexible Corrugated Steel Structures (BFCSS) pre-
sents modern construction technology for wildlife crossings with the variety of opportunities 
in term of spans and shapes. So, basic engineering properties, designing details and usage 
possibilities of BFCSS are following.

2	 Technology of Buried Flexible Corrugated Steel Structures 

Animal passages are built as underpasses and overpasses. They can have various shapes and 
can be built in various technologies. 
Since the introduction of BFCSS in XIX century this technology was gradually used in road 
construction. At the very beginning, there was galvanized steel pipes with round cross sec-
tion, now referred to as corrugated steel pipes. The economy of these pipes led to a larger 
diameter, which are assembled on site from curved, corrugated plates. Corrugation of these 
plates was around 150x50mm, and they are now referred to as corrugated steel structures. 
Nowadays this kind of structures are widely known and applied in many countries all over the 
world. They are mostly used as culverts or bridges for the roads and railway infrastructure, 
but they are also widely used for many other applications in the industrial, mine and other 
market sectors [4]. 
Today corrugated steel pipes are produced with corrugation of 68x13 mm, 76x25 mm, 120x20 
mm, 125x26 mm and similar. Corrugated steel structures are manufactured with corrugation 
of 152x22 mm, 150x50 mm, 200x55mm and similar (fig. 2).
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Figure 2	 Typical shallow corrugation of BFCSS

Used us culverts or bridges under the road, maximum span that can be achieved with corruga-
tion of 150x50 mm or 200x55 mm is about 12 m. They can be used with many different shapes 
showed in figure 3. Shape called box culvert (fig. 3i) can have a maximum span of 7,00 m.

Figure 3	 The most popular shapes of BFCSS

In the mid of 80’s of the twentieth century deep-corrugated plates were introduced, with a 
pitch between 380 and 400 mm, and rise between 140 and 150 mm (fig.4), they initiated a 
new generation of corrugated steel structures. This kind of structure are called SuperCor, 
DeepCor, BridgeCor, StrenCor.

Figure 4	 Deep corrugation

The advantage of deep corrugation is that, with a small increase in the volume of steel, the 
flexural rigidity is increased about nine times with comparison to shallow corrugation 200x55 
mm. Thanks to that it is possible to make BFCSS with greater span up to 24 m, called super-
span or long-span. It was possible to achieve bigger span also because of reinforcement ribs 
patented in 1994.
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Figure 5	 Animal overpass in Trzebaw (2002) (span of 17,68m) and above railway, Rzepin (2008); Poland 

 

Figure 6	 Animal overpass: motorway A2, Poland; constructed in 2006 and 2013.

 

Figure 7	 Animal overpasses above highway, Banff; Canada (2009) and South Korea (2010)

Figure 8	 Animal overpasses, Tallinn, Estonia 2013
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A new dynamic development of BFCSS will not be possible without in situ and laboratory 
tests and development of design method. One of the newest design method including new 
innovations and trends is Sundquist–Petterson method described in [5].
New generation of deep corrugated BFCSS gives a possibility to design and install structures 
that can be used as bridges breaking next technological barriers for road and railway infra-
structure and civil engineering. There are many of such structures already built or designed 
and those which are waiting for realization used like viaducts, and especially ecological ani-
mal crossings over new motorway net in the center of Europe [6]. 
Advantages of constructing of animal crossing with the use of BFCSS versus traditional tech-
nologies are lower cost, faster construction, minimum disruption to traffic and nice fit into the 
landscape. Important environmental factor is a use of soil as a structural element. Very often 
local soil can be used for backfilling. 
BFCSS can be efficiently used to build animal crossing over roads. Quick construction and mi-
nimum disturbance to surrounding limit negative influence of works on environment and save 
cost due to minimum disturbance of the traffic. Use of natural materials (sand, gravel, stone, 
wood) enhances environmental effect. Financial effectiveness and aesthetic look support the 
idea of common use of those technology for construction of animal crossing over and under 
roads. Figures 5- 8 show examples of such animal overpasses.

3	 Croatian experience with Buried Flexible Corrugated Steel Structures

Some of the first experiences with corrugated steel structures in Croatia were the use of corru-
gated steel pipes for the construction of culverts. In [7], one of such kind of an example is pre-
sented. In Croatia and Balkan's region BFCSS are only used for some several years, and there 
are structures in the road network with the use of this technology also as animal crossing. 
In May 2009, animal underpass in km 5+030,00 of Adriatic Highway – ISTRIAN “Y” was con-
structed. It’s the passage of wild and domestic animals with the light opening passages 4x4m. 
To fulfill this requirement, corrugated steel structures with span 5,97m and height 5,49m was 
used, with corrugation 200x55 mm. Total length 46,44 m. In September 2009 another animal 
underpass in km 43+849,02 of Adriatic Highway – ISTRIAN “Y” was constructed by use of 
profile with span 4,49 m and height 3,97 m. Total length 39,32 m.
Both structures were constructed in two phases. In a first phase around 65% of the total length 
of underpasses were built under first highway line, and in the second phase second parts of 
structures were installed later. In Fig. 9 Phase II and finished animal underpass is presented.

 

Figure 9	 Installation of animal underpass – phase II and animal underpass in km 5+030,00 of Adriatic 
Highway – ISTRIAN “Y”

Based on the above examples, we can say that Croatia has made the first step towards adop-
ting a technology of BFCSS and use it for animal crossing. Beyond these examples, there 
are many small culverts in Croatia with use of BFCSS. There are many ready designs that are 
waiting for realization.
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4	 Conclusion

Even though, technology of BFCSS for civil engineering infrastructure projects is well known 
in countries with developed steel industry and expensive labour, in Croatia and generally in 
south-eastern Europe, it has been unfairly neglected and just sporadically used. Constructi-
on of wildlife crossings are well-established in Croatian road planning process and relevant 
legislation so favourable environment for the development and adoption of new technologies 
for their construction is created. In order to promote new technology and achieve progress 
in the field of road construction, modern way of wildlife crossings construction is presented 
in this paper.
Some of the basic aadvantages of BFCSS use in construction of animal crossing are lower cost 
(average 30-40% cheaper than traditional solutions), faster construction (execution is several 
times faster as compared to concrete structures), minimum disruption to traffic and nice fit 
into the landscape. Also, use of natural materials (sand, gravel, stone, wood) enhances its 
positive environmental effect.
However, it could be concluded that so far, this technology is not fully utilized in Croatian 
territory. There is no deep corrugation structure built in Croatia yet. 
Taking into consideration advantages given by BFCSS, especially for its application in animal 
crossings construction and positive experience from its usage in other European countries 
might result in a greater application of steel culverts in Croatian civil engineering practice. 
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Abstract

Transport engineers’ methods and designs alter existing structures. People’s technological 
products create people as products of technology. From small-scale application of fair sha-
re policies to large-scale ubiquitous access policies, the ethics of transport and settlement 
systems play an important role. Too often, ethics are not considered appropriately, are overlo-
oked or even ignored. However, engineers do not act detached from ethical values. A frequent 
practice among engineers is to adopt ethics of good intention instead of ethics of responsi-
bility for their interventions. Engineers use models which represent only a window of reality. 
As engineers perceive what they have learned to perceive, education is of critical relevance. 
In our contribution we first carve out the dimension and importance of transport engineering 
ethics by referring to philosophers of technology including Jacques Neirynck, Günther Anders 
and Daniela Bailer-Jones and by giving examples. Adding to this we introduce the approach at 
the Research Center of Transport Engineering (IVV) at Vienna University of Technology (VUT) to 
engineering students’ ethics education by providing three lecture series covering a very broad 
view on transport. Zooming in from general ethics concepts to mode-related points of view, 
these lecture series are: “Ethics and technology”, “Barrier-free transport planning for public 
spaces” and “Cycling in the city”. These lectures do not only provide an extended viewpoint 
from other engineering branches but also – which is most valuable – add perspectives from 
sociology, public health, law, philosophy and religion to transport planning.

Keywords: education, engineers, ethics, lectures

1	 Introduction

Planners and engineers intervene in existing structures and shape them from nanotechnolo-
gies via light bulbs to nuclear power. Transport engineers are also part of the wide spectrum 
of engineers shaping the world. Philosophers of technology like Günther Anders [1] coined 
the notion that technology is not a neutral means to an end – free of virtue. But technology 
and its devices inherit determined usage by design. Specific economic, social and political 
conditions produce technology and devices that in turn entail economic, social and political 
changes. Human beings become as much a product of technology as technology is a product 
of humans. This notion is illustrated well in the energy flow density of the human being em-
bedded in its socio-technological environment (see Figure 1).
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Figure 1	 The energy flow density of the human in its socio-technological embedding. The more technology 
human beings utilize in their surroundings the more energy intensive become their lives [2]

2	 Ethics and planning

The development of the classical natural sciences accompanied by technical disciplines was 
obviously much faster, than a responsible use of those new achievements was possible. The 
technical environment has (technically) expanded our physical abilities and sensory organs 
and thus exceeded our evolutionary experience areas [3]: e.g. during millions of years evolu-
tion designed our brain for walking speeds, but the couldn’t possibly have adapted yet to the 
ever increasing speeds of transport means within the last 200 years.
The reaction to these changes and the social, economic, environmental and political consequ-
ences were not considered adequately. The consequences often even appeared surprising 
to many people. Another philosopher of technology, Jacques Neirynck, states that engineers 
show an infant understanding of ethics, not feeling responsible for their actions [4]. This 
notion is specified by Knoflacher [3] as ethics of good intention vs. ethics of responsibility. 
While the infant ethics of good intention are based on “meaning one’s actions well”, the adult 
ethics of responsibility are founded on “being accountable for one’s actions”. But today in 
transport planning ethics of good intention are still applied instead of ethics of responsibility, 
which would mean that transport engineers would apply the best of knowledge and would 
stand up for their designs and proposed solutions. Pure technical feasibility too often prevails 
over ethical evaluation of impacts. In transportation for example environmentally harming 
transport behaviors of the future are predetermine and prolongated by today’s decisions 
for non-sustainable infrastructure like new roads or motorways. Unfortunately though, too 
often engineers retreat to modeling results and exterior causes, when transport engineering 
actions don’t provide forecasted results. Due to increased computing power, engineers have 
put model results on a very high pedestal of relevance. But one has to be aware that models 
only represent assumptions central to model builders and users, which by definition need to 
be considered as true to work within the model’s framework [5].
Not only do transport engineers build models of the world, they also massively shape the 
urban and natural landscapes (see Figure 2) and the everyday mobility behaviour of people.
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Figure 2	 Transport engineers’ products are massively shaping the urban and natural landscapes. Left: 
Parking lot dominating the central square of the UNESCO world heritage village Hallstatt (AUT). Right: 
national road, motorway and motorway junction ramps spare little of the quaint valley near Trojane 
(SLO). Photos: Brezina

So, figuratively speaking for engineers, finding the key (sustainable solutions to problems) is 
easier when the light beam (of knowledge and perspective) shines wider for them (see Figure 
3). In this allegory ethical education provides a tool for increasing the illuminated area. With 
this perspective in mind it is therefore necessary to educate transport engineering students 
in ethical matters.

Figure 3	 Streetlight effect: How to find the key (righ edge) outside of the light beam? Ethical education will 
increase the illuminated area. Drawing: Knoflacher

When asking what kinds of dimensions ethics education may have, IVV’s educational con-
cept offers a 3-step approach of ethical experience. The increasing likely power of effect on a 
planner increases from on to three:
1	 The point of view of others. This includes other people and fields, often with a very 

different horizon and experience.
2	 The point of view of the most fragile regular participant. The biggest Issue here is, how to 

incorporate this view systematically into planning.
3	 Self-experience. Students will experience hands-on differences in design, e.g. with or 

without barrier-free planning.
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3	 Practice at VUT

Educating transport engineers from an ethical perspective has a long lasting tradition at the 
Research Center of Transport Planning and Traffic Engineering (IVV) of the Vienna University 
of Technology (VUT).

3.1	 Base course in transport planning

In an early stage all civil engineering students at VUT need to attend the basic course (lecture 
and field work) in transport planning. Obligatory part of the field work is the one hour move-
ment through the city with a baby stroller or a wheelchair. There students are at the mercy of 
good or bad design provided by active engineers (see Figure 4). This is the first hand oppor-
tunity for future engineers to experience, how small decisions about the design of the public 
space and public transport effect everyday lives of people with special needs.

 

Figure 4	 Students of the base course on transport planning at VUT experiencing first hand the shortcomings 
and barriers in the transportation system from the point of view of the weakest participants. Photos: 
Hölesic

3.2	 Lecture series “Ethics and technology”

It is astonishing that questions of ethics are not part of basic education at universities of 
technology. Questions of responsibility and reflective action could not be limited to technical 
disciplines, particularly because problems occur between the different disciplines. Interdis-
ciplinary thinking and collective working is in demand for engineers to reduce differences 
and find better solutions. Therefore, we at IVV provide the lecture “Ethics and technology” 
since 2008 for students of all disciplines at VUT. The topics of the lectures are from various 
disciplines reaching from natural sciences, technology, social sciences up to religious studies 
and politics. More than 150 students attend the lectures every year since. The ever-increa-
sing number of students confirmed the importance of this topic for the future graduates of 
technological studies.
The lectures address the issues of, for instance, the interaction between technology and eco-
logy. This is exemplified by the topic of climate change, technology assessment and ecologi-
cal principles – shown by the assessment of consequences of the application of engineering 
and technology in nuclear energy. The lectures examine the question of how engineers and 
technicians can act in everyday life ethically at all. In this case, the categorical imperative of 
Immanuel Kant is in the focus of discussions: “Act only according to that maxim whereby you 
can at the same time will that it should become a universal law without contradiction.”[6] 
This rule can be also found in modified form in the principles of the five world religions. 
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The lectures give an overview and show that common fundamental ethical principles exist. 
At the end of each lecture, the students have to take part in a discussion about the content of 
the presentation. Thereby they learn to deliberate, to argue and to develop their own opinion. 
The discussions show that it is becoming more and more difficult to accomplish a compre-
hensive principle of responsibility (in dubio pro malo)[7] according with the global economic 
dependencies and an increasing constraint of technical producibility. 

3.3	 Lecture series “Barrier-free design of public space”

Recently carried out research studies (EGALITE [8] and EGALITE-Plus [9]) have tried to identify 
groups of mobility impaired people and to quantity the development of these mobility im-
paired people in Austria till the year 2050. The findings of these studies were alarming. One 
result for example was that more than 40% of the total population of Austria is temporally or 
permanently handicapped and this share is even expected to increase till 2050. At the same 
time when these studies were carried out, the IVV was procured to carry out a study called 
GABAMO [10] where the education sector in Austria regarding planning for mobility impaired 
people was under scrutiny. In total 93 bachelor and master courses with 654 lectures where 
investigated and analysed regarding their contribution towards barrier-free planning. It turned 
out that at Austria’s universities and also at the so called “Fachhochschulen” no dedica-
ted master course for barrier-free planning exists and even worse, no dedicated lectures for 
barrier-free planning are offered nationwide.
Based on the findings of the afore mentioned studies, IVV made the decision to offer an expli-
cit lecture for barrier-free planning of public space open for students of the civil engineering, 
architecture and land-use planning faculties. The first lecture took place in the winter seme-
ster 2012/2013 and since then, it has been repeated every year. In the starting year about 20 
students took the opportunity to learn about planning principles for barrier-free design [11]. 
The lecture’s contents are:
·· existing national and international norms and guidelines dealing with barrier-free design 
of public place;

·· discussion with international well known experts on barrier-free public transport station 
building designs;

·· the application of the MofA-method (developed in Vienna) [12] to assess the barrier-freeness 
of public space and public transport station buildings.

The lecture seems to have become a success story because in the second year we had to limit 
the number of students to 50 persons due to capacity restraint reasons.
Summarising it can be said that universal design and design for mobility impaired people gro-
ups is becoming more and more important, not only in Austria but also worldwide. An aging 
population combined with climate change and scarceness of non-renewable resources will 
lead to a significant change of our future ways of living and mobility patterns. And our future 
planers will need to have the skills to design the built environment so that all members of the 
society can fulfill their mobility needs. With our lecture “barrier-free planning for the public 
space” we help these planners to gain these necessary skills.

3.4	 Lecture series “Cycling in the city”

The third and youngest lecture with a strong ethics background at IVV is the lecture series 
“Cycling in the city”, where on 13 to 15 evenings experts from the most diverse disciplines con-
cerned with cycling provide the “other field’s point of view”. This lecture is open to students of 
all fields, but a numerous general audience attends too. Established in the year 2013, which 
was proclaimed as the year of cycling by the City of Vienna, the lecture goes in the second 
season this year. And we managed to win over new and international lecturers, providing 



Urban Transport872
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

engineering students with new perspectives from disciplines revolving around cycling. Urban 
planners, transport engineers, historians, sociologists, physicians, psychologists, lawyers, 
designers, philosophers, mechanical engineers, marketing and advocacy professionals and 
public administrators stimulate the discovery of new facets of urban cycling.
The first season proved to be more popular among students and general audience than ever 
expected. On average 255 students (min: 185, max: 287) attended the lectures (see Figure 
5), so that the talks had to be live streamed to a second lecture room to meet the demand.

 

Figure 5	 Overcrowded lecture room at the “Cycling in the city“ lecture“. Photos: Brezina/Schumich

4	 Conclusion

Even though there’s hardly any tradition in ethics education to be found at universities of 
technology, the success of IVV’s lectures shows that students are highly interested in adding 
ethical perspectives to their mental toolboxes where otherwise purely engineering tools wo-
uld dominate. We therefore strongly recommend that ethics related courses are provided at 
departments with technology focused studies at other universities – especially where tran-
sport engineers are educated.
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Abstract

As the number of cyclists on Viennese streets grows, they are increasingly seen as a danger to 
pedestrians and even car drivers, especially by the media. Statements like “these scofflaws 
don’t obey the rules” or “they run red lights and don’t stop at stop signs” are common. Public 
perception is that also pedestrians tend to re-interpret traffic laws in their sense – they simply 
cross intersections against red lights when they feel safe about it (physically, not only in terms 
of getting caught). The most common reaction to this behaviour is the claim for more enforce-
ment and even license plates for bikes. We propose a more innovative approach, which takes 
into account the reasons for this legally non-conformant behaviour of non-motorized traffic: 
bikers and pedestrians should be allowed to run red lights when not obstructing or endange-
ring themselves or others. Under the same circumstances, cyclists should be allowed to treat 
stop signs as yield signs. But why?
“The purpose of all the traffic lights, signs, and lines – is to prevent cars from running into 
everything else” [1]. Current laws are ensuring the ease and flow of motorized traffic often at 
the expense of the ease, flow and even safety of non-motorized traffic. Motorists must obey 
these laws due to the fact that they are impaired in their visual and acoustic perceptions by 
the drivers’ perspective. Cyclists and pedestrians on the other hand can run red lights and 
stop signs without safety concerns – they have a better, unobstructed view on cross sections, 
they can accelerate and brake within fractions of a second, they can hear even quiet safety 
hazards, have little inertia and a low potential for damage. In this paper we analyse which 
built and legal structures would be necessary to make a city work without car-oriented regu-
lations and what it would look like.

Keywords:	red lights, jaywalking, scofflaw, self responsibility

1	 Introduction

As the number of cyclists on Viennese streets grows, they are increasingly seen as a danger to 
pedestrians and even car drivers, especially by the media. Statements like “these scofflaws 
don’t obey the rules” or “they run red lights and don’t stop at stop signs” are common. Public 
perception is also that pedestrians tend to interpret traffic laws rather broadly – they simply 
cross intersections against red lights when they feel safe about it (physically, not only in 
terms of getting caught). The most common reaction to this behaviour is the claim for more 
surveillance [2] and even license plates for bikes [3].
We propose a more innovative approach, which takes into account the reasons for this legally 
non-conformant behaviour of non-motorized road users: bikers and pedestrians should be 
allowed to run red lights when not obstructing or endangering themselves or others. Under 
the same circumstances, cyclists should be allowed to treat stop signs as yield signs.
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In the second section we analyze Viennese traffic accident statistics, focusing on accidents 
at signalled and non-signalled intersections. In section 3 we look at the question why regula-
tions are disregarded in the first place, and why there is a difference between car drivers and 
active modes (pedestrians and cyclists). In section 4 we propose new Road Traffic Regulations 
which better respect the needs and abilities of different transport modes. Section 5 gives 
international examples where parts of our claims are already successfully implemented. In 
section 6 we sum up our experiences in proposing these new regulations and draw conclu-
sions in section 7.

2	 Analysis of red walkers and accidents at Viennese intersections

The Viennese modal split is currently (2011) 28.3% walking, 5.6% cycling, 37.2% public tran-
sport and 28.9% motorized individual transport, with the goal of 27% (sic!) walking, 8% 
cycling, 40% PT and 25% motorized individual transport until 2020 [4]. The Viennese cycling 
network is about 1,250 kilometres, consisting mostly of bike routes (55%, only indicated with 
signs), marked cycle lanes (24%, painted on the road) and separated cycle paths (21%) [5].

 

Figure 1	 Time line of number of traffic accidents, injured (left) and deaths (right) in Vienna [6]

The number of traffic deaths in Vienna has drastically decreased in the last 50 years and only 
stagnated in the last decade at about 20 to 30 per year. The number of accidents and the num-
ber of injured are closely correlated and have not decreased that much (see Figure 1). When 
looking at the distribution of means of transport for casualties, severely injured and deaths, 
it becomes clear that pedestrians and cyclists as most vulnerable road users contribute to 
traffic deaths above average (see Figure 2). For 2020 the Viennese government has issued the 
goal of Vision Zero – zero fatalities in traffic in 2020 [7].
As pedestrians are overrepresented in the number of deaths compared to their modal split 
and also their number of accidents, special efforts are undertaken to increase pedestrians’ 
safety. Red walking is regarded as risk factor and has been surveyed by the Austrian road 
safety association Kuratorium für Verkehrssicherheit (KfV) in 2002 [8].
9 Viennese intersections were observed and red walkers were questioned about the motivati-
on for their actions. The study found that at these intersections on average 81.1% obeyed the 
traffic lights and walked on green. Of those crossing the intersections on red, about 18% were 
red runners, trying to catch a tramway or a bus, thus probably not exerting special attention 
to traffic. 82% however walked against the red light deliberately. Of all red crossers over 50% 
crossed shortly after the light changed to red (late starters) or shortly before the light changed 
to green (early starters) thus using the safety reserves of the traffic light signalization.
The KfV authors have tried to get further insight into the red walking topic by analyzing the 
Viennese accident data 1992 to 1998. They found that around 80% of pedestrian accidents 
at signalled intersections were caused by cars, another 9% by lorries. Unsurprisingly only 
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3% of pedestrians were not injured while more than a quarter were severely injured and over 
2% died. The analysis of accident causes showed that vehicle drivers were to blame in more 
than half of the pedestrian accidents at signalled intersections with crosswalks. And vehicle 
drivers are also accountable for nearly all pedestrian accidents at unsignalled crosswalks as 
pedestrians have the right of way there.
To conclude, even when pedestrians obey red lights and keep to marked crosswalks they 
cannot rely on not being harmed. The traffic light drill exerts a sense of “pseudo-safety”.

Figure 2	 Distribution of means of transport for casualties, severely injured and deaths from traffic accidents 
in Vienna 2011 (total number in brackets) [6]

3	 Understanding rule-breaking behaviour and differences between 
means of transport

3.1	 Why do pedestrians and cyclists often disobey the rules that should protect them?

“The purpose of all the traffic lights, signs, and lines – is to prevent cars from running into 
everything else” [1]. Road Traffic Regulations were not designed for pedestrians and cyclists 
in the first place. They were introduced (by powerful lobbies – see criminalization of “jaywal-
king” [9]) to ensure the ease and flow of motorized traffic, often at the expense of the ease, 
flow and even safety (see section 2) of non-motorized traffic. 
Furthermore, traffic lights are commonly oriented on the traffic volumes of motorized traffic, 
distributing green times according to the number of cars. Pedestrians are often left with re-
maining time gaps and long waiting times. Separated cycling paths and pedestrians are of-
ten signalled by combined traffic lights oriented on the clearance time of slow pedestrians. 
Obviously cyclists are discriminated by this arrangement.
So pedestrians and cyclists are discriminated by traffic lights that insufficiently protect them. 
The obedience of red lights is further diminished when traffic volumes are low and pede-
strians would easily find a time gap to cross the street (correlation of -0.73 between traffic 
volumes and share of red walkers – without early and late starters) [8].
Finally, non-motorized “rule-breakers” almost never receive negative feedback; they nearly 
never get caught and penalized. On the contrary, walking against red lights saves time and 
may be safer than inattentively crossing a road on green. The choice of running red lights 
seems to be a cost-benefit-analysis with the benefit of saving time and exercising the right 
of self-determination (freedom), while the costs are possible safety threats and the risk of 
receiving a fine.
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3.2	 Why can pedestrians and cyclists (safely) disobey rules while motorists can’t?

The cost-benefit-consideration provides an explanation to the disobedience of Road Traffic 
Regulations by pedestrians and cyclists, but it does not explain why motorists practically do 
not run red lights. The license plate as a means of identifying rule-breakers is often regarded 
as a measure to increase compliance. License plates for bicycles are by popular opinion belie-
ved to ensure the obedience of red traffic lights [3]. But the fact that car drivers violate many 
other e.g. parking regulations despite having a license plate leads us to question whether 
traceability is the sole barrier in running red lights.
Obviously there must be some transport mode inherent characteristic that restrains car dri-
vers from crossing against red lights but does not hinder pedestrians and cyclists from doing 
so. We believe that the ability for perception of the surroundings is crucial. 
Pedestrians and cyclists have an unobstructed perception of the environment; they see, hear 
and even smell their surroundings directly. By having little mass and inertia they are very 
manoeuvrable. They can quickly accelerate and decelerate. Their line of sight is elevated in 
contrast to a seated car driver’s. 
Car drivers on the other hand only have an obstructed view. Through their drivers’ perspec-
tive they have a low seating position, a limited field of vision and blind spots. Their acoustic 
perception is obstructed through closed windows or even loud music. Enormous mass and 
inertia make them rather inert (in terms of reaction) and inflexible road users.
And finally, pedestrians and cyclists are vulnerable. As unprotected, “weak” road users they 
are at the mercy of motorists, even when they have the right of way. And if they decide to dis-
obey a red traffic light, they mostly exert special care and attention (92% look left and right 
at a red signal before crossing vs. 67% at a green signal [10]) as they will be most probably 
the only casualties in an eventual accident.

4	 New Road Traffic Regulations

Now that we have identified the existing regulations as discriminating for non-motorized road 
users and argued that disobeying some of these rules does not necessarily result in an incre-
ased number or severity of accidents, we propose a new set of traffic regulations. Following 
the Viennese goals of Vision zero and target modal split, we deduce measures how to reach 
those goals. A core principle of the new Road Traffic Regulations should be the promotion of 
self responsibility and consideration (protection of others). We propose to legalize crossing 
against red lights for pedestrians and cyclists when not obstructing or endangering themse-
lves or others. Under the same circumstances cyclists should be allowed to treat stop signs 
as yield signs. To improve the conditions for pedestrians and cyclists, traffic lights should be 
reduced drastically and replaced by pedestrian and cyclist crossings. As this measure alone 
does not ensure the safety of non-motorized traffic, the general speed level within the city 
should be reduced and intersections should be decelerated by design e.g. by raising the 
intersection plateau or narrowing the cross section.
At the remaining signalled intersections the green times should be designed for active mode 
needs or at least the turnaround times should be minimized to reduce pedestrians’ waiting 
times.

5	 International examples

Depending on the exact wording in the road traffic regulations, walking on red lights is at least 
not forbidden in some Europeans countries. E.g. in GB, §21 of the Highway Code advises that 
one “should only start to cross the road when the green figure shows“, in contrast to §34 whe-
re one “MUST NOT cross or pass a stop line when the red lights show“ (emphasis in original) 
at railway level crossings [11]. According to the Norwegian traffic rules, a red signal means that 
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one should not start crossing the road when it is not possible without obstructing traffic or 
involves danger [12]. As no accumulation of accidents is known from these countries, future 
implementation in Austria could be regarded as safe as in these countries.
For cyclists, right on red lights (at marked intersections) is an uprising concept partially alre-
ady implemented (as in Hamburg/Germany [13]) and partially in the evaluation phase (as in 
Brussels/Belgium [14], Paris/France [15] and Basel/Switzerland [16]). No negative effects are 
known from this measure that allows cyclists to turn right at dedicated intersections even 
when facing a red light. In the State of Idaho, the Idaho Stop Law is in effect since 1982, 
allowing cyclists to treat stop signs as yield signs and red traffic lights as stop signs [17]. Also 
no increase of accidents could be seen there. On the contrary, research shows that cycling is 
safer in places where the Idaho Stop Law is in effect [18].
Right turn on red (RTOR) is legal for cars in many states of the US since the 1970s [19]. It was 
implemented during the Oil Crises to save fuel and travel time [20] despite the fact that it 
increased accidents with pedestrians and cyclists by up to 100% [21]. This indicates that the 
concept is not as feasible for cars as it is for bikes and that in the USA economic considerati-
ons dominate over safety concerns.

6	 Discussion in Austria

Ulrich Leth first proposed the idea of legalising red walking in a carefully argued article in 
an Austrian nationwide newspaper in November 2013 [22]. One week later, public service 
television and radio took on the topic often reducing the message to “pedestrians should ge-
nerally be allowed to cross against red lights”, which led to a public outcry. Nearly all political 
parties, both automobile lobbying organisations, the Ministry of Transport and the Austrian 
road safety association opposed the idea without even seriously considering it [23][24][25]. 
Not to mention various personal verbal attacks against the author. 
The three major reasons for opposing the proposal were: (1) Uncertainty about the accounta-
bility of the car driver in case of an accident. This could be easily resolved by reformulating 
the road traffic regulations accordingly (as in e.g. Great Britain). (2) Working international 
examples cannot be transferred to Austrian conditions, critics say. (3) The role-model func-
tion for children is undermined when adults walk on red lights. This appears to be the only 
reasonable argument. However, already now children are excluded from the “principle of 
legitimate expectations” valid in Austria, meaning that a car driver has to exert special care 
any time approaching a child in traffic. Society should aim at providing a child-friendly traffic 
rather than produce traffic-friendly children [26]. At least the cycling commissioner for Vienna 
and the cycling lobby supported the idea of RTOR for cyclists [27][28]. We have learned from 
this discussion that despite the weaknesses of the current traffic rules (disobedience, lack of 
safety, etc.) are known, innovative ideas are not welcome and will be instinctively opposed 
in the first reaction.

7	 Conclusion

We started by analyzing a study about red walkers’ motives and pedestrian accidents in Vi-
enna concluding that neither green traffic lights nor marked crossings provide pedestrians 
and cyclists with the intended safety. Partly because of this, partly due to the fact that pe-
destrians are discriminated by short green times and long waiting times, red lights are often 
ignored. We propose to legalize this behaviour and reimplement self-responsibility in the 
road traffic regulations. Pedestrians and cyclists are able to cross red lights and stop signs 
without safety concerns as they have a direct, unobstructed perception of their surroundings. 
International examples show that this is feasible and safe. Reactions in Austria show that it 
is still a long way to go.



Urban Transport880
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

References
[1]	 TheWashCycle – The Myth of the Scofflaw Cyclist, http://washcycle.typepad.com/home/2008/07/

the-myth-of-the.html, 10.02.2014.

[2]	 The Ney York Times – In a Car-Culture Clash, It’s the Los Angeles Police vs. Pedestrians, http://www.
nytimes.com/2013/12/26/us/in-a-car-culture-clash-its-los-angeles-police-vs-pedestrians.html, 
10.02.2014.

[3]	 Schmitten, P.: Zur Diskussion: Kennzeichenpflicht für Fahrräder?, in mobilogisch!, Zeitschrift für 
Ökologie, Politik und Bewegung, Heft 2/2013, http://www.mobilogisch.de/aktuell/41-ml/artikel/153-
kennzeichenpflicht-fuer-fahrraeder.html, 23.02.2014.

[4]	 Masterplan Verkehr Wien 2003 – Evaluierung 2013. Werkstattberichte 135, Magistrat Wien, MA 18, 
Stadtentwicklung und Stadtplanung, 2013, http://www.wien.gv.at/stadtentwicklung/studien/pdf/
b008353.pdf

[5]	 Zahlen und Fakten zum Wiener Radverkehrsnetz, http://www.wien.gv.at/verkehr/radfahren/
radnetz/fakten.html, 10.02.2014.

[6]	 Verkehrsunfallstatistik 2011, Kuratorium für Verkehrssicherheit, http://www.kfv.at/unfallstatistik/
index.php?id=57, 23.02.2014.

[7]	 Ziele – Verkehrssicherheitsprogramm Wien 2005 bis 2020, http://www.wien.gv.at/verkehr/
verkehrssicherheit/programm/ziele.html, 10.02.2014.

[8]	 Robatsch, K., Mailer, M. & Franzl, E.: Rotgeher. Pilotstudie zur Problematik der Fußgängerquerung 
bei rotem Licht auf lichtsignalgeregelten Kreuzungen, 1. Auflage, Kuratorium für Verkehrssicherheit, 
2002.

[9]	 Goodyear, S.: The Invention of Jaywalking, in: The Atlantic Cities, 24.04.2012, http://www.
theatlanticcities.com/commute/2012/04/invention-jaywalking/1837/.

[10]	Van Waeg, G.: Training our children – to wait for green, or – to cross when safe?, http://www.call.
walk21munich.com/presentations/BS202_GeertvanWaeg.pdf, 23.02.2014.

[11]	 Rules for Pedestrians (1 to 35). The Highway Code, https://www.gov.uk/rules-pedestrians-1-to-35, 
22.02.2014.

[12]	Forskrift om offentlige trafikkskilt, vegoppmerking, trafikklyssignaler og anvisninger (skiltforskriften), 
http://lovdata.no/dokument/SF/forskrift/2005-10-07-1219/KAPITTEL_12#%C2%A724 (Norwegian), 
22.02.2014.

[13]	Informationen zum grünen Pfeil, http://www.hamburg.de/start-gruener-pfeil/, 22.02.2014.

[14]	La région bruxelloise teste le tourne-à-droite cycliste, http://www.gracq.be/NEWS-2012-06/
InaugurationTourneADroite, 23.02.2014.

[15]	Au feu rouge, je passe?, http://www.paris.fr/pratique/deplacements-voirie/velo/le-tourne-a-droite/
rub_9931_stand_114216_port_24784, 22.02.2014.

[16]	Pilotversuch für velofreundliche Lichtsignalanlagen gestartet – Basel nimmt schweizweit Vorreiterrolle 
ein, http://www.medienmitteilungen.bs.ch/showmm.htm?url=2013-06-17-bd-001, 22.02.2014.

[17]	Idaho Statutes, Title 49 – Motor vehicles, Chapter 7 – Pedestrian and bicycles, 49-720, http://
legislature.idaho.gov/idstat/Title49/T49CH7SECT49-720.htm, 23.02.2014.

[18]	Meggs, J.: stops as yields – safety and effects of the Idaho law, http://www.ecf.com/wp-content/
uploads/Meggs-J-Stops-as-yields.pdf, 23.02.2014.

[19]	42 U.S. Code § 6322 – State energy conservation plans, http://www.law.cornell.edu/uscode/
text/42/6322, 22.02.2014.

[20]	Right turn on Red!, http://energy.gov/articles/right-turn-red, 22.02.2014.

[21]	The Effect of Right-Turn-On-Red on Pedestrian and Bicyclist Accidents. Final Report. US Department 
of Transportation, Oct. 1981, http://ntl.bts.gov/lib/25000/25600/25603/DOT-HS-806-182.pdf, 
23.02.2014.



Urban Transport 881
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

[22]	Rote Ampeln sollten nur noch für die Autos gelten, in Die Presse, 14.11.2013, http://diepresse.com/
home/1479801/Rote-Ampeln-sollten-nur-noch-fur-die-Autos-gelten. 

[23]	Bei Rot über Kreuzung sorgt für Kritik, in ORF.at, 22.11.2013, http://wien.orf.at/news/stories/2616181/.

[24]	„Bei Rot über Kreuzung wäre sehr gefährlich“, in Kurier, 22.11.2013, http://kurier.at/chronik/wien/
bei-rot-ueber-kreuzung-waere-sehr-gefaehrlich/37.076.717.

[25]	Rot oder rascher tot? Das Rotlicht soll Rotlicht bleiben!, in Die Presse, 10.12.2013, http://diepresse.
com/home/meinung/gastkommentar/1502355/Rot-oder-rascher-tot-Das-Rotlicht-soll-Rotlicht-
bleiben.

[26]	Rote Ampeln nur für Autos, in mobilogisch!, Zeitschrift für Ökologie, Politik und Bewegung, Heft 
1/2014.

[27]	Radfahrer: „Abbiegen bei Rot in einem Pilotprojekt testen“, in Der Standard, 13.12.2013, http://
derstandard.at/1385171021588/Radfahrer-Abbiegen-bei-Rot-in-einem-Pilotprojekt-testen.

[28]	Ja zu Rechts bei Rot nach internationalem Vorbild, Radlobby, 28.11.2013, http://www.radlobby.at/
cms/artikel/datum/2013/11/28/ja_zu_rechts_bei_rot_fuers_radl_nach_internationalem_vorbild.
html.





Urban Transport 883

Public participation for successful 
traffic and transport planning

Volker Blees
Verkehrslösungen Blees, Germany

Abstract

In planning and building transportation infrastructure, citizens are increasingly demanding more 
information and rights of participation. This contribution for CETRA 2014 illustrates the state of 
the art of public participation in Germany and shows why participation makes sense, who sho-
uld take part in the process of planning, at which point, and the methods that should be used. 
The aim of public participation is to improve the involvement of citizens in planning. It is 
important to increase the appreciation of citizenship, politicians and administration for each 
others’ concerns and duties. For traffic and transport planners, it is useful to get ideas and pro-
posals from experts of ‘everyday life‘. Experience shows, that public participation positively 
influences the planning process and improves the level of acceptance for planning projects. 
For the procedure of participation, the following three target groups have been identified, 
each with a different role and professional competence: institutional stakeholders (admini-
stration, parliamentary groups etc.), citizen and lobby groups (citizens´ action groups, lobbies 
etc.) and the general public (people living in the planning area and other concerned persons).
The different forms of participation have to address the interests and capabilities of the 
different groups. The simplest way of participation is the transmission of information to the 
citizens and the exploration of their interests and opinions. In both cases communication 
only runs in one direction: from planner to citizen or vice versa. In more intensive forms of 
participation a two-way exchange occurs. The most intensive type of participation is one 
where co-operation takes place, where citizens and professionals work together. During the 
last few years different methods of public participation have been developed. In present-
day Germany citizen forums and workshops are wide-spread. For concrete tasks of urban 
planning, ‘planning factories’ have been used. Participation via electronic communication 
media is quickly gaining in importance.

Keywords:	publicity, traffic planners, citizen, policy, public participation, communication, 
mediation, media, e-participation

1	 Introduction

Public attitude concerning the build of new road and railways has changed in the last deca-
des. Many citizens judge large building projects critically and are protesting against them. 
The motivations for such protests are versatile:
·· disapproval of the building of transportation infrastructure in one’s neighbourhood;
·· environmental and social concerns: protection of natural and cultural assets;
·· discontent with traffic policies that support highspeed railways and highways;
·· desire to use public funds for other purposes;
·· suspicion of federal plans and projects;
·· disapproval of an enforcement related policy – and planning style.
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Citizen protests frequently result in project delays due to changes in procedures and prose-
cution on the one hand. On the other hand the protests divide the people and the politicians. 
In the time period between 2009 to 2011 the German project “Stuttgart 21” has attracted a 
high level of public attention. The existing above-ground, dead end main station in the middle 
of the major city Stuttgart (approx. 600.000 citizens) is supposed to be replaced with an un-
derground railway station. Ever since the unveiling of the plans, a sizeable alliance consisting 
of citizens and NGOs have protested vehemently against the project [1]. As a result “Stuttgart 
21” has became a highly sensitive issue in German domestic policy.
The protests against “Stuttgart 21” have, in affect, forced the academic and policymaking 
world to take a hard look at public participation, resulting in several publications with policy 
recommendations. Examples are the “guide for a proper public participation” from the Fe-
deral Ministry of Transportation [2] and the social science-based publication “in-time public 
participation for efficient traffic infrastructure planning” [3].
This paper illustrates the state of the art of public participation in Germany. The article expla-
ins why public participation is necessary and who should be engaged to apply the correct 
method in the appropriate time frame. This paper relies on an article entitled “advice for 
participation and cooperation in traffic planning” [4], published by the FGSV (German Road 
and Traffic Research Association), and written by this author, who is also a member of the 
relevant task force.

2	 Goals of public participation

Major goals of public participation are in fact: 
·· Strengthening of participation and transparency: plans should not be made “on the sly” 
behind citizens backs.

·· Encouragement and understanding between citizens, policy makers and administration of 
the relevant concerns or tasks: knowledge of the motives of other parties reinforces accep-
tance. 

·· Applying ideas and proposals based on the view of the user (knowledge acquired from daily 
life) makes fieldwork easier for the planner.

·· Positive influence on planning process and preparation of social and political acceptan-
ce: experiences show that public participation leads to an improved understanding and a 
higher level of acceptance of the project.

To achieve these aims some requirements have to be considered. One important fact is that 
the “rules of the game” are clearly defined to the citizens. For instance, it must be clarified 
that the public only has advisory function. All decisions concerning the project are finally 
made by the democratic elected parliament. Continued participation at early stage is also 
very important: helpful suggestions of citizens can only be considered properly in the early 
course of project. If citizens are informed of plans after they have been finalized, resistance 
is practically inevitable . Furthermore, the different groups of society must be addressed and 
involved in the participation. Based on past experiences, women, children and adolescents, 
employees and migrants are mostly underrepresented. Therefore, these groups deserve spe-
cial focus and participation procedures should be customized to meet their needs. 
In conclusion, sufficient resources must be made available for the procedure of participation. 
Although participation may require financial resources, by taking the proper precautions, 
other financial expenses, such as legal expenses from lawsuits, can be avoided. 

3	 Stakeholders in public participation

There are three different groups of addressees who differ from each other in their role and 
expertise (Figure 1).
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Figure 1	 Public in traffic planning [4]

3.1	 Institutional

Agencies, administrations and political committees belong to the institutional stakeholders. They 
are traditionally embedded in the planning process and deal with professional traffic planning tasks. 

3.2	 Citizen and lobby groups

Citizens and lobby groups can be summarized as organized groups. Mostly, they consist of 
voluntary representatives. Although they consist predominantly of laymen, many citizens’ 
initiatives have developed excellent expertise. 

3.3	 General public

General public includes both, residents as well as further interested and concerned persons. 
They consist predominantly of volunteers. This has to be considered by using a common, 
coherent type of language and presentation.
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4	 Different types of public participation

The different types of participation have to cover the interests and options of the different 
groups. The basic purpose of participation is first, to elicit information and opinions from 
citizens, and second, to inform citizens about the current status of a planning project. In both 
instances the communication channel runs in one direction, from planners to citizens or vice 
versa. The purpose of gathering information and opinions is to understand attitudes, evaluate 
the level of knowledge and the behaviour of citizens. Thus, hints to conflicts and potential 
cooperation in planning can be extracted, especially at the beginning stages of planning. 
Informing citizens is important for imparting the goals and contents of planning and gives ci-
tizens the opportunity to form their own opinions. Accordingly, it is fundamental to communi-
cate which parts of the planning process are only loose ideas and which are already concrete 
determinations – in every stage of planning.
During public participation sessions, an exchange takes place between planners and citizens. 
By expressing their demands and opinions in hearings or assuming the role of a planner in 
task forces, they take an active part in the planning process. 
The most intensive type of participation is a cooperation, where professionals and laymen 
work together to solve problems. Intensive communication, working towards a common de-
nominator and compromises are the significant attributes of this type of participation.

Figure 2	 Different participation and cooperation types [4]
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New types of participation and cooperation will evolve with the expansion of the internet 
and modern media. On the one hand these new technologies increase the possibilities for 
reaching the general public and eliciting feedback. On the other hand there are risks asso-
ciated with the speed and ease at which information is transmitted. For instance, these new 
communication forms are so dynamic that it is becoming more difficult to prevent the sprea-
ding of false information.

5	 Techniques of public participation

During the past few years, many different techniques for participation have developed, which 
are suitable for various types of participation at different planning stages. Citizen surveys are 
very useful for eliciting opinions, especially at the beginning stages of planning. Quantitative 
methods in form of questionnaires as well as qualitative surveys (interviews with individuals 
or groups) are useful in this regard. In several cities complaint management systems have 
been implemented, the results of which provide important feedback for future planning.
For information and opinion making, different types of media can be used: websites, newspa-
pers, flyers for households, posters, exhibitions and so on. Open councils allow planners 
to go into greater detail with their plans and to address emerging questions from citizens. 
Excursions through the city can be very helpful as well, because plans can be explained better 
while on location. In contrast to using maps, excursions give citizens a real-life example of 
completed projects.
As far as types of participation, citizen forums and citizen workshops are the most prevalent 
in Germany. Together, citizens and experts discuss plans to develop their own solutions. A 
new possibility of participation is e-participation. In chats and newsgroups citizen are able to 
evaluate solutions, to communicate their ideas and comment on suggestions of others. One 
example of this is the online participation in the transport development plan of Bremen [5].
Further types of participation are roundtables as well as mediations. Their main goal is finding 
solutions for existing and foreseeable conflicts in planning.

6	 Conclusion

Public participation is an important part of traffic planning processes and is gaining increa-
sing influence. Awareness about the importance of public participation is prevalent in Ger-
many. In a current survey, for example, the Federal Association of German Industry and other 
marketing associations advance the view of a proper and comprehensible information of the 
citizen about projects. They also recommend an intensive participation at earlier stages of 
planning [6]. In recent strategic traffic development planning (“sustainable urban mobility 
plans” (SUMP)), continuous public participation plays a major role [7].
Recent experiences have shown that public participation is not a universal remedy that solves 
contentious conflicts. For example, in conflicts involving conservation areas or private proper-
ty, a solution might involve more than public participation. Nonetheless, public participation 
can help to work towards a concrete solution. Public participation can increase the accpetan-
ce of transportation planning projects, which in turn can improve the final outcome of project. 
For successful public participation, transportation planners will have to improve their skills 
at preparing and implementating public participation sessions. Assistance from professional 
moderators might be necessary as well. 
In summary, public participation is an expression of culture. It describes the process of inte-
raction between state and citizen. Correspondingly, the experiences made in Germany cannot 
be identically adapted to other countries. An international exchange of experiences and best 
practices can help to accelerate the learning process for all stakeholders.
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The impact of public transport performance 
improvements on sustainable urban mobility 
– an example of the City of Zagreb
Davor Brčić, Marko Slavulj, Dino Šojat
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Abstract

The global urbanisation process in the world is considering urban mobility as its top priority. 
Therefore, the public transport becomes more significant because of its spatial, energetic, 
economic and environmental advantages over other modes of transport and thus becomes 
the framework of sustainable mobility in most cities. Furthermore, the strengthening of public 
transportation in urban areas produces additional requirements in terms of its efficiency and 
operability. This is especially related to public surface transport (trams and buses) which is 
not segregated from other traffic, so the public transport process is constantly interfering 
with other vehicles sharing the same urban network. Consequently, this influence of other 
vehicles leads to commercial speed reductions in public transport and thus the attractiveness 
of public transport becomes significantly lower. The previous research on this subject has 
concluded that the yellow lane enforcement (as part of public transport priority by legisla-
tion) can lead to better transport process (travel times, network occupancy, and reliability) 
and other positive effects (energy savings, impact on the environment, reduction of external 
costs) at the entire urban network. This paper presents an analysis of priority by legislation for 
the entire tram network in the City of Zagreb – the main attention is dedicated to yellow lane 
contravention in the peak hour. The analysis of the research conducted in this paper, related 
to operational features and shared space characteristics, provided conclusions regarding the 
significance of interferences and possible improvements in both efficiency and effectiveness 
of tram network in the City of Zagreb.

Keywords:	 tram traffic, tram priority, network speed, City of Zagreb

1	 Introduction

The basic principle of sustainable urban mobility is the modal shift of city trips in favour of 
public transport. Therefore, the public transport has to operate at peak efficiency in order to 
attract as many as passengers possible. There are two basic parameters of public transport 
efficiency: dwelling time at stops and running time along station spacings. Both parame-
ters have impact on the operating speed at individual public transit lines and the network 
commercial speed associated with quality of service. Desirable running times can be achieved 
by applying public transport priority, in form of:
·· priority by segregation;
·· priority by legislation;
·· signal priority.

28–30 April 2014, Split, Croatia
3rd International Conference on Road and Rail Infrastructure



Urban Transport890
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

1.1	 The background of the research

Public transport priority is a subject of much research because it plays a significant part in 
quality of service. In recent times, different kinds of solutions related to priority have been 
developed in order to increase performance of public transport network. Pyrgidis & Chatzi-
paraskeva (2012) studied signal priority of tram network in Athens and found that it is possi-
ble to expect increases in commercial speed between 15 % and 25 % [2]. Within the Civitas 
project family, many measures related to public transport have been implemented. Such of 
the measures are: new traffic lights and bus priority in Malmö, bus priority in Prague, public 
transport priority in Ljubljana, Rotterdam, Kraków and Suceava, bus rapid transit corridors in 
Toulouse, Lille and San Sebastián, new traffic light regulation in Vitoria-Gasteiz, yellow lane 
surveillance in Perugia and high-mobility corridor in Genova. All the measures resulted in 
commercial speed increases, travel time reductions and eventually, passenger satisfaction 
linked to modal shift [3].
The Civitas-Elan project was carried out in Zagreb, with one of the measures named „Giving 
priority to public transport“. Signal priority was implemented at three intersections in Savska 
Street, resulting in 5 % time saving for the entire corridor [4]. In addition, a pilot-project was 
carried out which involved yellow lane enforcement by traffic police at the same corridor. 
Significant time saving of 25 % throughout the corridor was achieved [1].
The analysis of yellow lane priority on a single tram line (line number 4) was conducted by 
Brčić, Slavulj & Šojat (2012). The data was collected by GPS logging units placed in trams. 
A nonlinear model was developed for the optimisation purposes, with minimisation of the 
number of transport units as the objective function and constraints derived from network 
limitations. By using the Solver (MS Excel) and Nonlinear Programming (WinQSB) modules, 
the optimisation resulted in commercial speed increase of 8 % and savings of one transport 
unit, which is 7 % of the total number of transport units on the line [5].

1.2	 Tram priority in the City of Zagreb

Tram network in Zagreb is a part of the urban road network, on which:
·· 53 % is segregated completely (green lanes);
·· 21 % is in separate road lanes (yellow lanes);
·· 26 % is shared with other modes of transport (white lanes).

Commercial speed of tram network in the City of Zagreb is has been declining from 15.4 km 
h-¹ (in 1999) to 13.0 km h-¹ (in 2009), which is approximately 16 % (Fig. 1). This decline is the 
result of the increasing usage of urban road network by private cars. Besides the private cars 
freely using the white lanes, an additional problem is created by yellow lane contravention, 
because there is not any kind of yellow lane enforcement present in peak hour. The increasing 
usage of urban road network by private cars is also the reason for shorter green light percen-
tages for trams at intersections. All these factors negatively influence the commercial speed 
of tram network in the City of Zagreb.
In the scope of priority by legislation, this paper presents a case study of the City of Zagreb 
and in particular, investigates what kind of changes would happen on tram network if yellow 
lane contravention was eliminated. This is done for peak hour because the probability of 
yellow lane contravention is highest for that period.
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Figure 1	 Commercial speed of tram network in the City of Zagreb [1]

2	 Methodology

The input data was obtained from Zagreb Electric Tram, which is the public transport service 
provider in Zagreb [6]. For each transit line (l) the following data was available for the peak 
hour:
·· capacity of transport units by type;
·· number of transport units by type;
·· operating speed (Vo,l);
·· total line length (LT,l);
·· total length of yellow lanes (LY,l).

From the data above the following can be derived:
·· addition of the capacities of transport units by type gives the line capacity (Cl);
·· addition of line capacities gives the network capacity;
·· addition of the number of transport units by type gives the number of transport units on a 
line (Nl).

The network commercial speed (V) is the average speed of the entire set of transport units 
on the network:

	 	 (1)

The yellow lane percentage on a transit line (pl) is the ratio of total length of yellow lanes and 
total line length:

	 	 (2)

The operating capacity on a transit line (Ql) can be derived from the fundamental equation of 
transport process in public transport network [7]:
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The research methodology in this paper is based on the results in Brčić, Slavulj & Šojat (2012), 
in which the tram line 4, with the percentage p4 produced increase in operational speed of i4. 
A simple linear model will be used to estimate the increases in operational speed (il) for each 
other transit line by knowing their yellow lane percentages (pl):

 
	 	 (4)

The assumption that justifies the proposed model is the fact that the transit line 4 has the 
highest percentage of yellow lanes in the network and, in addition, the line operates throu-
ghout the key sections of the city. This makes the line number 4 a representative for yellow 
lane contravention, so authors presume that exactly this line would produce the most cre-
dible linear model. From the increase, new operational speeds for each transit line (vo,l) can 
be derived:

	 	 (5)

Based on the model, two different scenarios are being considered by authors:
·· Scenario 1 – if the number of transport units on each transit line remains unchanged, the 
new network commercial speed (v) as the indicator of quality of service for passengers is 
sought the same way as in the Eq. (1);

·· Scenario 2 – if the operating capacity on each transit line remains unchanged, the new 
network capacity (c) as the indicator of savings for the operator is sought the same way as 
in the Eq. (3).

3	 Research results

The rolling stock of Zagreb Electric Tram is shown in Table 1 – there are currently seven diffe-
rent types of transport units by capacity.

Table 1 	  The rolling stock of Zagreb Electric Tram [6]

Designation Name Year Capacity
/ / / sps veh-¹
201+T TMK 201 with 591 1974 213
401 ČKD Tatra T4 1977 103
401+T ČKD Tatra T4 with B4 1977 217
301 ČKD Tatra KT4 1985 150
2100 TMK 2100 1994 242
2200 NT 2200 2005 202
2300 NT 2300 2009 130

Table 2 shows the layout of each type of transport unit on each transit line, and also the total 
number of units on each line in transport units (veh) as well as the line capacity in spaces 
(sps). This gives the network capacity of 34,872 sps made by 179 veh operating in peak hour.
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Table 2 	  Tram rolling stock matrix [6]

Line 201+T 401 401+T 301 2100 2200 2300 Nl Cl

/ veh veh veh veh veh veh veh veh sps
1 5 5 750
2 3 11 14 2861
3 8 8 1200
4 4 10 14 2888
5 8 4 12 2744
6 4 12 16 3292
7 4 12 16 3292
8 5 5 1085
9 9 1 10 1480
11 18 18 3636
12 15 15 3030
13 9 1 10 1480
14 4 12 16 3292
15 2 2 206
17 18 18 3636

Table 3 shows the input parameters for each transit line in order to get yellow lane percentage 
in percents (%) and operating capacity in spaces per hour (sps h-¹). Using Eq. (1), the network 
commercial speed in 2012 becomes 12.4 km h-¹, which is an even higher decline of 20 % com-
pared to 1999 (the decline of network commercial speed was 16 % in 2009 compared to 1999).

Table 3 	  Parameters of tram network prior to implementation of the linear model

Line Name Vo,l LT,l LY,l pl Ql

/ / km h-¹ m m % sps h-¹
1 Zapadni kolodvor – Borongaj 11.5 12022 1501 12 714
2 Črnomerec – Savišće 12.4 21784 4686 22 1625
3 Ljubljanica – Savišće 12.7 20766 3022 15 735
4 Savski most – Dubec 11.7 25186 16014 64 1337
5 Prečko – Kvaternikov trg 11.2 25182 2989 12 1224
6 Črnomerec – Sopot 13.1 20820 3584 17 2070
7 Savski most – Dubrava 13.6 26108 6655 25 1716
8 Mihaljevac – Zapruđe 13.2 16768 1055 6 857
9 Ljubljanica – Borongaj 10.8 14754 4936 33 1084
11 Črnomerec – Dubec 12.9 23978 13421 56 1949
12 Ljubljanica – Dubrava 11.7 18682 10418 56 1893
13 Žitnjak – Kvaternikov trg 11.5 22736 3918 17 746
14 Mihaljevac – Zapruđe 14.1 25650 3688 14 1806
15 Mihaljevac – Dolje 14.8 5422 0 0 562
17 Prečko – Borongaj 11.8 25356 3900 15 1694

After the implementation of the simple linear model, the results for each transit line are shown 
in Table 4 as increases in operational speed (%), new operational speeds in kilometres per 
hour (km h-¹) and new capacities (sps). The constant in Eq. (4) is 0.127, which means that for 
every percent of yellow lanes on the line there will be about one eight of percent of increase 
in operational speed.
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Table 4 	  Parameters of tram network after the linear model

Line Name il vo,l cl

/ / % km h-¹ sps
1 Zapadni kolodvor – Borongaj 1.6 11.6 738
2 Črnomerec – Savišće 2.7 12.7 2785
3 Ljubljanica – Savišće 1.8 13.0 1178
4 Savski most – Dubec 8.1 12.6 2672
5 Prečko – Kvaternikov trg 1.5 11.4 2703
6 Črnomerec – Sopot 2.2 13.4 3222
7 Savski most – Dubrava 3.2 14.1 3189
8 Mihaljevac – Zapruđe 0.8 13.3 1076
9 Ljubljanica – Borongaj 4.2 11.3 1420
11 Črnomerec – Dubec 7.1 13.8 3395
12 Ljubljanica – Dubrava 7.1 12.5 2830
13 Žitnjak – Kvaternikov trg 2.2 11.7 1448
14 Mihaljevac – Zapruđe 1.8 14.3 3233
15 Mihaljevac – Dolje 0.0 14.8 206
17 Prečko – Borongaj 2.0 12.0 3566

The final results for each scenario are the following:
·· In scenario 1, the network commercial speed for the same number of transport units rose to 
12.8 km h-¹, which is an increase of 3.6 %;

·· In scenario 2, the network capacity for the same operating capacity dropped to 33,662 sps, 
which is a decline of 1,210 sps, or 3.5 %.

The savings in network capacity can be imagined as the removal of 6.0 veh of 2200, 5.0 veh 
of 2100, or the entire transit line number 3.

4	 Discussion

In the scope of the two scenarios presented in this paper, the linear model has its drawbacks. 
Firstly, the probability of yellow lane contravention is extremely complex because it depends 
on various factors. Such factors are traffic flows next to yellow lanes, pedestrians at crossings, 
etc. In addition, yellow lane contravention shows different patterns in different parts of tram 
network because it is subject to the cumulative effect. Therefore, the linear model used to 
describe yellow lane contravention on other transit lanes can only serve as an approximation. 
In reality, it is necessary to develop an empirical model which would provide the data for each 
part of the network separately.
Another drawback is the assumption that it is possible to establish relationship between 
yellow lane contravention and operating speed while in reality that relationship is only indi-
rect. The yellow lane contravention has impact solely on the running times (it has no influence 
on dwelling times at stops whatsoever). The justification in this case is the lack of detail in the 
available data. The data should contain running times for the entire tram network, and even 
more precise, running times for every section by type of segregation as in the methodology 
presented in Brčić, Slavulj & Šojat (2012).
The transportation process used in this paper is also simplified, so it is very roughly presented 
when considering terminal times (linearity assumed) or critical volume-to-capacity ratios of 
transport units (100 % assumed). Those elements play a very important part in the optimisa-
tion model, so they have to be taken into account.
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From the passenger perspective, the 3.6 % increase in network commercial speed is not 
very significant, but if yellow lane contravention was eliminated, the quality of service would 
sharply increase because large oscillations of travel times would also be eliminated, so pass-
engers would not have to input time surplus for the worst case scenario trip, and by this their 
travel time could be expected to become smaller anyway. Even small increases of network 
commercial speed can significantly reduce external costs of travel.
Although the savings in network capacity are 3.5 %, they can also be significant because the 
removal of transport units results in considerate reductions of personnel costs, vehicle opera-
ting costs, vehicle maintenance costs, network congestion and the probability of disruptions 
in power grid even for a small number of units.

5	 Conclusions and suggestions

The research conducted in this paper showed that possible elimination of yellow lane contra-
vention (which can be achieved by yellow lane enforcement) brings significant improvements 
in tram network, interpreted as network commercial speed increase (3.6 %) or network capa-
city decrease (3.5 %). The benefits are cost reductions and better quality of service. Based 
on previous experiences and the ones obtained in this paper, if every kind of priority was 
combined together, authors estimate that network commercial speed in the City of Zagreb 
could increase up to 30%.
Transport process in this paper was simplified to adapt to the input data. However, the mutual 
interaction of elements and constraints from the optimisation process itself require thinking 
of the optimisation process as a nonlinear problem, which has to be solved by appropriate 
software tools. For such a problem, the input data has to have sufficient quality and the 
amount of detail.
To ensure better quality of the input data, a geo-referenced network with all the necessary 
features and with the possibility to change in time is recommended. Also, the tram priority 
can sometimes leave the negative impact on the road network, so the only way to estimate 
the consequences is the usage of simulation tools. Only in such manner tram network can be 
successfully maintained from the traffic technology perspective.
In the near future, it is necessary to fully examine the dynamic efficiency of tram network in 
the City of Zagreb (to include all possible elements influencing network commercial speed). 
Such a study would reveal the weak points on the network (points with the lowest capacity), 
and appropriate corrections done on those points would result in better network commercial 
speed and consequently, better quality of service for passengers.
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Abstract

In the framework of this paper, VMS systems in two arterial streets in the central area of the 
city of Thessaloniki, Greece, are evaluated from the user point of view. Evaluation is based 
on a questionnaire-based survey which took place in Thessaloniki, during September 2013. 
A total number of 167 questionnaires addressed to drivers who use the under study road 
segments were collected and analysed. According to the results of the survey, drivers are 
generally in favour of the VMS system but they ask for different types of information to be 
displayed apart from the travel time. It was found that “time” is considered to be the most im-
portant factor for the drivers in order to choose their route, compared to “cost” and “comfort”. 
In addition, the majority of the drivers do not have confidence in the VMS message. It seems 
that a substantial part of the drivers continue their trip in case of a traffic congestion message. 

Keywords:	Variable Message Signs, evaluation, driver information, traffic

1	 Introduction

Variable Message Signs (VMS) is an application of changeable traffic labelling systems that 
play a significant role in traffic control and management of road networks in many countries 
all over the world. VMS provide the drivers with pre-defined and real time information and are 
usually installed on the side or above the road. The content of the messages displayed, varies. 
It refers to the current traffic and weather conditions, the location of a traffic accident, special 
events (i.e. cultural or sports events) in the nearby area, travel time, alternative routes in case 
of congestion, etc. An important study about the evaluation of VMS on the highway network 
(e.g., impact on traffic flow, road safety, environment) was conducted for the Slovenian part of 
Corridor V [1]. In the framework of an evaluation concerning ITS applications in the VIKING area 
i.e. Finland, Sweden, Norway, Denmark and Northern Germany various VMS applications were 
also examined [2]. It must be noticed that accuracy and relevance of the information provided 
by the VMS is an important factor for their success [3]. The issues of VMS harmonisation and 
interoperability are also very important and they have been addressed in a report by CEDR’s 
Task Group O9 [4]. Finally, the environmental impacts of VMS are also important [5]. 
In the framework of this paper, VMS systems in two arterial streets (Queen Olga, Konstantinos 
Karamanlis) in the central area of the city of Thessaloniki, Greece, are evaluated from the 
user point of view. It must be mentioned at this point that the two VMS under investigation 
are located at strategic points of the road network in order to inform drivers who are directed 
towards the city centre. They usually provide information about travel time for specific desti-
nations in the city centre. Evaluation is based on a questionnaire-based survey which took 
place in Thessaloniki, during September 2013 in the framework of the research activities of the 
Faculty of Rural & Surveying Engineering of the Aristotle University of Thessaloniki [6]. A total 
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number of 167 questionnaires addressed to drivers who use the under study road segments 
were collected and analysed.

2	 Design of the questionnaire

For the purposes of the specific research a questionnaire was designed. This questionnaire was 
addressed to the drivers who use the road network where the VMS are installed. The first part 
of the questionnaire refers to the socio-economic characteristics of the interviewee as follows:
·· Gender
·· Age: 18-30, 31-45, 46-60 and >60 years old;
·· Occupation: a) employee in the public sector, b) student, c) homemaker, d) self-employed 
worker, e) employee in the private sector, f) pensioner, g) other;

·· Household: a) number of members, b) number of private cars.

Questions about the income and education level were avoided because of the possibility to 
obtain wrong answers. The second part of the questionnaire refers to the trip of the inter-
viewee as follows:
·· Number of years driving: 1-2, 3-5, 6-10, 11-15, 16-25, >25;
·· Number of trips made through the city center during a typical weekday (i.e. Monday to Fri-
day) with a private car as a driver or as a passenger: a) once a day, b) 2-3 times per day, c) > 
3 times a day, d) 1-2 times per week, e) 3-4 times per week, f) 1-2 times per month;

·· Number of trips during Saturday and during Sunday;
·· Common trip purpose towards the city center: a) work, b) trade activities, c) recreation ac-
tivities, d) other.

·· Main road corridor used to access city centre & trip origin (street address, area);
·· Factors considered being the most important for route selection: a) cost, b) time, c) comfort 
(interviewees had to choose one of the following answers as far as each one of the three 
factors are concerned: a) not at all, b) not much, c) enough, d) a lot, e) very much).

The third part of the questionnaire refers to the utilization of the VMS and the recognition of 
the information provided as something which is significant:
·· Observation of the VMS: a) yes, b) no;
·· Degree of utilization of the information provided in case of positive answer in the previous 
question: a) not at all, b) not much, c) a lot;

·· Confidence for the information provided: a) not at all, b) not much, c) a lot, d) very much;
·· Impact to decision taking because of the VMS (e.g. alternative route): a) not at all, b) not 
much, c) enough, d) a lot, e) very much;

·· Possible action in case of important message concerning traffic congestion: a) continue my 
trip without any change, b) change route, c) change transport mode (e.g., from private car 
to public transport, taxi etc.), d) cancel trip, e) other.

·· Belief that VMS can contribute to the reduction of traffic congestion: a) not at all, b) not 
much, c) enough, d) a lot, e) very much;

·· Type of information that is considered to be necessary to appear in the VMS (use of scale 
1-5 for the answers): Traffic conditions, Weather conditions, Traffic accidents, Location of 
traffic accidents, Possible road hazards, Work zones, Duration of travel, Possible alternative 
routes, Information for cultural events, Emergency situations.
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3	 Analysis of results

Hereinafter the analysis of the results of the questionnaire-based survey is presented with the 
use of descriptive statistics. As far as “gender” is concerned, 104 (62.3%) of the respondents are 
men and 63 (37.7%) are women. The age distribution of the respondents is presented in Table 1.

Table 1 	  Age distribution of the respondents

Age Frequency Percent Cumulative percent
18-30 78 46.7 46.7
31-45 49 29.3 76.0
46-60 32 19.2 95.2
>60 8 4.8 100.0

As presented in Table 2, the vast majority of the respondents are between 18 and 30 years 
old, something which can be explained as follows: either young people are characterized by 
increased mobility levels or they are more eager to take part to questionnaire-based surveys 
or both reasons exist at the same time. As far as the occupation of the respondents is concer-
ned, “homemaker” and “pensioner” appear to have the lowest values. “Driving experience” 
is presented in Table 2.

Table 2 	  Driving experience of the respondents

Years of driving Frequency Percent Cumulative Percent
<1 3 1.8 1.8
1-2 16 9.6 11.4
3-5 32 19.2 30.5
6-10 29 17.4 47.9
11-15 36 21.6 69.5
16-25 17 10.2 79.6
>25 34 20.4 100

As presented in Table 2, more than 50% of the respondents can be considered as “highly” 
experienced drivers (with more than eleven years of driving). Results concerning “number of 
cars” are presented in Table 3. 

Table 3 	  Number of cars in the households of the respondents

Cars Frequency Percent Cumulative Percent
0 4 2.4 2.4
1 69 41.3 43.7
2 60 35.9 79.6
3 22 13.2 92.8
4 10 6.0 98.8
5 2 1.2 100.0
Total 167 100 –

More than 77% of the respondents stated that they have one or two cars in their household. 
It is also found, as expected, that the larger the size of the household, the higher the number 
of cars they have. The number of trips made through the city center is presented in Table 4.
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Table 4 	  Number of trips made through the city center during a typical weekday

Trips Frequency Percent Cumulative percent
One /day 37 22.2 22.2
2-3 /day 35 21.0 43.1
> 3 /day 11 6.6 49.7
1-2 /week 39 23.4 73.1
3-4 /week 27 16.2 89.2
1-2 /month 18 10.8 100.0

As presented in Table 4, almost half of the respondents make more than one trip through 
the city center, and thus it can be considered that they are familiar with the road network of 
the specific area. The results concerning “trip purpose” of the respondents are presented in 
Table 5.

Table 5 	  Trip purpose of the respondents

Trip purpose Percent
Work 33.53
Trade activities 5.99
Recreation activities 35.93
Other 2.40
Combination of reasons 22.15

More than one third of the trips have “recreation activities” as purpose. This can be explained 
due to the fact that the city center is characterized by a large number of land uses related to 
recreation. The factors affecting drivers’ choice about their route are presented in Table 6. 
As presented in Table 6, “Time” is considered to be the most important factor for the drivers 
in order to choose their route, compared to “cost” and “comfort”. It is expected that some 
drivers do not note that there are VMS in the road network. It is also known that not all drivers 
show confidence in the VMS message. The combined results about these issues are presented 
in Table 7.

Table 6 	  Factors affecting the route choice 

Frequency Percent Cumulative Percent
Cost

Not at all 19 11.4 11.4
Not much 44 26.3 37.7
Enough 40 24.0 61.7
A lot 26 15.6 77.2
Very much 38 22.8 100.0

Time
Not at all 2 1.2 1.2
Not much 10 6.0 7.2
Enough 26 15.6 22.8
A lot 50 29.9 52.7
Very much 79 47.3 100.0
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Table 6 	  Factors affecting the route choice (continued)

Comfort
Not at all 18 10.8 10.8
Not much 30 18.0 28.7
Enough 54 32.3 61.1
A lot 34 20.4 81.4
Very much 31 18.6 100.0

Table 7 	  Level of confidence in the VMS message and VMS observation

Level of confidence for the message
Not at all Not much A lot Very much

Drivers who observe VMS in the road network 16 87 36 3
Drivers who do not observe VMS in the road network 22 3 0 0

As presented in Table 7, the majority of the drivers do not have confidence in the VMS me-
ssage. The impact to decision taking because of the VMS message (traffic congestion) is 
presented in Table 8. 

Table 8 	  Impact of VMS traffic congestion message to decision taking by the drivers 

Possible action Impact
Not at all Not much Enough A lot Very much

Continue my trip without any change 16 12 2 3 0
Change route 41 33 35 16 4
Change transport mode 0 0 1 0 0
Cancel trip 3 0 0 0 0
Other 0 1 0 0 0

It seems that the vast majority of the drivers either continue their trip or change their route in 
case of a traffic congestion message. Only a few drivers would prefer to change their transport 
mode or to cancel their trip. Table 9 presents the type of information that is considered to be 
necessary to appear in the VMS (mean values, scale 1-5).

Table 9 	  Type of information proposed to be presented in the VMS

Type of information Mean value
(scale 1-5)

Traffic conditions 4.13
Weather conditions 2.81
Traffic accidents 4.35
Location of traffic accidents 4.28
Possible road hazards 3.86
Work zones 3.98
Duration of travel 3.83
Possible alternative routes 3.57
Information for cultural events 2.30
Emergency situations 4.20
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As presented in Table 9, information about traffic conditions, traffic accidents in general and 
also specific information (e.g., location of an accident) and emergency situations are consi-
dered by the drivers as the most valuable types of information.

4	 Conclusions

Drivers have the tendency to question the displayed information in cases where this informa-
tion remains the same for long time periods. If the displayed travel time is not accompanied 
by the cause of an event, drivers do not change their travel behaviour. The location of the 
VMS installations is considered by the researchers to be a very critical factor for the success 
of the system. According to the results of the survey, drivers are generally in favour of the VMS 
system but they ask for different types of information to be displayed apart from the travel 
time. The majority of the drivers have enough experience in driving and they are also familiar 
with the under study road network. “Time” is considered to be the most important factor for 
the drivers in order to choose their route, compared to “cost” and “comfort”. In addition, the 
majority of the drivers do not have confidence in the VMS message. It seems that a substantial 
part of the drivers continue their trip in case of a traffic congestion message. In any case, these 
results can be used only as an indication of the users’ perception about the usefulness of the 
VMS system. Extensive questionnaire-based surveys which must be repeated over time are 
necessary to obtain more robust results.
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Abstract

Recently the evaluation of the travel time reliability has become great concern in transporta-
tion planning and many studies have investigated the travel time reliability. However most 
of them have focused on the reliability regarding road transports. Then the reliability of rail 
transport is focused on in this study. Authors have already investigated the departure time 
decision of railway users in Tokyo Metropolitan area (TMA) and developed a model describing 
a spare time for not being late behind the desired arrival time by considering the heteroge-
neity of the distribution of the late arrival. In order to estimate the coefficients of the model, 
we set a strong condition that the railway users in TMA recognized that the delay of arrival time 
obeyed exponential distribution. However the difference between the desired arrival time 
and the actual arrival time does not always obey exponential distribution. Then, we started 
the research to ease this strong condition by adopting the mixture distribution model. There 
are few studies investigating departure time decision dealing the mixture model. An internet 
survey was conducted to collect the data for the study. The question items are name of origin 
and destination stations, travel path, departure time, desired arrival time, required travel 
time, distribution of arrival time and socio-economic attributes.

Keywords:	urban railway, reliability of travel time, mixture distribution model 

1	 Introduction

Reliability of travel time is one of the important factors affecting mode choice and route choice 
behaviour. Recently, many studies have investigated variability of travel time and engaged 
in developing methodology to evaluate economic value of the travel time reliability. Most of 
them have focused on the reliability of road traffic. Meanwhile, research on the travel time 
reliability of railroad and air transport which operates based on the planned timetable has 
not sufficiently advanced so far.
We have investigated the travel time reliability of the railroad from the point of departure time 
decision of railroad users [1-4]. As the results of our previous studies, it becomes clear that 
railroad user prepares buffer time to deal with the delay of railroad. Furthermore, it indicates 
that the buffer time is influenced by several factors such as travel distance, usages frequency 
of railroad, and number of times of transfer.
In order to analyze the departure time choice behavior, we set a strong condition that the ra-
ilway users recognized that the delay of arrival time obeyed exponential distribution. However 
the difference between the desired arrival time and the actual arrival time does not always 
obey exponential distribution. Then, we got to work on research to ease this strong condition 
by adopting the mixture distribution model. There are few studies investigating departure 
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time decision dealing the mixture model. The contents of this paper is as follows. In chapter 2, 
the data used for the analysis is descrived. In the chapter 3, the charactoristics of the differen-
ce between the desired and realized arrival times is examined. In chapter 4, Gaussian Mixture 
Model (GMM) is applied to estimate the probability density function of the difference between 
the desired and realized arrival times. In chapter 6, the results of this paper is summarized.

2	 DATA

A web survey utilizing the internet was conducted in this study. The respondents were moni-
tors of the Macromill, INC. summary of the survey was shown in table 1.

Table 1 	  Summary of web survey.

Conditions of the respondents Resident area: Tokyo, Kanagawa, Saitama, and Chiba prefectures 
Age: over 15 years old  
Occupation: Yes 
Other condition: person who uses railway more than 5 days in a week

Date 2012.March,26-28
Number of respondents 1700
Valid respondents 1418

2.1	 Measurement of accuracy of arrival time

Table 2 shows the question about desired arrival time and Table 3 shows the question about 
the arrival situation. Data of the frequency of difference from the desired arrival time was 
produced by these questions. Data format is shown as table 4. 

Table 2 	  Inquiries about desired arrival time 

Question 1. What time is the most desired arrival time at the station of the destination?

Table 3 	  Inquiries about the arrival situation

Question 2-1. How many times do you arrive at the station within two 
minutes difference from the desired arrival time?
Answer: ( ) time(s) out of ten times

Question 2-2. How many times do you arrive at the station more than 
2 minutes before the desired arrival time?
Answer: ( ) time(s) out of ten times

Question 2-3. How many times do you arrive at the station more than 
2 minutes after the desired arrival time?
Answer: ( ) time(s) out of ten times

Question 3-1. Your answer of the Question 2-2 is ( ) time(s). Well then how many times do you 
arrive at the station more than 5 minutes before the desired arrival time?

Question 3-2. Your answer of the Question 2-2 is ( ) time(s). Well then how many times do you 
arrive at the station more than 10 minutes before the desired arrival time?

Question 4-1. Your answer of the Question 2-3 is ( ) time(s). Well then how many times do you 
arrive at the station more than 5 minutes after the desired arrival time?

Question 4-2. Your answer of the Question 2-3 is ( ) time(s). Well then how many times do you 
arrive at the station more than 10 minutes after the desired arrival time?
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Table 4 	  Data format of arrival situation

ID Early arrival Late arrival
More than 
10min.

 5 min. to 
10 min.

2 min. to 
5 min.

Within 
2 min.

2 min. to 
5 min.

5 min. to 
10 min.

More than 
10min.

1 1 1 1 2 3 0 2
2 0 0 2 3 5 0 0
3 0 2 2 2 2 2 0
… … … … … … … …
1313 0 0 1 8 1 0 0
1414 0 0 0 4 3 2 1

3	 Characteristics of the difference between the desired and realized 
arrival times

3.1	 Patterns of the difference between the desired and realized arrival time

The difference between the desired and realized arrival time was analyzed. After examining 
the data regarding the difference, it became clear that there were six, from (a) to (g), patterns 
as shown in the Figure 1. 

(a)	 symmetric pattern
	 (449/1418 cases)

(b)	 late arrival pattern 
	 (434/1418 cases)

(c)	 early arrival pattern
	 (41/1418 cases)

(d)	 on schedule pattern
	 (333/1418 cases)

(f)	 Uniformly symmetric
	 pattern (31/1418 cases)

(g)	 Nondesrict pattern
	 (130/1418 cases)

Figure 1	 Patters of the difference from the desired arraival time.
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4	 Methodology

4.1	 Mixture distribution model

Mixture distribution is the distribution that mixed plural distribution. The probability density 
function of mixture distribution is written in (1).

	 	 (1)

where:

M	 number of mixture components;
h (x;ωm)	 component distribution;
θ π ω= ≤ ≤{( ), } :m m M, m 1  parameter of distribution associated with component i, observation i;

πm	 mixture weight and it satisfies πm
m

M

=
=
∑ 1

1

.

In this study, Gaussian mixture distribution that is most general mixture distribution, is appli-
ed as the component distribution as shown in (2). 

	 	 (2)

where:

φ(x;μm,Σm)	 Gaussian distribution;
μm	 mean of component distribution;
Σm	 variance of component distribution.

By estimating the maximum likelihood estimators of the all parameters, the shape of the 
mixture distribution is obtained. However the number of component distribution, M, is un-
known so that the M is estimated by EM(Expectation-Maximization) algorithm. 

4.2	 Estimation results

The results of parameter estimation is described in this section. A table in the Figure 2 shows 
the estimated parameters such as weight, mean and variance. The number of components is 
four and each component is indicated by different colours. The graph shows the probability 
density function of each component. Furthermore, the probability density function of mixture 
distribution is shown by the black broken line. 
Reproducibility of the estimated mixture distribution is confirmed. Figure 3 shows the result 
of comparison between the histogram of the observation and the estimated probability of 
mixture distribution. As seen in the figure, the reproducibility of the mixture model to the 
observation is high. 

p( ) h( ).x; x; mθ π ω=
=
∑ m
m
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Figure 2	 Density functions of component distributions and mixture distribution

Figure 3	 Reproducibility of the estimated mixture distribution
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5	 Conclusion

Our previous studies regarding departure time decision of railway users, there was a strong 
condition that the railway user recognized that the delay of arrival time obeyed exponential 
distribution. However the difference between the desired arrival time and the actual arrival 
time does not always obey exponential distribution. Then, we commenced the research for 
easing this strong condition by appling the mixture distribution model.
In this study, we confirmed the availability of the mixture model which can consider the arrival 
situation such as arrival on time, arrival early and arrival late. The estimated mixture distribu-
tion can explain the characteristics of the arrival situation.
In this study, Gaussian distribution was applied to all component distribution. However, as 
shown in the Figure 1, there are several patterns in arrival situation. To consider this diversity 
of the arrival situation, we study the availability of mixture model that applied different dis-
tribution to component distributions.
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Abstract

The objective of this work is to analyse the accessibility of the people with disabilities or redu-
ced mobility using urban transport for health treatment. The study was conducted in the city 
of Campinas – Brazil, considered as a center of excellence in health care with two renowned 
courses in medicine: one at the State University of Campinas – UNICAMP and Pontifical Cat-
holic University of Campinas. For this purpose it was decided to analyse the stopping points 
of the public transport bus line 3:30 serving the Hospital of UNICAMP since this bus line has 
vehicles with equipment that allows access for people with mobility impairments. It was made 
a field survey georeferencing all bus stops and verifying for accessibility equipment, curbside 
cutouts, sidewalk conditions, tactile flooring, cover, bus schedule informations, etc. To per-
form the analysis was developed a Geographic Information System using MapInfo software 
(version 10.0) with the digital base provided by Campinas Municipal Development Company 
(EMDEC) which has as reference surface the Hayford ellipsoid, Córrego Alegre horizontal da-
tum and Universal Transverse Mercator (UTM) coordinate system. After the final analysis it can 
be concluded that none of the line bus stops has all accessibility equipments focused on the 
field survey. It is important to mention that the relevance of this study is not only by the results 
but by the small number of studies that deal with this very important topic for social inclusion.

Keywords:	accessibility, people with disabilities or reduced mobility, urban transport 

1	 Introduction

It can be argued that social inclusion is a measure leading to the drafting of laws and servi-
ces aimed at meeting the special needs of persons with disabilities or reduced mobility. By 
creating equipment, laws and mechanisms to adapt the common social systems to these 
individuals difficulties, the social inclusion aims to transform society into a viable place for 
equal socializing among all people, regardless of their intellectual abilities, motor difficulti-
es or potentialities. For social inclusion to be successful, you must associate them with the 
premises of Universal Design, which is characterized by the promotion of accessibility to all 
segments of the population through the creation of environments capable of harbouring the 
differences, unlike other space adaptation plans for people with disabilities who were cha-
racterized by unique and segregating environments [1].
Thus, this study aims to use the resources of a Geographic Information System to analyse 
the accessibility of persons with disabilities or reduced mobility using urban transport for 
health treatment.

28–30 April 2014, Split, Croatia
3rd International Conference on Road and Rail Infrastructure



Urban Transport910
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

2	 Case study

The study was conducted in the city of Campinas – Brazil, considered as a center of excellence 
in health care with two renowned courses in medicine: one at the State University of Campinas 
– UNICAMP and Pontifical Catholic University of Campinas. For this purpose it was decided 
to analyse the stopping points of the public transport bus line 3:30 serving the Hospital of 
UNICAMP since this bus line has vehicles with equipment that allows access for people with 
mobility impairments. This route is approximately 33 km long. The course is conducted in 50 
minutes approximately, and at peak times the service occurs every 8 minutes and in normal 
times every 15 minutes on average. It was made a field survey georeferencing all bus stops and 
verifying for accessibility equipment, curbside cutouts, sidewalk conditions, tactile flooring, 
cover, bus schedule informations etc.
Towards the Hospital of Unicamp (Figure 1) for the Central Terminal of Campinas (Figure 2) 
were analysed and 32 stopping points in the opposite direction, 30. Here are some photos 
taken at this stage (cf. Figures 3 – 8). 

Figure 1	 Clinics Hospital of the State University of Campinas

Figure 2	 Campinas Central Bus Terminal
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Figure 3	 Examples of regularized sidewalks with curbside cutouts for easy access to people with reduced 
mobility, however, with the absence of elevated curbside to facilitate boarding of wheelchair users

Figure 4	 Example of elevated curbside to facilitate boarding of wheelchair users

Figure 5	 Obstruction in a walkway giving access to a stopping point located on Zeferino Vaz highway, shown in Figure 6
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Figure 6	 Stopping point at Zeferino Vaz highway

Figure 7	 Stopping point fully prepared with regularized sidewalks

Figure 8	 Ramps to facilitate access of persons with disabilities or reduced mobility
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3	 Development of GIS

To perform the analysis was developed a Geographic Information System [2] using MapIn-
fo software (version 10.0) [3] with the digital base provided by Campinas Municipal Deve-
lopment Company (EMDEC) which has as reference surface the Hayford ellipsoid, Córrego 
Alegre horizontal datum and Universal Transverse Mercator (UTM) coordinate system [4]. The 
equipments were classified according to ISO 9050:2004 recommendations and the universal 
design concepts [5]. As a result was elaborated the stopping points classification thematic 
map shown in Figure 9.

Figure 9	 Stopping points classification thematic map

4	 Conclusions

The study showed that are recurrent the contradictions that, historically, are presented about 
several ways of exclusion, manifested by prejudice, intolerance and segregation. Opposing 
to it, the urban transport is presented as a form to promote the social welfare because with 
it is possible to provide the access to health treatment. 
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The technical visits, taking as references NBR 9050 (ABNT 2004), pointed out that despite si-
gnificant improvements enforced by specific laws that guarantee to the disabilities or people 
with reduced mobility the right to citizenship, the physical environment of such places still 
have many obstacles that impede their mobility, showing its unreadiness to receive them. 
It was also observed that the actions on accessibility have been marked by the adoption of 
palliative solutions that hinder the optimal use of space and reinforce segregation.
The GIS developed in this study represents a great advance because the data provide to the 
local government a tool of analyses interactive for visualization and query. Additionally, the 
broad coverage possible with the GIS shows the potential to generate a culture that benefits 
from adopting the principles of universal design to public transportation and Stopping points.
After the final analysis it can be concluded that approximately 20% of the route stopping 
points have all equipment focused on the accessibility field survey. It is important to mention 
that the relevance of this study is not only the results but the small number of studies that 
deal with this very important topic for social inclusion.
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Abstract

Primary road corridors are the main city road corridors for acceptance and distribution of 
traffic. This paper describes methodological approach to define the optimal solution for road 
corridors that can take the traffic load. Proves the need for upgrading the secondary road 
network along the primary road corridors based on the analysis of the transport corridor. 
Discusses calculated transport effects of alternative solutions and compares them with in-
vestments for the construction or reconstruction of the corridor. Displays the construction 
characteristics of road corridor with a series of split level intersection. This paper analyses 
the basic requirements for road corridor design in the urban area, resulting in modern tran-
sportation solution.

Keywords:	road corridor, traffic corridor, road design, traffic modelling, traffic planning, 
evaluation

1	 Introduction

Primary road corridors in the cities are the main ones to accept and distribute traffic on which 
the entire transport system is based. Planning of a primary road corridor is time consuming 
process whose origins date back to the time of creation of urban areas and making of first 
urban plans. Over time, in the area of primary road corridor occur changes that cause the need 
for further evaluation, and traffic and construction.
Investment in transport infrastructure of cities in Croatia very often do not follow demographic 
expansion which results in traffic problems, considering that traffic volumes exceed the ca-
pacity of the system. 
Planning of a primary road corridors as well as constant monitoring of events in the space is a 
basic prerequisite for the protection, preservation and quality of space, and ensuring sustai-
nable urban development and the quality of the built environment. The primary road corridor 
in Zagreb is formed from the transport network between junctions Jankomir and Ivanja Reka 
or road Ljubljanska – Zagrebačka – Slavonska Avenue, which was once part of the Highway 
“Bratstvo i jedinstvo” and is one of the most burdened roads of Zagreb.
This paper describes the problems in planning of primary road corridors on the example of 
the City of Zagreb through the methodological approach and the selection of the optimal so-
lution based on the analysis of space and integrated transport system. Valuation of transport 
networks leads to modern transport solution for the City of Zagreb.
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2	 Methodological approach

In planning of the transport system of cities, of which one component is the primary road 
corridor, decision must be based on a modern integrated transport model. Modern transport 
model allows simulation of traffic in the transport system for the base year, as well as fore-
casting the future state of traffic in the years in which particular scenario is tested. Based on 
the calculated traffic impacts of scenarios (variants) of the transport system development, 
the evaluation and decision on the optimal solution is performed. Methodological evaluation 
procedure is performed through the basic steps as follows: 
·· analysis of spatial planning and traffic-technical documentation;
·· development of transport models;
·· development of technical solutions;
·· defining scenarios of the road network;
·· analysis and evaluation of scenarios.

3	 Display of choice of the optimal solution of the primary road corridor of 
the City of Zagreb

3.1	 Spatial planning documentation

The basic spatial planning documents used in creation of the optimal solution and evaluation 
of the primary road corridor Ljubljanska – Zagrebačka – Slavonska Avenue (the Avenue) is 
Master Plan of the City of Zagreb (further in the text MP).
In the MP from 1970 (Figure 1) the corridor is categorized as “urban highway”. The “urban 
highway” according to the MP is “expressly linking the eastern and western parts of the city 
with the city centre and connecting the eastern and western terrestrial highways” and “accep-
tance and distribution of traffic on the rest of the road network of the city via the connection 
of major roads that must be of high capacity”.

Figure 1	 Master Plan of the City of Zagreb 1970 – Basic road network

General construction characteristics of urban highway defined by MP from 1970 were: design 
speed of 80-90 km/h; lane width 3.50 m; principal corridor width 70 meters on both sides of 
the axis; dual carriageway with central belt width 4.00 m; the number of transit lanes depen-
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ding on the forecasted load, at least three in each direction; all intersections are split-level 
intersections; distance of intersections minimum 1,000 m (exceptionally 600 m); pedestrian 
traffic longitudinal and spatially separated from motor traffic, transverse split-levelled; public 
transportation, is only possible rapid bus, without disturbing the main lanes.
In the current MP corridor is defined as the avenue with the following characteristics: corridor 
width of at least 40 meters; lane width 3.25 m; “intersection can be split-level intersections 
if required by traffic needs, and allowed by space capabilities”; “it is necessary to predict the 
rows of trees.”
Analysis of the spatial planning documents, and comparison of historical and present data, 
shows, except reduction of characteristics of the primary road corridor, a noticeable and si-
gnificant reduction in the width of the corridor (from 140 m to at least 40 m). Current corridor 
width of the Avenue according to the latest MP is shown in Figure 2.
As a result of the analysis of the corridor it has been established that east of Heinzelova 
corridor width is greater than 110 m. Looking westward from Heinzelova corridor width varies 
between 60 and 80 meters. The Avenue corridor is narrowest between Savska and Šarengrad-
ska with width of only 50 m.
The above described analysis shows that there is a lot of pressure on the idea of the primary 
road corridor in the cities, which results in the “confiscation” of space intended for transpor-
tation infrastructure. Ultimately, this result in additional costs and time required for imple-
mentation of the optimal solution, given that it is already spatially limited urban environment.

Figure 2	 Zagrebačka and Slavonska Avenue corridor (up: Nehajska-Savska; down: Heinzelova-Čavićeva)

3.2	 Description of present state

The Avenue was built as dual carriageway road, two lanes per carriageway, separated by a 
central reserve. Zagrebačka Avenue was reconstructed in year 2006 with upgrade of third lane 
on the stretch from Savska Opatovina to Selska.
On the whole stretch, length 22 km, 25 intersection was built (approximately every 900 m) of 
which 15 as signalized intersections in level. Split-level intersections were built mainly at the 
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intersection with avenues, with the exception of the intersection Ljubljanska Av. – extended 
Medpotoki, Zagrebačka Av. – Savska Opatovina and Slavonska Av. – Ljudevita Posavskog. In-
tersections were constructed over the last 30 years and in various forms (Figure 3): motorway 
loop “clover” with three levels (Držićeva), “trumpet” (Škorpikova and extended Medpotoki), 
the classic “diamond” (Savska Opatovina, Selska, Savska, HBZ and Posavska), “half-dia-
mond” (Gospićka), “diamond” with the left detachment for the left turn (Heinzelova).
In the analysis of the classic “diamond” intersections design solutions are also not unified: 
classic four-way intersection (Selska, Savska, Posavskog), expanded four-way intersection 
(HBZ) and roundabout (Savska Opatovina). Such “mixed” design solutions of intersections as 
by type, as in the traffic management also represents a big problem for the driver and is one 
of the factors that influence the formation of traffic jams and reduce the safety of the existing 
transport system of described corridor.

Figure 3	 Split-level intersections on Ljubljanska – Zagrebačka – Slavonska Av

3.3	 Description of the planned project

Solution of the primary road corridor of the City of Zagreb is based on the reconstruction of 
Slavonska, Zagrebačka and Ljubljanska Avenue by reconstruction of the existing signalized 
intersections into split-level intersections and upgrading the number of required lanes on the 
main transit carriageways. In the area of coverage, from the Puljska in the west to the street 
Marijana Čavića in the east, the Avenue makes 16 intersections, 10 of which are split-level 
intersections and 6 connections, with the existing and planned road network. 
The planned intervention in the initial step predicted two basic variants of reconstruction of 
the Avenue: “do minimum” (Variant 1) and “do maximum” (Variant 2). Based on the traffic 
analysis and spatial constraints of both variants, traffic segments that define the optimal 
solution (Variant 3) were selected.
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3.3.1	 Description of Variant 1 – “do minimum”
The main characteristic of Variant 1 is the upgrade of main transit carriageways to at least three 
lanes per direction and reconstruction of the existing signalized intersections into split-level 
intersections, Črnomerec and Kruge, with three lanes in each direction on main carriageways, 
construction of a new split-level intersection Šarengradska and construction of underpasses 
Sveučilišna – Miramarska – HBZ with 2 lanes per direction on the main carriageways. Existing 
split-level intersections are retained with two lanes per direction on main carriageways (Sel-
ska, Savska, Držićeva and Heinzelova).

3.3.2	Description of Variant 2 – “do maximum”
Variant 2, except upgrade of main transit carriageways to at least three lanes per direction, pre-
dicts reconstruction of existing signalised intersections into split-level intersections (Črnomerec 
and Kruge), reconstruction of the existing split-level intersections (Selska, Držićeva and Heinze-
lova), construction of new split-level intersections (Šarengradska, Sveučilišna and Miramarska) 
and construction of underpass Sveučilišna – Miramarska – HBZ with three lanes per direction 
on the main carriageways. In addition to the existing underpass Savska includes construction 
of a new underpass with three lanes for the northern carriageway of Slavonska Avenue. 
Beside the upgrade of the third lane, Variant 2 predicts reconstruction of the intersection 
Držićeva from the motorway intersection in the classic diamond intersection typical for urban 
areas as shown in Figure 4.

Figure 4	 Reconstruction of intersection Držićeva

3.4	 Selection of the optimal solution

In the area of research deterministic static simulation of individual traffic flows was made, 
where a wider area of the model covers an area from Vukomerečka road in the east to Zagre-
bačka road in the west. The wider scope of the model enables to test the traffic corridor or 
individual actions (scenarios) of the road corridor Zagrebačka and Slavonska Avenue and 
interventions in the immediate environment. This approach allows combining scenarios and 
finding an optimal solution in the metropolitan area.

3.4.1	 Traffic analysis of existing corridor
Traffic analysis of the existing situation proves that the congestion on the Avenue in research 
area is mostly affected by signalized intersections Marohnićeva, Kruge and Čavićeva whose 
capacity is lower than other split-level network segments. In the segment of Slavonska Ave-
nue between Držićeva and Heinzlova congestion is caused by the inability to distribute traffic 
to the north due to delays in Heinzlova Street towards intersection with the Vukovarsta street. 
Congestion can occur on ramps on Slavonska Avenue (Figure 5).
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The planned increase of traffic volumes by 25% in year 2033 compared to the year 2013, with 
increased capacity of the Avenue, must be distributed through existing and planned split-
level intersections.

Figure 5	 Saturation of the network in year 2033 (Scenario 2033_V1-0)

3.4.2	Scenario analysis
Traffic analysis of future transport system predicted 8 scenarios. Basic characteristics of the 
scenarios are inclusion of both variants of the design solution for primary road corridor Sla-
vonska and Zagrebačka Avenue (Variant 1 and Variant 2) in conjunction with actions in the 
network directly along the Avenue. This analysis leads to the conclusion that the functioning 
of the Avenue in the area of research to year 2033 is possible with reconstruction of existing 
signalized intersections into split-level intersections and construction of 2x3 lanes on the 
main carriageways, which would balance the traffic offer on transit east-west corridor.

Figure 6	 Saturation of proposed network in year 2033

To solve the problem of distribution it is necessary to activate the planned network connec-
ted the Avenue; Šarengradska road from the Jadranski bridge to Vukovarska Avenue, Street 
Prisavlje from Marohnićeva to Marina Držića Avenue, Sveučilišna Street from Vukovarska 
Avenue to Street Prisavlje, Miramarska Street from Vukovarska Avenue to Slavonska Avenue, 
Street Kruge from Prisavlje Street to Slavonska Avenue. In the eastern part of the city must be 
activated the eastern part of the planned Zagreb ring road or section Vatikanska – Koledov-
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čina. Saturation of the network in year 2033 for optimal solution of the Avenue and planned 
network is shown on Figure 6.
Table 1 shows the traffic effects for optimal solution of the primary traffic corridor in the City of 
Zagreb which predicts the reconstruction of the Avenue and activation of the planned network 
related to the Avenue. It turns out that the savings in the transport system in the year 2013 
are 220 million € / year. With the increase of traffic in year 2033 effects will be 292 million € 
/ year. The above indicators are evidence of the need for investment in primary road corridor 
in the City of Zagreb and the development of the network in the immediate vicinity.

Table 1 	  Traffic effects of the primary traffic corridor in the City of Zagreb

3.5	 Description of the optimal solution of the primary road corridor in the City of Zagreb

The optimal solution of the primary road corridor Zagrebačka and Slavonska Avenue repre-
sents Variant 3 (Figure 7) which predicts reconstruction of signalized intersections Črnome-
rec and Kruge into split-level intersection with three lanes per direction on the main transit 
carriageway, construction of underpasses Sveučilišna – Miramarska – HBZ with 3 lanes per 
direction on the main carriageway and reconstruction of existing split-level intersection He-
inzelova in classic diamond intersection typical for urban areas.

Figure 7	 Slavonska Avenue
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Geometrical characteristics of the corridor are based on the design speed; 80 km/h on the 
main transit carriageways and 50 km/h for the service roadways and intersection ramps. 
The main carriageway of Zagrebačka and Slavonska Avenue contains a minimum of three 
lanes per direction. On the ramps of split-level intersections number of lanes depends on 
the forecasted traffic volume, a minimum of two lanes. The cost of construction of Variant 3 is 
estimated at an amount of 73,4 million €. The project can be realized in three phase. Review 
of priorities and their costs is given in Table 2.

Table 2 	  Review of priorities and the cost of reconstruction of the Avenue

4	 Conclusion

Integrated planning and management of spatial and transport factors allows creation of opti-
mal solutions for the transport system of the city as a whole, which contributes to sustainable 
development and to improve the efficiency of spatial and transport planning. Revision of 
existing and planning of new road corridors in the transport system must be evaluated thro-
ugh a modern integrated transport model. The traffic model is the basic “tool” in planning 
procedure, under which it is possible to calculate the traffic impacts of the proposed idea. 
This paper describes a practical example showing that corridors planned in spatial plans 
require further evaluation, and traffic and technical. The result of evaluation often requires 
an amendment to the spatial planning documentation which is causing an increase in cost 
and time for implementation of the project.
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Abstract 

Strategy of development trends in this moment and at this stage of the traffic comes from 
understanding the possibilities of the implementation of measures to raise the quality of 
movement and life in the city, planning and implementation of targeted interventions in the 
transport network or facilities, as well as design of public spaces in the city that will signifi-
cantly affect the improving the quality of movement and urban life. The prerequisite for the 
planning the urban transport is knowledge of a large number of parameters and factors, 
among which is the central factor which is mobility of the participants in traffic. Mobility is a 
complex process in the area, starting from the departure out of the apartment, through the 
use of various means of transportation, a number of activities on different goals until the 
return to the location of the apartment. It thus requires extensive transport infrastructure 
in the form of pedestrian, cycling, street and railway network. At the same time reshaping 
of public transport facilities is needed in which the pedestrian, biker and green shall be the 
main elements of the new spatial conditions. “Developing of the pedestrian zones in the city” 
is the concept of creation of pedestrian areas and islands in all the places in the city where it 
shall be possible. This process is essential for the transformation of public spaces, in parti-
cular transport corridors. To accomplish the concept of the ‘’green transport plan”, the need 
for change in the parking policy is emphasized, which should be an integral part of the city 
planning and should go hand in hand with the policy that offers good alternatives to car use, 
reducing street parking along the main roads and adjustment of regional plans to implement 
the construction of parking spaces outside streets. 

Keywords:	strategy of development trends, green transport, pedestrian zones

1	 Introduction

Today, moving through the city is manifestation of freedom of choice of each individual and is 
proportional to the number of possibilities for realization, desires, needs and aspirations in 
relation to the destination point. Two groups of parallel movement processes in the city are ta-
king place that are seemingly opposite. The first movement is related to the rational selection 
of the path which is the shortest in time for coming from one point to another (functionality). 
The second group includes the often unplanned movements or remaining in the interiors of 
public spaces which reflects the realization of the aspirations of the city inhabitants for a 
comfortable and pleasant life in the city (emotion). The quality of movement and the presence 
in the city public areas should be explored and should reflect in the harmonization of these 
two groups of processes.
Urban morphological city sequences occurred throughout history have formed the streets, 
squares, parks, promenades, coasts, sports and recreation facilities, etc., therefore all public 
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or common city areas in which collective life of its inhabitants is carried out. These are the 
SPATIAL CONSTITUENT CITY ELEMENTS. Architectural forms, such as buildings of all kinds and 
types are CONSTITUENT ELEMENTS OF TYPOLOGY, [1, 2]. The content structure that encourages 
movement in this complex figure shapes urban processes of endless dynamics of people and 
goods. These intensive and dynamic processes require permanent care for quality improve-
ment of public spaces. In this sense, the interdisciplinary approach basis is the basis for work 
on complex analysis of planning and design of traffic areas in the city [3].

2	 Spatial traffic analysis of the city of Zagreb

Traffic Study of the Northern Tangent in 2006 and Traffic Study of Zagreb in 2008 [2, 3] and 
by the analysis of the territory, natural and artificial factors in the area were processed that 
were considered to have significant impact on the development of the city as a whole and 
thus traffic.
Territory in which the city beneath Zagreb’s mountain develops, up to and across the river of 
Sava is over 40 km long in the east – west and wide by 3-5 km in the north – south direction. 
This elongated territory area of approximately 200 square kilometers intersects a number of 
significant longitudinal and transversal routes supplemented with several diagonal routes. 
Emphasized longitudinality of city development is a logical consequence of its geographical 
location, layout of the content, population and activities in the area.
In the proposed network, significance have the transport routes of two central longitudinal 
speed city roads Zagreb – Ljubljana – Slavonia Avenue and the planned extended Branimir 
Avenue along the railway line, which is the backbone of the city’s transport system. In the 
northern perimeter of the city the northern tangent is planned, and a bypass highway was 
built in the southern border of the city. Longitudinal directions in the city net are cut by ten 
transverse directions and diagonals that typically connect the city areas by bridges on the 
left and right bank of the city.
Basic transport network is supplemented by a series of streets whose primary function is to 
provide movement of traffic, but also the formalization of the built environment in which the 
street network is an equal part of a complex assembly of public space in which daily life of 
citizens is carried out.

Figure 1	 Schematic overview of the transport network (proposal) [4]
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3	 The necessity of planning the urban transport

The prerequisite for the planning of urban transport is knowledge of a large number of para-
meters and factors, among which the central is the mobility of citizens which requires extensi-
ve transportation infrastructure in the form of hiking, biking, road (street) or the rail networks, 
and parking areas. The construction and expansion of infrastructure leads to a new traffic offer 
and enables new ways of usage. Planning is a way of attempting to intervene in this complex 
process by introducing a systematized order with alternative conceptions. Immanent part of 
the traffic planning system is the conflict that arises from the diverse ways people react to the 
planned measures. On the one hand, planning must try to influence the behavior patterns of 
people, and on the other hand planning must adapt to the ways of behavior. Today we can 
say that despite all efforts we failed to adequately solve the problem of Zagreb and traffic and 
to achieve planned goals [5, 6, 7].

3.1	 Conflicts between transport and public space

Conflicts between transport and public space appear in the planning goals of safety, effici-
ency and capacity of individual means of transportation, and in their relation to each other. 
Through the surface they need they directly change the road space. Width of lanes and their 
number, extension of nodes, separate paths for pedestrians and cyclists, overpasses and 
underpasses are in conflict with the available space of roads and squares. But the problem 
of traffic in the city should not be reduced only to the conflict over the formation of the limi-
ted street space. The roots to overcome the problems reach deep, all the way to the overall 
planning of urban transport and space.
The main street network in Zagreb’s city center is planned and built in the 19th and at the be-
ginning of the 20th century and by its traffic and technical characteristics meets today’s traffic 
needs. Through all that time, there was no planning and construction of public parking, which 
today, because of the lack of parking spaces, stands out as a major traffic problem.
Surface area of the city center (the historic center) is about 2% of the total area of the city and 
covers about 10 % of all tertiary activities. Therefore, in the historic center it is not possible to 
suspend the traffic, but conduct a selection that would allow access to business entities and 
flats. Unfortunately, it is in this part that the planners of Zagreb failed even though they were 
on a good way to solve the practical problem of parking, starting from the DUP (General Urban 
Plan) Center Zagreb in 1974 and general transport plan in 1978. This plan planned to build a 
garage with total capacity of approximately 25,000 parking spaces. Subsequent amendments 
to the General Urban Plan departed from this concept, and the dotted construction of garages 
was allowed, which was later completely prohibited, while the expansion of pedestrian zones 
and creation of even bigger problems in the parking of tenants and businesses entities in the 
central area continued [8].
Today, in the central city area covered by the collection of parking, a total of 51,969 cars are 
registered. If you add to this approximately 34,000 cars coming to Zagreb daily there is a need 
for the subtler managing transport demand and its satisfaction.
Construction of garages in the city of Zagreb is particularly delicate issue because of the 
different approaches of people, professions and investors. Decisions of administrative bodies 
should be based on existing and new traffic analyzes and studies that provide the possibility 
of building the so-called block garages, which would partly be used by residents, and partly 
would be available for public parking. It is necessary to determine the necessary capacity 
of these garages and construction stages so that the first stage terminates up to 50% of 
street parking spaces. This would reduce the “visual pollution” of the city and allow the de-
velopment of the concept of “Developing of the pedestrian zones in the city”, i.e. the creation 
of pedestrian zones and green islands in all the places in the city where possible.
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3.2	 Reshaping of public city spaces

The city streets are primarily corridors of unhindered movement of people, vehicles and go-
ods, but also of daily events in the urban life of the city. Road space is more than traffic area, 
it is a place where people are present, and it is the area of communication and perceiving the 
image of the city. Public city spaces form the urban landscape and contribute to the creation 
of unique environments that are the key to the experience and memory of the city [9].
Intertwining in the town by green corridors, which is also part of the movement of people 
network, is a good basis for urban mobility as one of the most important urban processes in 
the identification of population with the city. By developing an idea about the city, concepts 
of green areas of the city develops as a network of eco-systems of different types of greens. 
Categorization of the planned network and detailed standards for equipping and forming the 
city streets are processed in the Traffic Study of the City of Zagreb in 2008.

4	 Green Plan and turning the city of Zagreb in the pedestrian zone

Corridors of greenery are one of the most important elements of transformation of street 
outlines and public spaces. Greenery as a cityscape element significantly changes the physi-
ognomy of the city scenery area from which parked cars disappear disposed within the newly 
built garage parking space. Green alleys in the historic parts of the city or linear outlines of 
freely formed groups of greenery in its newer parts are the welfare of the city and its ambien-
talization, [10, 11].
During the historical periods of Zagreb development extraordinary patterns and greening 
typology of the series of streets, squares, etc. were created. The need to continue designing 
public spaces by greenery in contemporary urban development concepts of Zagreb has alre-
ady been featured in directive regulatory basis in 1949/1953 and in the basic documents of 
the urban development of the city that followed thereafter, [12]. The present time requires 
significant reshaping of street outlines and other public spaces by greenery which should 
be weighed following the application of propositions from the categorization proposals of 
the transport network for the city and the concept of greening and developing the pedestrian 
zones of the city.

Figure 2	 Green Areas of the city and transverse transport corridors [11]
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This approach of solving the problem of movement in the modern city a proposal for a new 
concept of decorating public spaces is created which can be called “GREEN PLAN AND DE-
VELOPING OF THE PEDESTRIAN ZONES OF THE CITY”. There are a number of zones and street 
outlines that become pedestrian oasis by simple traffic reorganization.
These pedestrian oases equipped by urban mobiliars, richly planted and connected by 
walkways and bicycle paths contribute to the quality of life of residents in the city with the 
additional capability of movement and presence in the city as part of a comprehensive pro-
cess of the residents intramobility. In this sense, Zagreb has a huge number of still unused 
opportunities shown by the most basic analysis of the possibilities of forming a system of 
pedestrian area of the city. Developing the process of making the pedestrian zones of the city 
is possible to begin at approximately 30 locations that are deployed throughout the metro-
politan area on the spacing of 500 m to 1000 m. Along with pedestrian movement, forming 
of bike route networks is especially suitable in these distances which should connect these 
exceptional places of leisure time, aesthetic appeal, sociability, identity and environmental 
awareness of residents of the urban neighborhoods. In this regard, the case of the city of 
Vienna should be noted which, through the process of urban renewal in the last 15 years, 
realized more than 40 such protected pedestrian zones and islands, [13].

Figure 3	 Schematic overview of the network of possible locations of pedestrian areas

5	 Transparency in decision-making about the regulation of the transport area

Implementation of the proposed green transport plan and developing the pedestrian zones 
of the city as a socio-cultural intervention of largest urban values shall be, by experience, 
difficult to implement. It is therefore necessary by continuous dialogue through the media, 
organized forums and specific forms of communication, such as social entrepreneurship as 
a new paradigm in the approach of solving social problems, engage as many residents of the 
city as the end users of the proposed changes [14, 15]. In particular, it relates to households, 
companies and institutions that are feeling the effects of the planned measures. In this way 
it is possible to form relationships between holders of traffic planning affairs, project con-
tractors and environment in accordance with the objectives of the planned activities, and 
consequently stimulate the preferred way of environmental conduct by which the conflicts 
are reduced to the lowest possible level, [16].
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6	 Conclusion

The essence of the proposal of the green transport plan and developing pedestrian zones of 
the city is focused on the creation of the movement organization (traffic) while decorating the 
town in which the factors of economic, social and environmental development shall act on 
spatial shaping of the idea about the city. At this time, significant and highly valuable urban 
areas are occupied by parked vehicles. It is believed that the removal of a large number of 
vehicles from the outstanding parking would be replaced by parking in multi-story parking 
garage facilities which would release a very large surface area that can transform itself into 
a pedestrian zone and urban greenery and form a new urban quality and valuable ecological 
category by equipment. In this way, parking of vehicles would be controlled in a far greater 
metropolitan area than just the city center. The network of pedestrian areas and greenery of 
street corridors linked with city parks, forest parks, river banks, meadows and other types of 
green areas would ensure the city a higher quality of life for its residents.
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Abstract

In the recent years is observed a growing interest in the analysis of pedestrian dynamics. 
Nowadays architecture design must aim to identify constraints and requirements to satisfy 
pedestrian flows inside nodal infrastructure – such as train stations, subways, airports – as 
well as into any civil complex that may gather notable pedestrian flows – city malls, thea-
tres, meeting rooms, skyscrapers – and in urban elements such as shopping streets, main 
important squares, pedestrian flows in case of exceptional events, etc. In order to create 
an instrument to support technicians into pedestrian terminal projects and optimum layout 
definition according transport needs, an interesting approach was developed. Starting from 
analytical background for facilities dimensional range definition, through pedestrian dyna-
mics modelling and cost objective function definition the application of genetic algorithm 
combined with social force models allows to identify a domain of optimum solutions compa-
tible with pedestrian needs. 

Keywords:	pedestrians, terminals, design, optimization, genetic algorithm

1	 Introduction

Nowadays, it is given major attention to pedestrian dynamics. Day by day, millions of pede-
strians move in the world with different purposes and behaviors. Various disciplines and re-
search activities are dealing with these items. Pedestrian behavior, reason of their movement, 
path selection and the necessity to model them, crowded phenomena, emergency situations 
etc, are very active sectors in transport engineering, in psychology, in economy as well as in 
computer vision techniques, biology etc. The complexity of pedestrian dynamics increases 
according to the intensification of the flow and, consequently, of the density. Interaction 
among pedestrians and their reaction to the objects present in the environment where they 
move are the motivation of numerous theories. The results are not only statistical data and qu-
alitative considerations, but also models both analytical and simulative. Pedestrian dynamics 
conveys in area where interaction can increase and decrease rapidly as for example in urban 
environment, – squares, pedestrian zone, commercial streets – pedestrian infrastructure as 
well as complex and large buildings – skyscrapers, directional and recreational buildings, 
cinemas, theatres, city malls – stadium etc. Engineering, architecture and specialized tech-
niques work every day very closely to project the works above mentioned. Terminal, such as 
airport, subway station, railway station, bus station, cruise terminal etc, is a place where lots 
of pedestrians move inside for different purposes and in different ways, where interaction 
are relevant and where crowded phenomena and emergency possibility are ordinary items. 
While the goals of functionality and flexibility have a primary importance, the planner must 
also consider ways of creating a building layout and environment that supports the highest 
levels of passenger services and facilities in balance with the size of the building envelope 
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and available budget. After a deepen and careful analysis of literature appears clearly that 
there is a great lack about the concept of optimum terminal layout definition, while deepen 
study were carried out to analyze single facilities like escalators, elevators, walkways, doors 
performance, stairs etc. 

2	 Methodology developed

The methodology developed allows to the user to arrive at the definition of the best layout 
configuration according input desired in some consecutive steps. First of all, it must be selec-
ted the case where the process must to be applied: e.g. if the objective is the identification 
of the best terminal layout for an underground terminal, the user will define a basis layout 
of the same terminal with the boundaries and the identification of the point where it will be 
inserted characteristic elements. In a pedestrian terminal will be defined as characteristic 
elements all the elements that generate consequences into pedestrian flow and dynamics as 
for example platforms, stairs, escalators, elevators, walkways, doors etc. Secondly, it must be 
defined the Level of Service – L.O.S. – desired that can be a single value or a range. This must 
be defined for every single characteristic element according to H.C.M. – Highway Capacity 
Manual – approach. In order to identify the volume of pedestrian that will move during the 
life useful of the terminal is required the quantification of the flow for dynamics that will be 
generated inside. Selected the above inputs, through an analytical model based into H.C.M. 
and T.C.Q.S.M. – Transit Capacity and Quality Service Manual – the dimensional range of 
every single characteristic elements is defined. The further application of an analytical model 
defines the travel time for pedestrian in usual condition, comfort condition as well as into 
emergency situation, increasing the flexibility of the approach. To evaluate the behavior of 
the terminal, according previous inputs, in terms of infrastructure costs and pedestrian costs, 
an objective function was elaborated. This aim to correlate the variation of terminal sizing 
with pedestrian travel time. Consequently, SOBOL methodology was used to generate the 
population for the next genetic algorithm application. This is possible through the application 
of the analytical models above described that provide results for objective function. Starting 
from SOBOL results, the research of the objective, best terminal layout configuration through 
the minimization of objective function, is pursued with M.O.G.A. – Multi Objective Genetic 
Algorithm. This led to identify a Pareto front with optimum solutions domain. At this point, 
the necessity to determinate the final performances of the terminal and consequently select 
the best solution led to apply the social force algorithm. This allows to obtain qualitative and 
quantitative measurements that led to final selection. 

3	 Analytical Tool

The issues concerning pedestrian flows have begun to have some relevance only in the last 
40-50 years. In a first approximation, the studies concerning the analysis of the characteristics 
of pedestrian traffic can be divided into two broad categories (May, 1990): macroscopic and 
microscopic analysis. The first studies were based on direct observation and on the use of 
photographic material or shooting with cameras in slow motion. These studies gave rise to 
the first macroscopic models: they consisted in the development of the concept of “Level of 
Service” (Fruin, 1971), in deducing design rules for optimal pedestrian infrastructure, or in 
the development of guidelines for planning and design of transport systems (HCM, 1985). 
Moreover, these models took into account the traffic flows in the aggregate, without taking 
into account the inevitable interactions that are established between individual pedestrians, 
and that influence their behavior. Therefore, a further step forward was the introduction of 
so-called microscopic models: mathematical models of simulation of pedestrian behavior, 
both in normal and emergency conditions. One among the first and most important of these 
models assumed for the movement of pedestrians a behavior similar to that of the gases or 
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fluids (Henderson, 1974): this model was born first as macroscopic model, then adapted to 
take into account the interactions between the different entities (Helbing, 1992). Later were 
further developed mathematical models, such as models of the “Code” (Yuhaski, Macgregor 
Smith, 1989), models in the transition matrix (Garbrecht, 1973), stochastic models (Ashford, 
O’Leary, McGinity, 1976). In recent years have emerged models that currently constitute the 
most used tools in the analysis in the field of pedestrian models: model with cellular auto-
mata (Blue and Adler, 2000; Muramatsu et al., 1999) and the model of social forces (Helbing, 
1991) which, together with models based on artificial intelligence and research models of the 
path (way-finding algorithms), form the basis of modern simulation tools of pedestrian traffic. 
A terminal can be defined as a sequence of characteristic elements through which pedestrian 
flow move. A good equilibrium in terms of capacity/potentiality of these elements imply a 
good or bad performance of the terminal in terms of L.O.S. subjected to a data demand. Star-
ting from these general considerations, the need to identify dimensional range for facilities 
inside which test pedestrian behavior in relationship to their paths and interaction, pursued 
to develop an analytical tool easy to be used based into main confirmed approach as H.C.M 
and T.C.Q.S.M.

Figure 1	 Facilities dimensional range definition 

Defined a L.O.S. – Level of Service – desired, identified the demand and particular envi-
ronmental conditions, as for a platform can be surface not available for pedestrian movement, 
space reserved for disabled etc. the methodology allows to the user to obtain a dimensional 
range for every single characteristic element of the terminal. This domain of possible accep-
table solutions, will be the starting point for the best solution identification. In order to un-
derstand the behavior of pedestrian trough the terminal, an analytical model was used to get 
users travel time inside infrastructure. This imply the possibility to evaluate as every single 
facilities satisfy the flow and how the flow move through them. Incorrect dimension led the 
pedestrian to have delay into facilities passage increasing the total travel time from origin to 
destination. This objective was carry out with the approach developed from V.M. Predtechen-
skii A.I. Milinskii [1] and in a next moment reviewed and applied from DDr. U. Schneider [2] 
for evacuation dynamic. Even if this model principally is used to evaluate evacuation process, 
through speed conversion is possible to consider dynamics also under comfort and usual 
conditions. 

Figure 2	 Pedestrian dynamics modellization through analytical model

4	 Genetic Algorithm

Defined dimensional range of characteristic elements and identify pedestrian travel time insi-
de terminals, an objective function finalized to minimize the sum of terminal construction cost 
and pedestrian travel time cost was developed. This function allows to apply the genetic algo-
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rithm. Genetic algorithms belong to the larger class of evolutionary algorithms (EA). Evolutio-
nary algorithms (EAs) are population-based meta heuristic optimization algorithms that use 
biology-inspired mechanisms like mutation, crossover, natural selection, and survival of the 
fittest in order to refine a set of solution candidates iteratively. [3-6] Genetic algorithms (GAs) 
generate solutions to optimization problems using techniques inspired by natural evolution, 
such as inheritance, mutation, selection, and crossover. GA are a subclass of evolutionary 
algorithms where the elements of the search space G are binary strings (G = B*) or arrays of 
other elementary types. The genotypes are used in the reproduction operations whereas the 
values of the objective functions f € F are computed on basis of the phenotypes in the problem 
space X which are obtained via the genotype-phenotype mapping. [7,8,9]. The evolution usu-
ally starts from a population of randomly generated individuals, and is an iterative process, 
with the population in each iteration called a generation. In each generation, the fitness of 
every individual in the population is evaluated; the fitness is usually the value of the objective 
function in the optimization problem being solved. The more fit individuals are stochastically 
selected from the current population, and each individual’s genome is modified (recombined 
and possibly randomly mutated) to form a new generation. The new generation of candidate 
solutions is then used in the next iteration of the algorithm. Commonly, the algorithm termi-
nates when either a maximum number of generations has been produced, or a satisfactory 
fitness level has been reached for the population. 

5	 Application and results

Let to consider a portion of an underground station. During a traditional path, pedestrians 
move from trains to exit and vice versa. Defined the layout boundary and the characteristic 
elements through which flow moves, as for example into a path from train to exit could be 
platform, walkways, escalators, turnstiles etc, with H.C.M. and T.C.Q.S.M. approach above 
described the dimensional range of every single characteristic element is obtained, in respect 
of the flow and L.O.S. required. Being the characteristic element sizing allowed inside the 
range above identified, several combination of terminal layout can be generated. For every 
one of these the travel time for pedestrian can be evaluated as well as terminal performances. 
The application of Sobol Design of Experiments generates different layout configurations, 
each of them with a specific dimension of characteristic elements. This imply that for every 
single configuration a surface is determinated and the consequence travel time for pedestrian 
is obtained. Sobol methodology allows to generate population – possible terminal layout 
configurations – in order to apply M.O.G.A. Algorithm, Multi Objective Genetic Algorithm, for 
optimization process, according objective function minimization. The M.O.G.A. is applied to 
the objective function that considers the infrastructure cost, function of infrastructure sur-
face, generated from combination of characteristic elements, and pedestrian cost, function 
of travel time. The minimization of objective function allows to obtain a Pareto front with the 
optimum solution identification.
In most real-life optimization situations, however, the cost function is multidimensional. 
Consequently, there is no unique optimal solution but rather a set of efficient solutions, also 
known as Pareto solutions, characterized by the fact that their cost cannot be improved in 
one dimension without being worsened in another. The set of all Pareto solutions, the Pareto 
front, represents the problem trade-offs, and being able to sample this set in a representative 
manner is a very useful aid in decision making, [10].
In the following picture the result obtained for a case of study done are plotted. Required 
a level of service D-E, Sobol and consequently M.O.G.A. allows to obtain different terminal 
configurations that minimize objective function. The point in the following graphic are the 
possible terminal layout configurations, the green point represent the Pareto Front, optimal 
solutions.
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Figure 3	 Pareto front obtained with strict range values for input variables 

Even if all the solutions, taking into account the way in which dimensional range for D.O.E. 
were set up, are compatible with LOS that the terminal should have considering its pedestrian 
flow, is clear that the decision of the best solution cannot be taken only according cost values 
or pedestrian travel time. 
Identified the optimum solutions, an analysis about the performance of the terminal was 
carry out with Social Force Algortihm. Run the simulations for every optimal scenario a lot of 
information can be obtain to evaluate the terminal performances.
The analysis, helpful to evaluate alternatives, are qualitative analysis as paths and trajectori-
es, and quantitative analysis as travel time, average speed, speed los, distance walked from 
every single pedestrian, average minimum and maximum density and counters.
Divided the layout into potential cell of equal size is obtained the number of cell with the same 
LOS, during simulation windows time. The surface obtained is a good indication about the ge-
neral performances of the layout that helps technicians to select the best layout configuration.

Figure 4	 LOS representation for a possible scenario

In the following figures some outputs are shown. Into the fugures on the right the reader can 
see the results for a layout generated from the experience, while into the figures on the left 
are plotted the same result for an optimal solution that allow to minimize surface assuring an 
acceptable travel time for pedestrian according the required L.O.S. and flow.
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Figure 5	 Trajectories into optimal scenario – left – and standard scenario – right 

 

Figure 6	 Max density into optimal scenario – left – and standard scenario – right 

6	 Conclusion

The major attention for pedestrian dynamics requires more reliable and useful techniques 
to find solution at daily problems. Congestion situations, delays, spaces undersized etc. are 
frequent in different scenarios. Starting from H.C.M. and T.C.Q.S.M. approaches, it was defi-
ned a tool able to identify the dimensional range of characteristic elements inside terminal 
layout according to Level of Service required and pedestrian flow prevision. Represented the 
pedestrian dynamics through an analytical model that allows to define the travel time for 
pedestrian in usual conditions as well as into emergency and comfort situations, it was defi-
ned an objective function finalized to identify the right trade off between infrastructure and 
pedestrian costs. The behavior of the function was tested through Sobol approach, necessary 
to generate population for next genetic algorithm M.O.G.A. application.
The domain of possible optimal solutions was evaluated through social force algorithm, that 
allows to obtain qualitative and quantitative indicators for an objective terminal performan-
ces evaluation. The methodology developed allows to approach terminal project definition, 
its analysis and renovation process, from another point of view, thanks to the application of 
genetic algorithm applied into the objective function defined on analytical basis. The process 
led to obtain optimal solutions about layout configuration according Level of Service desired 
and flow prevision, sometimes also unexpected and difficult to be predicted. Every solution 
rising from analytical background through the Sobol and M.O.G.A application is tested and 
evaluated with Social Force algorithm simulative approach. The outputs obtained are very 
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useful to evaluate terminal performances in an objective way, through numerical indicators 
based into H.C.M. and T.C.Q.S.M. approach. The test done in the case of study examined 
shows that the methodology is able to provide sizing requirements to be adopted in terminal 
layout configuration, finalized into the satisfaction of the demand required, researching the 
right trade off among the magnitudes involved into phenomena.
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Abstract

One of the official goals of the Viennese transport policy is to increase the share of cycling 
by more than twofold. Investments into cycling infrastructure are the key to success. Besides 
cycling paths and lanes the necessary infrastructure also includes safe and secure parking 
facilities. Appropriate bicycle parking facilities are needed at primary locations (home) as 
well as secondary locations (work, shopping, leisure, etc.). The Research Center for Transport 
Planning and Traffic Engineering, Vienna University of Technology, recently carried out two 
different studies concerning the assessment of the demand for bicycle infrastructure. The aim 
of the proposed paper is to present the results of these two studies.
The starting point is an analysis of the legal framework for on- and off-street bicycle parking 
in Austria. Existing planning guidelines are compared with international examples from co-
untries and cities with very high shares of cycling. Citywide data about the location of public 
bicycle stands are analysed. Six case study areas in the city centre, the inner city area, the 
suburbs and at a main railway station have been defined. Occupation rates of the bicycle 
stands in these areas have been counted and analysed. A web based survey has been carried 
out in order to gain data about bicycle parking at private locations (home, workplace). The 
spatial distribution of the future levels of cycling has been estimated using three different 
methods. According to the results of our research a total of about 44,000 to 56,000 additio-
nal public bicycle stands are needed to accommodate the intended increase in cycling. The 
highest demand has been identified for the central business district and the districts number 
3 and 10, the lowest for the districts number 8, 6 and 5. The investment costs have been 
estimated with roughly 16 million Euros.

Keywords:	bicycle parking, cycling, future demand, investment costs, Vienna

1	 Introduction

One of the official objectives of the city of Vienna as quantified in the Transport Masterplan 
2003 is to increase the share of cycling to 8% by the year 2020 [1]. On the 15th of November 
2010 the city government formulated a new, more ambitious goal of 10% share of cycling by 
2015. Investments into cycling infrastructure are the key to success. Besides cycling paths 
and lanes the necessary infrastructure also includes safe and secure parking facilities. As 
international experience shows, high shares of cycling in combination with local demand 
concentrations can lead to significant problems with bicycles parked in public spaces. Appro-
priate bicycle parking facilities are needed at primary locations (home) as well as secondary 
locations (work, shopping, leisure, etc.). The Research Center for Transport Planning and 
Traffic Engineering, Vienna University of Technology (VUT), recently carried out two different 
studies concerning the assessment of the demand for bicycle infrastructure. A study about 
future requirements concerning quality and quantity for private and public bicycle parking 
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facilities named ARNIKA (Anforderungen eines steigenden Radverkehrsanteils an die Qualität 
und Quantität von Fahrradabstellanlagen – Nachfrage, InfrastrukturKosten und Akzeptanz – 
Requirements for future quality and quantity of bicycle parking infrastructure to facilitate an 
increasing share of cycling – demand, investment costs and acceptance) was commissioned 
by the Viennese Environmental Advocacy Office (Wiener Umweltanwaltschaft) [2]. Another 
study dealing with the demand for bicycle parking facilities in the urban development area 
Seestadt Aspern was commissioned by the development agency Wien 3420 Aspern Deve-
lopment AG [3-5].
The starting point is an analysis of the legal framework for on- and off-street bicycle parking 
in Austria. Existing planning guidelines are compared with international examples from co-
untries and cities with very high shares of cycling. Citywide data about the location of public 
bicycle stands are analysed. Six case study areas in the city centre, the inner city area, the 
suburbs and at a main railway station have been defined. Occupation rates of the bicycle 
stands in these areas have been counted and analysed. A web based survey has been carried 
out in order to gain data about bicycle parking at private locations (home, workplace). The 
spatial distribution of the future levels of cycling has been estimated using three different 
methods.

2	 Legal framework and guidelines

On-street bicycle parking is regulated by the Austrian law in the road traffic regulations 
(Straßenverkehrsordnung – StVO). Bicycles have to be parked in a way that they do not to-
pple or disturb the flowing traffic or pedestrians (StvO §68). Bicycling parking on a sidewalk 
is only allowed if it is at least 2.5 meters wide. Obstructively parked bicycles can be removed 
by the authorities without warning (StVO §89a).
The requirements for indoor bicycle parking in new buildings are regulated in the building co-
des of the federal provinces. The Viennese building code (Bauordnung für Wien – BO für Wien) 
is quite vague concerning the number and accessibility of bicycle parking facilities. Bicycle 
parking in staircases and other public parts of residential buildings is not allowed unless it 
is explicitly mentioned in the rental agreement [6]. Disregard can result in action of trespass.
Reference values for the number of bicycle parking spaces for different types of buildings are 
defined in the Austrian guidelines and standards for traffic planning [7]. Residential buildings 
should provide a minimum of 1 bicycle parking space per 50 m² gross floor space, retail shops 
should provide a minimum of 1 bicycle parking space per 25 m² sales floor, etc. Nevertheless 
these guidelines concerning bicycle parking are not legally binding.

3	 Surveys

3.1	 Public space

In 2011 Vienna offered 3,426 public bicycle parking facilities with a total of 32,445 individual 
parking spaces [8]. The dominant system is the so called “Wiener Bügel” (Viennese hoop 
stand). Within the project ARNIKA surveys about bicycle parking in public spaces have been 
carried out in six different case study areas. These represent different characteristic types of 
built environments and land uses (Table 1).
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Table 1 	  Case study areas survey bicycle parking in public spaces.

Case study area Explanation
City centre 1st district; workplaces are dominant, important destination, 

roofed and non roofed facilities, time of day fluctuation
Inner city 7th district; residential use is dominant, narrow streets, focus on parking 

aside official parking facilities, legally and non legally parked bicycles
Inner suburb 16th district; historical suburbs outside the second ring 

(Wiener Gürtelstraße), residential use
Periphery 22nd district; suburb north of the river Danube, metro 

station with bike and ride facilities
Vienna University  
of Technology (VUT)

4th district; university, important destination, effect of holiday season

Western railway 
station

15th district; major railway station with regional, national and international 
trains, bike and ride, inner city shopping centre, time of day fluctuation

The observation of the occupation of public bicycle stands leads to the following main conclusions:
·· The occupancy rates of public bicycle stands vary widely (Figure 1). Sometimes facilities 
with very low utilisation can be found quite near to facilities with utilisation close to or even 
above their capacity. The most important factor explaining the acceptance of a facility is the 
concrete micro-accessibility. The willingness to park at a facility steeply declines with the 
distance from the final trip destination. This behaviour could be observed most clearly at 
the Western railway station. During the day the bicycle parking facility next to the platforms 
always ran full before the other nearby facilities were accepted. The same behaviour could 
be observed at the case study areas city centre, periphery and VUT.

·· If no bicycle parking facility is available directly at their destination then cyclists tend to park 
their bicycles on the sidewalk locking them to traffic signs or other suitable items. In the 
case study area inner city about a third of the observed bicycles was not parked at official 
facilities. In total about 10% of bicycles were parked illegally on sidewalks smaller than 2.5 
meters wide thus obstructing the way of pedestrians.

·· Roofed facilities are more attractive than non roofed ones. During the day the roofed bicycle 
parking facility in the city centre always ran full before the other nearby facilities were accep-
ted. The same behaviour was observed at the western railway station.

·· Bicycle theft is an important issue in Vienna. More than 90% of the observed bicycles were 
locked to some fixed object, a hoop stand, a traffic sign, a fence, etc.

·· The occupancy rate of public bicycle stands in residential areas tends to be significantly 
lower than in commercial, workplace oriented areas. For more details see also section 3.2.

3.2	 Web based questionnaire

The purpose of the web based survey carried out in the project ARNIKA was twofold. On 
the one hand it was meant to collect data about bicycle parking in private spaces and on 
the other hand to collect data about motives and levels of satisfaction. The questionnaire 
was answered by a total of 342 persons. The sample is not representative, e.g. the share of 
academics is much higher than the Austrian average. Some of the key findings from the web 
based survey are:
·· At home only a minority of 6% of the Viennese respondents is parking their bicycles in the 
street. The majority of about 28% has access to a bicycle room within the building. About 
17% park their bicycles in courtyards, 15% use compartments in the cellar, 10% park (ille-
gally) in staircases or other general parts of the building and 8% take their bicycles with 
them into their flat. This illustrates that aforementioned fact that public bicycle parking faci-
lities are less important in residential than commercial and/or workplace areas. The highest 
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level of satisfaction was reported by the ones who can park at home in easily accessible 
bicycle rooms (about 85% were very satisfied or satisfied). The lowest level of satisfaction 
was reported by the ones who have to park on-street or in staircases (20% and 10% were 
very satisfied or satisfied respectively).

·· At the location of the workplace a majority of about 60% reported that the bicycle is parked 
in the public space either at a bicycle parking facility or locked at traffic signs etc. (Figure 2). 
After all 10% of the Viennese respondents take their bicycle with them into their office room. 
Only 5% can park their bicycle in a bicycle room in the building. Again the highest level of sa-
tisfaction was reported by the ones who can park at home in easily accessible bicycle rooms 
(about 80% very satisfied or satisfied). The lowest level of satisfaction was reported by the 
ones who have to park on-street at traffic signs etc. (about 10% very satisfied or satisfied).

·· The longer the duration of stay at a destination the more important is the quality and the 
protection against theft.

·· About a fifth to a quarter of the ones who are not already cycling every day state that they 
would cycle more if better parking facilities would be available at home, the workplace and 
shops.

Figure 1	 Average occupancy rate of bicycle parking facilities in the case study area VUT during lecture period



Urban Transport 941
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

Figure 2	 Type of bicycle parking at the workplace location

4	 International examples

A literature review about bicycle parking in cities with very high shares of cycling has been 
carried out. All these cities experience certain levels of bicycle parking capacity problems. 
An important topic for cities with high shares of cycling are permanently parked, abandoned 
bicycles. Many of them develop information campaigns and special strategies for bicycle re-
moval. The Swedish city of Malmö employs students for a systematic identification of problem 
areas. A direct comparison between the bicycle parking situation at a university in Copenha-
gen and at VUT was made. In the wider surroundings of the VUT buildings Karlsplatz, Freihaus 
and Gußhausstraße a total of 640 individual bicycle stands was counted at public facilities. 
All facilities are outdoors and not roofed. At the IT-University Copenhagen 565 individual 
bicycle stands have been counted, of which 550 are situated in the cellar of the university buil-
ding while 15 are outdoors. While there are about 4 bicycle parking stands per 100 students at 
VUT there are about 26 bicycle parking stands per 100 students at IT-University Copenhagen. 

5	 Future demand

The attractiveness of cycling will always differ for different parts of the city. E.g. the topo-
graphy of the western districts of Vienna is hillier than that of the other districts. Fitness is 
generally declining with old age. Hence the attractiveness of cycling also depends on the 
socio-demography of an area. Therefore it is unrealistic to assume that the share of cycling 
will ever be uniform in all parts of Vienna. Data from the census commuting statistics and ho-
usehold surveys have been used to estimate spatially differentiated future shares of cycling 
and the resulting demand for additional public bicycle parking stands. The comparison with 
the data about existing bicycle parking facilities results in the estimates for the future demand 
(Figure 3).
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Figure 3	 Future demand additional bicycle parking stands by registration district

6	 Conclusions

According to the results of the research carried out within the project ARNIKA a total of about 
44,000 to 56,000 additional public bicycle stands are needed to accommodate the intended 
increase to a 10% share of cycling trips. The highest demand has been identified for the cen-
tral business district and the districts number 3 and 10, the lowest for the districts number 
8, 6 and 5. The total investment costs have been estimated with roughly 16 million Euros. 
If the additional infrastructure is built in form of a five year investment program this would 
mean about 3 million Euros per year. The investment could be financed using revenues from 
car parking charges which are earmarked to be spent in the transport system. The necessary 
costs for the construction of public bicycle parking infrastructure would account for about 
5% of the car parking charge revenues. A main result of the research presented here is that 
micro-accessibility is the dominant factor for the acceptance of bicycle parking facilities. Thus 
careful planning at the local level is essential. Hence a continuous monitoring system for public 
bicycle infrastructure was suggested.

Acknowledgements

The authors would like to thank the Viennese Environmental Advocacy Office (Wiener Umwel-
tanwaltschaft) for financing the research project ARNIKA (Anforderungen eines steigenden 
Radverkehrsanteils an die Qualität und Quantität von Fahrradabstellanlagen – Nachfrage, 
InfrastrukturKosten und Akzeptanz). The full report in German could be downloaded from 
http://wua-wien.at/home/stadtplanung-und-verkehr/verkehr/studie-arnika. We would 
furthermore like to thank our students Angela Vanek, Pia Toth, Florian Niel and Christoph 
Wiellandt for allowing us to use the data which they have collected within the work for their 
bachelor thesis.



Urban Transport 943
cetra 2014 – 3rd International Conference on Road and Rail Infrastructure

References
[1]	 Vienna City Administration, Transport Masterplan Vienna 2003 – Abridged Version2003: 

Stadtentwicklung Wien, Magistratsabteilung 18.

[2]	 Pfaffenbichler, P., Niel, F.: Anforderungen eines steigenden Radverkehrsanteils an die Qualität und 
Quantität von Fahrradabstellanlagen – Nachfrage, InfrastrukturKosten und Akzeptanz, 2013, im 
Auftrag der Wiener Umweltanwaltschaft: Wien.

[3]	 Frey, H., Brezina, T., Schopf, J.M.: Aspern Seestadt Step 2 – Anzahl und Qualität von Radabstellanlagen, 
Bericht zu 3.2.1, 2009, Technische Universität Wien, Institut für Verkehrswissenschaften, 
Forschungsbereich Verkehrsplanung und -technik: im Auftrag der Wien 3420 Aspern Development 
AG.

[4]	 Frey, H., Brezina, T., Schopf, J.M.: Aspern Seestadt Step 2 – Radabstellräume, Bericht zu 5.3.11.i, 
2010, Technische Universität Wien, Institut für Verkehrswissenschaften, Forschungsbereich 
Verkehrsplanung und -technik: im Auftrag der Wien 3420 Aspern Development AG.

[5]	 Frey, H., Brezina, T., Schopf, J.M.: Aspern Seestadt Step 2 – Fahrrad und ÖV, Bericht zu 1.5.1, 
2010, Technische Universität Wien, Institut für Verkehrswissenschaften, Forschungsbereich 
Verkehrsplanung und -technik: im Auftrag der Wien 3420 Aspern Development AG.

[6]	 Eichinger, A.: Abstellen von Fahrrädern im Stiegenhaus. 2003 6.11.2012]; Available from: http://www.
argus.or.at/info/rad-und-recht/abstellen-fahrraedern-im-stiegenhaus.

[7]	 ÖFSV, Organisation und Anzahl der Stellplätze für den Individualverkehr, RVS 03.07.11 Merkblatt: 
Nebenanlagen – Parkplätze – Organisation und Anzahl der Stellplätze, in RVS – Richtlinien und 
Vorschriften für den Straßenbau2001/überarbeitet 2008, Österreichische Forschungsgemeinschaft 
Strasse und Verkehr; Arbeitsgruppe “Stadtverkehr; “Arbeitsausschuß “Verkehrsplanung und 
Raumnutzung im städtischen Bereich”: Wien.

[8]	 MA 46, Fahrradabstellanlagen, Standorte, Wien, 2012, MA 46 – Verkehrsorganisation und technische 
Verkehrsangelegenheiten: Wien.





Urban Transport 945

Ten years of bike-sharing in Vienna 
– An exploration into subjective user choices

Helmut Lemmerer, Takeru Shibayama, Tadej Brezina
Vienna University of Technology, Institute for Transportation, 
Research Centre for Transport Planning and Traffic Engineering, Vienna, Austria

Abstract

Bike-sharing is becoming increasingly popular nowadays in every corner of the world. Vienna 
has one of the longest traditions of bike-sharing. The current ICT-based system, Citybike Wien, 
has been in service since 2003. The scheme is becoming popular and it is reported that 
ridership has been increasing rapidly in recent years. We have carried out a survey on user 
responses to this bike-sharing scheme in Vienna in spring of 2013. The results show that 
approximately 90% of Viennese people are aware of the bike-sharing scheme. The paper 
shows an overview of the Viennese bike-sharing scheme including the details of the survey 
results. After that, we discuss how to make bike-sharing systems more attractive to a wider 
range of the population and summarize suggestions for new implementation in other places.

1	 Introduction

The city of Vienna has a long tradition of operating a bike-sharing scheme (BSS). Citytbike in 
Vienna is one of the first ICT-based urban bike-sharing systems in the world. It is in service 
since 2003. Users check out and in at the fixed stations with a touch-panel terminal with 
payment function employing debit and credit cards. It is operated by an advertisement com-
pany Gewista (a subsidiary of JCDecaux) and it is the predecessor of well-known Vélo’v in Lyon 
and Vélib’ in Paris, which employs the same concept. At the time of writing, Citybike Wien 
operates 116 stations with 1,400 bicycles [1]. In 2013 790,084 rents were made, resulting in 
an annual average of more than 2,000 per day. By the end of 2013 Citybike Wien had a total 
of 482,687 registered users.

2	 Methodology of the case study

The data used for this case study was collected through a CATI (computer-assisted telephone 
interview) carried out in April and May 2013 within the COMPASS project (co-funded by the 
European Commission within the Seventh Framework Programme). The telephone survey was 
made with individuals over 15 year-old living in Vienna. The total number of respondents is 252 
and they represent the actual population distribution of Vienna well in terms of age and sex.

3	 Results of the survey

The survey reveals that 66% of the respondents own a bike in Vienna as shown in Fig. 1. The 
bicycle ownership is in line with other surveys carried out in recent years.

28–30 April 2014, Split, Croatia
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Figure 1	 Bicycle ownership in Vienna among respondents and data from other surveys [2], [3].

The awareness of Citybike among Viennese people against other bike-sharing schemes (LEI-
HRADL nextbike, which is running in the surrounding regions of Vienna, Freiradl, which ceased 
operating and Call-a-bike, which is run by DB Bahn in many German cities) is already very high 
with 9 out of every 10 respondents being aware of it (Fig. 2). Furthermore, the high level of 
awareness is shown in all surveyed age bands.

Figure 2	 Level of awareness of bike-sharing schemes.

Visibility on the street plays the most important role to capture awareness of the population. 
69% of the respondents in Vienna state that they learned about the BSS either by seeing the 
station or the bicycle in use on the street (Fig. 3).
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Figure 3	 The way the respondents learned about bike-sharing.

Fig. 4 shows that most of the users do not use the BSS bikes often and they typically use it 
only once or twice a year. The shared bikes are mainly used for leisure trips. Despite such 
a large proportion of leisure trip usage, about 6% in Vienna have used the shared bike for 
commuting to and from work respectively. This implies that the BSS is used as an alternative 
transport mode for daily travel among some users.

Figure 4	 Usage frequency of bike-sharing schemes.

In the survey, the respondents were asked to indicate what they think as the advantages of bi-
ke-sharing. Convenience, favourable (cheap) price, and environmental friendliness are often 
selected as the advantage, while a certain number of respondents also point outs simplicity 
of usage, cycling being healthy, as well as speed advantages over other transport modes and 
fun (Fig. 5).
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Figure 5	 Advantages of bike-sharing identified by respondents.

The typical willingness to pay is around € 0.5 to € 1 per hour and thus the current pricing 
seems appropriate (Fig. 6 and Tab. 1).

Figure 6	 Willingness to pay for the shared bike.

Table 1 	  Rates of Citybike Wien [4].

Usage period Tariff
First hour Free of charge
Up to 2 hours EUR 1 for the commenced hour
Up to 3 hours EUR 2 for the commenced hour
Up to 4 hours EUR 4 for the commenced hour
Longer use (up to 120 hours) EUR 4 for each commenced hour
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Many people will accept automated booking/identification methods. Especially, card-based 
(bike-sharing card, debit card) or phone-based identification is preferred (Fig. 7).

Figure 7	 Preference on different booking/identification methods.

Further development of reporting broken bicycles by users (e.g. through mobile apps), mobile 
apps indicating general conditions of bicycles and short-term reservation (especially when 
there are only a few bikes available at the station) are found useful by the users. Among 
non-users, between one and two thirds find themselves as potential users of BSS. However, 
they require denser networks of the stations, easy booking system, and better bicycles to be 
shared (Fig. 9).

Figure 8	 Willingness to use among non-users.
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Figure 9	 Non-users’ requirements to use shared bikes.

4	 Implementation costs and administrative burden

The OBIS handbook [5] on bike-sharing schemes quotes implementation costs for schemes 
from 2,500 Euro up to 3,000 Euro per shared bike. The investment costs for the construction of 
a new station in Vienna amount to about EUR 50,000 up to EUR 70,000 according to another 
source [6]. Austria’s second largest city Graz (265,318 inhabitants), is planning to introduce 
the same BSS as in operation in Vienna in 2014 and the city estimates that between 500,000 
and 1,000,000 Euro for 30 bike-sharing stations will be needed as the initial costs [7]. The 
information on operational costs of Citybike Wien is limited, but costs are estimated to EUR 
25,000 per station. The handbook states running costs in this model per bike from EUR 1,500 
to EUR 2,500. This BSS model including Citybike Wien is typically funded by the advertisement 
on the shared bikes as well as on other public surfaces. It should be noted that the size of the 
city and the metropolitan area does matter to make it feasible. The literature cited above men-
tions that this model is less applicable for communities smaller than 100,000 inhabitants as it 
tends to be difficult to achieve a critical mass of users as well as income from advertisement.
Since the initial investment costs are high, decision making among the stakeholders (politi-
cians, planners, municipalities, etc.) before the implementation can be a complex process. 
In dense urban areas, the arrangement of renting station locations may incur complicated 
negotiations with other stakeholders with right of use. This happens typically when on-street 
parking needs to be converted to rental stations. In addition, for successful implementation, 
coordination with other urban and regional transport networks is inevitable – this will require 
an administrative process related to transport planning. Besides minor legal aspects such as 
zoning of public space, and liability and contractual issues (for details, exit clause etc.) there 
are no legal obstacles to the implementation.
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5	 Conclusions and comments on transferability

The survey results show that bike-sharing is well-known among the population while those 
who actually use it appear to be limited. Among actual users, the leisure is dominant as trip 
purpose, while certain a proportion of the people in Vienna uses it as an alternative tran-
sport mode for daily trips. The current inexpensive pricing appears to be well accepted. As 
the certain proportion of the respondents still prefers, the cash payment system needs to be 
well considered to acquire more potential users although the current system using debit or 
credit card has to be kept to meet the needs for those who wish to use them. The preference 
for identification method is not uniform and there are two clear groups – one that prefer pho-
ne-based identification and another one that prefers card-based identification. This implies 
that providing several identification methods for the same system will meet the diversifying 
preference by the users.
Regarding the future development, there are two important development trends identified 
to capture more potential users. The first is to increase the stations density and/or extended 
the system so that more people can be covered within a reasonable catchment area. This will 
eventually help to increase the awareness through on-street visibility of the bicycles. Such 
enriched “hard” infrastructure for the bike-sharing will capture more potential users.
The second important future development should be based on ICT, namely short-term reser-
vation, to make the users guaranteed with a bike available at a station nearby. Additional 
development is expected by diversifying identification methods especially with phone and 
cards (designated card/bank/credit), further easy booking/identification systems, as well 
as smartphone apps for showing availability and conditions of bicycles and to report broken 
bikes. Various BSS need to be integrated in regard to booking/identification, so that users 
with accounts at one BSS will be recognised automatically by other schemes.
Regarding transferability, it has to be mentioned first that similar bike-sharing schemes are 
already in operation in various cities including Paris, Lyon, Brussels, Dublin, Vilnius, Ljublja-
na, Brisbane (Australia), Kazan (Russia) and Toyama (Japan). Thus it appears that bike-sharing 
has good transferability for urban areas. There are several important framework conditions 
that should be achieved for a successful implementation of bike-sharing schemes: (1) good 
cycling infrastructure must exist, (2) the climate and topography must be suitable for the 
bicycle usage, (3) the BSS itself and bicycle-relevant traffic regulations are designed in a way 
so that users are identified quickly, and (4) the user interface is simple by means of card-ba-
sed or phone-based identification. If these preconditions are not met, the transfer may fail.
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Abstract

The city of Osijek is the fourth largest city in Croatia, with an area of about 171 km2 and more 
than 107 000 inhabitants. It is located along the right bank of the Drava River whose flow defi-
ned the shape and development of the city. Namely, Osijek is positioned longitudinally along 
the Drava River and got a characteristic elongated shape which also defined development of 
the city traffic. Consequently, most of the city’s main traffic routes are positioned longitudi-
nally, along the larger residential areas and the transversal connections are intermittent by 
town squares and public rail route that runs through the city. In addition to public transport, 
city of Osijek has developed bicycle transportation. Since City of Osijek is situated in east-
Croatian lowland, it has very favourable natural predisposition for the development of this 
form of transportation. Systematic thinking about bicycle traffic and infrastructure started in 
middle 1990s and few years later, first bicycle traffic counting was conducted. These days, 
with more than 30 km of bicycle paths and being part of international bicycle routes, Osijek 
is turning into a city of bicycles. Movement towards promotion of biking as fun and healthy 
alternative way of travel comes from different associations in Osijek. City government has 
also recognized the value of bike paths, which can be seen in continuous construction of 
new paths in different parts of Osijek and instalment of bicycle sharing system. In this paper 
main characteristics of bicycle paths network in the city of Osijek will be shown. Level of built 
of urban spaces presents a problem when planning new bike paths, therefore characteristics 
of bike paths vary depending on location. Special emphasis will be put on critical points of 
bicycle path network and comparison of bicycle paths with their presentation in Croatian 
legislation will be given.

Keywords:	 bicycle traffic, historic overview, infrastructure characteristics, legislation, city of Osijek

1	 Introduction

Increase in number of personal cars causes a number of negative consequences. In addition 
to causing traffic jams and increasing the time of travel, high levels of motorizations reduce 
the quality of life through noise pollution, emission of toxic gases and deterioration of climate 
conditions. So, many governments resorted to promoting alternative modes of transportation 
and developed programs that aim to reduce the share of passenger cars in everyday travel. 
Studies have shown that increasing the use of bicycles as an alternative means of transport, 
on top of public transport and walking, may significantly reduce traffic congestions as well 
as noise pollution and toxic gases [1, 2]. For a shorter trip distances, bicycles can compete 
with public transport [3]. Also, it has been shown that besides being environmentally frien-
dly, riding bicycles has a positive impact on the health of the individual. Cycling is an active 
mode of transportation and thus is a form of exercise, which means it has a positive effect 
on reducing heart diseases, high blood pressure and many other effects of passive lifestyle. 
Researches show that reasons for increase in bicycle usage can be found in the desire for a li-
festyle change, increased awareness of bicycle importance, city administration that invests in 
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infrastructure and promotion of bicycles [3,4], better integration with public transit and higher 
number of bicycle parking lots [2]. The increase of cycling entails the issue of cyclists’ safety 
in mixed traffic. Research has shown that actions aimed at promoting cycling and walking 
have a positive outcome on improving the safety of cyclists and pedestrians because of bigger 
number of cyclists and higher awareness for their safety [5]. After human error, deficiencies in 
infrastructure causes a large number of accidents [6]. Therefore, a comprehensive approach, 
consisting of adequate infrastructure, programs to promote cycling, limitation of car usage 
and appropriate urban planning is needed [7]. In order to detect and eliminate safety issues, 
review and design of infrastructure should be conducted through method called Context Sen-
sitive Design, which aims to merge the function of traffic with its location [6].
In the last few years there is a substantial increase in bicycle traffic in city of Osijek. In addition 
to the recession and higher fuel prices, better interconnection and expansion of the bicycle 
paths network caused higher share of bicycles in everyday travel. Quality infrastructure is the 
basis for safe bicycle traffic, but the construction of the infrastructure is time consuming pro-
cess which has difficulty in following an increase in bicycle traffic. In this paper, infrastructure 
characteristics encompassing all cycling traffic in the city of Osijek is revised and compared 
with existing legislation.

2	 Croatian legislation on bicycle traffic 

Planning, design, traffic and safety on bicycle paths should be defined and regulated by laws 
and regulations to ease the design and construction, to have it well and uniformly done and 
to ensure a comfortable and safe traffic for the end users. In Croatia, several laws and regu-
lations mention bike paths and bike traffic, but very sporadically without giving clear guideli-
nes. Both Roads Act [8] and the Law on Road Traffic Safety [9] define the bike paths and bike 
lanes. “Bike lane is part of the roadway intended for bicycle traffic, which stretches along the 
pavement and which is characterized by a longitudinal line on the pavement and the pres-
cribed traffic signs.” “Bicycle path is defined as traffic built area designed for bicycle traffic, 
which is separated from the roadway and marked with prescribed traffic signs.” Regulation 
on basic conditions which public roads out of settlements and their elements must satisfy 
from the point of traffic safety [10] arising from the Law on Road Traffic Safety, stipulates the 
width of one lane to 100 cm and defines the traffic cross-section and clearance zone for bike 
paths as presented in Fig. 1. The same regulation allows the construction of bike paths along 
the driving lanes only if it is separated by curbs and 75cm wide road verge from those lanes.

Figure 1	 Clear zone and traffic cross-section for bike paths [10] 

Roads Act also calls for creation of rules and regulations for the design, construction, main-
tenance, as well as traffic on bicycle paths but the detailed design characteristics of bicycle 
paths is left to the local government.
According to Urban master plan for the city of Osijek (GUP) [11], building of bike paths and par-
king lots is recommended, depending on urban conditions but it is not required. Also, width 
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for two-way bicycle traffic path of 160 cm and placing it immediately next to the pedestrian 
walkway is allowed, which is in contradiction with what is shown in figure 1.
When it comes to traffic safety [9, 12] only some of the rules and obligations are determined, 
such as rule to ride a bike on the right side of the paths or lanes, bike priority rights when in 
contact with a car cutting across bike lane, obligations to wear reflective clothing and use 
lights as well as necessary types of traffic signalizations.
A review of existing Croatian regulations shows that such regulation is either insufficient or 
non-existing in many infrastructure and traffic safety issues. Area of planning and infrastructu-
re design lacks quality guidelines that would define all horizontal and vertical elements that 
depend on the amount of traffic and bike movement physics, position in space and interac-
tion with other traffic participants. It also lacks guidelines on the way bicycle path are led 
through intersections, priority rules and rules of behaviour, speed limits, bicycle equipment 
and drivers’ capabilities, all of which have a major impact on the safety, not only for cyclists 
but overall traffic.
Resulting from the increased bicycle traffic in the city of Osijek and in Croatia generally, there 
is a need for adequate policies which would consolidate and regulate all issues related to 
cycling infrastructure and traffic. City of Osijek is not the only example, infrastructure insuffi-
ciencies due to poor regulations and urban master plan can be seen in Zagreb as well [13]. 
Example of good legislation and its implementation in practice is found in Slovenia. Regard to 
the rich common history, similar mentality and civil engineering practice, this example could 
serve as a basis for the development of the Croatian legislation in the form of establishment 
of regulations and standards for the design and construction of these traffic areas.
Slovenian legislation on bicycle paths [14] holds as its main task to reduce the number of 
conflict points between cyclists and motor vehicles and thus increase safety and drivability. 
They require that the design takes into account the physical capabilities of bicycles, the num-
ber of vehicles per hour and the speed. As basic requirements for rider-friendly infrastructure 
singled out are: safe and comfortable traffic areas, extensive bicycle network, large number 
of direct links, attractive solutions and design of environment. Minimum widths for one-way 
traffic of 1,00 m, 2,00 m for two-way traffic and at least 2,30 m for bike paths used for recrea-
tional purposes are defined. Additional 25 cm are added on either side to get the clear zone 
of bike paths. Road verge should be from 0,5 to 0,75 m wide. Horizontal curve radii are also 
defined and should be at least 5 m (12 km/h), 8 m (16 km/h) or 10 m (20 km/h) depending on 
the potential bike speed. Longitudinal slopes should be 3% or less, though, they could go 
up to 10% but only on limited lengths. All curbs must be levelled to the ground, and manhole 
covers should be perpendicular to the driving direction.

3	 History of cycling traffic in the city of Osijek 

Situated in lowland along the river bank, with characteristic elongated shape, city of Osi-
jek has very favourable natural predisposition for the development of cycling traffic. The be-
ginning of cycling in Osijek dates back to the 19th century. Shortly after the first appearance 
of the bicycle in Croatia, the first cycling association “Concordia” has been established in 
Osijek [15]. It was involved in the advocacy of cycling, driver education and organization of 
competitions and other amusements. In 1895, first traffic timetable for bicycles in Croatia was 
created and drivers were obliged to take driving test, have license and register their bicycles 
[16]. After the First World War new cycling clubs were created and in 1927 the idea of building 
the first infrastructure reserved for bicycles was initiated [17]. After obtaining the land from 
the city, a racetrack for bikes has been built. It had elliptical shape with 400 m long trail. 
Later it was converted into a racecourse that could be used for motorcycle racing and a field 
for football matches. From the 1945 onwards bicycles become means of mass transportation.
Today, there are few civic organizations promoting cycling as fun, cool and healthy way of 
commuting. Their work is oriented towards development of cycling traffic and safety through 
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organizations of many events such as cycling tours and fairs, and most importantly through 
educations of commuters on traffic rules and behaviour in traffic. In addition to civic organi-
zations, city administration is also promoting cycling through continuous construction of new 
trails and introduction of city bikes modelled on European cities. In June 2012, the project City 
Bike was launched and six city bikes were placed in two town squares for public use. A plan 
is to increase this number in a foreseeable future.

4	 Cycling infrastructure in the city of Osijek

Osijek has once proudly wore the name of the greenest cities in Croatia, today it can be proud 
on one of the largest mileage of bike trails. Building started in 1990s with only few paths and 
it grew to more than 40 km of trails in the city today. On top of that there is a large number of 
paths to the suburbs and many are in the phase of planning and construction which creates a 
foundation for the use of bicycles for commuting, but also for leisure activities. Infrastructure 
varies greatly depending on the time of construction and spatial conditions. In accordance 
with the longitudinal development of the city, bike trails stretch mostly in east-west direction 
and are connected by a shorter cross-connecting paths (Fig.2).

Figure 2	 Map of bike paths in the city of Osijek [18]

Review of current condition of cycling infrastructure was conducted by utilizing the vehicle 
they were built for, a bicycle. Measuring and photographing was done in order to compare 
existing bike paths with effective legislation and to record discrepancy and shortcomings as 
well as possible safety issues. 
The prevailing type of bicycle infrastructure in the city of Osijek are off road bike paths. Cycling 
tracks as a part of mixed traffic roads are not a solution that city officials opted for. That con-
curs with findings [19] that bike paths are generally perceived as safer and preferable than 
integration with motorized vehicles. In the streets with bike paths there is generally a road 
verge that divides lanes for motorized vehicles from pavement for bicycles and pedestrians. 
However, construction details of bike paths and sidewalks differs notably.
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Figure 3	 Typical cross section of street with bike paths

Dominant paving material on Osijek’s cycling infrastructure is asphalt which, in terms of com-
fort is best solution for bicycle traffic. But, there are also some paths paved by concrete pavers 
which, on the other hand presents aesthetically preferable solution.
Distinction between bike and pedestrian paths is done in three manners. First is delevelling 
and instalment of shallow curbs between two paths which was one of the initial solutions, 
constructed mostly in early 2000s. Outlining a yellow line is a second solution for bike and 
pedestrian common surfaces done recently because of spatial conditions. Some bike paths 
built in outer zones of the city towards the end of 2000s have concrete pavers in different 
colour than those of sidewalks, with yellow pavers in between. All this solutions are presented 
in Fig. 4.

   

Figure 4	 Different ways of bicycle and pedestrian paths separation

Separated bike paths are rare, but those are some of the first paths constructed. They were 
built in the 1990s in locations where level of development was lower so there was more ava-
ilable space for separated bike paths. 
Bike paths are mainly built on only one side of the street, thus needing to accommodate 
two-way cyclist traffic. They have an average width of 2 m. Running on the both side of the 
street, allows the bicycle paths to be narrower since in that case, they are intended for one-
way traffic. However, there are some examples of insufficient path widths, with widths less 
than 0,8 m. In such cases, safety of bicycles as well as pedestrians is being endangered. 
This solutions occurs on a very busy streets and were created in the last 2-3 years because 
construction of bicycle paths was needed in a matter of maintaining bicycle traffic network, 
but any other intervention would require a lot of resources. 
In intersections, bike paths are marked by red lines and there are examples of joined traffic 
lights for both, cyclists and pedestrians. Even though on most of the intersections bicycle 
paths markings are clear, the problem are discontinuities at the intersections presented 
in high curbs. There are some examples where high curbs are not replaced by laid curbs 
during adaptation of existing pedestrian paths in mixed traffic paths (usually using only 
yellow marking). This disrupts the drive, but more importantly it is a potential for accidents 
and wheels damaging. The lack of legislation is particularly seen on roundabouts where 
only one roundabout of total seven constructed in the city of Osijek has appropriate bicycle 
traffic regulation.
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Figure 5	 Bicycle paths design and construction irregularities in the city of Osijek 

Some of the downfalls of cycling infrastructure in the city of Osijek is lack of parking facilities 
and even more so intrusion of different obstacles in obligatory clear zone. Bicycle parking lots 
are placed in front of various institutions and schools, but highly functional and safe parking 
lots should be placed on more public places that have high frequency of people. When ob-
stacles are concerned a multitude of lighting poles, traffic signs, fire hydrants and trees can 
be seen in clear zone of bike paths. On top of that, drivers tend to park their cars, motorcycles 
and even lorries on bike paths. 

   

Figure 6	 Bicycle traffic difficulties in the city of Osijek 

5	 Conclusion 

Osijek is a city that has great predispositions for a vast network of bike paths. In Osijek but 
also throughout Croatia it is noticeable an increase in awareness towards benefits of cycling 
as a healthy and practical mode of transportation. At the time of writing this article, in Cro-
atia relevant guidelines for the design of bicycle paths did not exist, but the need for them 
is recognized and the Ministry of Maritime Affairs, Transport and Infrastructure is preparing 
Rules for the design and construction of bicycle paths. Result of this current lack of adequate 
regulations are various solutions for bicycle traffic on the example of City of Osijek. Therefore, 
it is necessary to obtain the regulations, but also to educate designers as well as all road users 
in order to create an environment for comfortable and above all safe traffic for all parties.
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Abstract

The system of public bicycles in the world known as “Bicycle sharing”, is a service in which 
bicycles are made available for shared use to individuals with or without a certain fee. Users 
can take and return the bike at numerous locations in the urban parts of the city. As part of 
the CIVITAS ELAN project (2008 – 2012), which was aimed at improving the quality of life of 
citizens by establishing high-quality solutions in city traffic and to promote and encourage su-
stainable, clean and energy-efficient modes of traffic, a pilot project of student public bicycle 
(Studocikl) was implemented at the University of Zagreb. In the first phase the pilot project 
included the Faculty of Transport and Traffic Sciences (FTTS) where is currently implemented. 
In the second phase the project is planned to include the remaining faculties located at the 
Borongaj Campus. The idea behind the Studocikl project is to connect two remote locations of 
FTTS, between headquarters in Vukelićeva Street and Borongaj Campus. Registration (login, 
logout) of users and the entire administration is done through a web portal. Time of using 
bicycles is in the period from 8 am to 8 pm (working hours of FTTS). Studocikl was officially put 
into operation on the 17 September 2012 and in this paper will analyse its one-year operation. 
The paper will also make proposals for further Studocikl development in terms of: installing 
GPS trackers for satellite bicycle tracking, the application for smartphones, full automation 
of the registration, and explore the possibility of extending such service and modes of tran-
sportation at all faculties in the University of Zagreb.

Keywords:	sustainable urban mobility; non-motorised transport; bicycle sharing system

1	 Introduction

The public bicycle system in the world known as „Bicycle sharing“, represents a public bicycle 
rental service with or without a fare.
The Civitas Elan project funded by the European Union (2008-2012) had the objective to im-
prove the quality of life by establishing better solutions in urban traffic, achieved by pro-
moting and encouraging sustainable, clean and energy-efficient modes of transport. Within 
the project, a bicycle-sharing pilot project named Studocikl was implemented in the City of 
Zagreb. Such a scheme was the first of its kind in Zagreb, directed towards specific users and 
specific circumstances.
The partners on this pilot project were the Faculty of Transport and Traffic Sciences (FTTS) 
and an independent civil society named Croatian abbreviation for Sustainable Community 
Development (ODRAZ). This was a good example of cooperation between a civil society and 
the university institution.
The pilot project Studocikl was designed primarily for students and faculty staff employed at the 
Borongaj Campus. One of the ideas for the creation of the project was to provide students easier 
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transportation between two remote locations of the Faculty of Transport and Traffic Sciences. 
The service is completely free of charge, and maintenance costs are covered by the FTTS. 
Currently, the bicycles can be rented and returned after the usage at two depots. The bicycle 
rentals can be done with the help of staff employed at the reception of the FTTS. The rentals 
and disposals can be done during workdays (08:00-20:00) and Saturdays (08:00-16:00). At 
Sundays the service is not available. Bicycles can be used throughout the entire day, but they 
all have to be brought back within business hours.
This paper presents the implementation of the Studocikl project with all the predicted phases 
in the project. The technical characteristics, login and logout process, storage, maintenance, 
legal framework and the plans for the future for this project are described in detail.

2	 The implementation of the Studocikl project

2.1	 General

The implementation of the Studocikl project was originally conceived in two stages:
·· Stage 1 – Testing (current stage):

·· The service was offered to students and the staff of FTTS. The relatively small number 
of users will be used to test the bicycle sharing system and to eliminate any possible 
problems that might occur in the stage.

·· Stage 1 was estimated to last two years (it started in 17 September 2012).
·· During the Stage 1, the preparations for Stage 2 will be done, examining the possibiliti-
es of introducing new innovations, new bicycles and bicycle parks. 

·· Stage 2 – extension to all institutions of the Borongaj Campus:
·· Public bicycle service will be offered to students and staff of the two remaining insti-
tutions at the Borongaj Campus: Faculty of Education and Rehabilitation Sciences and 
Centre for Croatian Studies.

The Borongaj Campus currently consists of three faculties under the jurisdiction of the Univer-
sity of Zagreb: Faculty of Education and Rehabilitation Sciences, Centre for Croatian Studies 
and Faculty of Transport and Traffic Sciences, with the total of 4,500 students. There are plans 
which include the construction of the modern campus (for eight faculties) with student dor-
mitories and other facilities in the future.
At the moment, the Studocikl project has three basic features:20 blue bicycles with logo, two 
depots for bike disposals and a web portal for login and logout.
The Studocikl project offers 20 bicycles with logo. All the bicycles meet the requirements of 
Croatian legislation. The design is the same for each bicycle (blue colour, unisex framework, 
two baskets), adapted for users (in this case, students). Each bicycle is equipped with a loc-
king mechanism, ensuring each user to meet his or her demands.
Users can get and return the bicycles at any of the two locations (depots). The first station is a 
small object located at the central part of the Borongaj Campus (Fig. 1). The Studocikl project 
was provided usage of the object by the University of Zagreb [1], and the same object was reno-
vated within the Civitas Elan project [2]. The second station is a metal container located at the 
Vukelićeva Street, in front of the faculty building (Fig. 2). The usage of the object was provided 
by the faculty itself. Both objects are in the vicinity of corresponding buildings of FTTS, and they 
are monitored, secured and protected from possible thefts, vandalism and weather conditions. 
As a supporting entity in the Civitas Elan project, the City of Zagreb provided surface for bicycle 
park equipped with bike racks in front of the FTTS building in Vukelićeva Street. The bicycle 
park ensures the users dwelling at the faculty to easily and safely dispose their bicycles (Fig. 4).
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Figure 1	 Bicycle depot at Borongaj Campus Figure 2	 Bicycle depot at Vukelićeva Street

Figure 3	 An example of bicycle for rental Figure 4	 Bicycle park in front of FTTS (Vukelićeva Street)

Figure 5 shows the usual routes for each mode of transport available. For each route between 
the bicycle stations, route length and travel time is also given. The air distance between the 
stations is 2.5 km. If the users travel by car, the length is 4.1 km, and the route can be crossed 
in 7 min. If the public transportation is used, the distance is 5.5 km crossed by 35 min. It sho-
uld be noted that passengers travelling by public transport have to make a transit between 
tram and bus. This can raise travel time up to 50 min, which would be the same as if the shor-
test route was crossed on foot. Users who travel by bicycle usually need 12 min to cross the 
distance of 3.5 km. The Studocikl web portal is an application developed to satisfy the needs 
of the faculty staff related to the project. The web portal can provide the following activities:
·· Continuous monitoring of bicycle depots is allowed in real-time to provide information about 
currently available bicycles and depot occupancy online.

·· Users are allowed to create a profile on the portal. By logging into the portal, the users can 
make bicycle reservations for the specific time period, monitor their activities and edit their 
profiles.

·· The users can make suggestions (e.g. locations of new stations).
·· Administrators can keep track on bicycle rentals.
·· Advertising is supported by social networking (Facebook, Twitter, LinkedIn, Google+, etc.).
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Figure 5	 Comparison of distance and travel times for each mode of transport between Vukelićeva Street and 
Borongaj Campus. Source: [3]

The web portal has administrator and public access. With public access, real-time monitoring 
of bicycle availability in depots is available, and the users have the option to log in, make 
reservations or to edit profile. The administrator access gives the following privileges: data 
downloads easy data administration (in case of involving other institutions in the future), 
bicycle rental monitoring, database searches, editing, or removing certain depots, bicycles 
or users from the database.

Figure 6	 Studocikl project on the web. Source: [4]
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2.2	 Legal framework and terms of use for bicycles

This section represents the fundamental chapters of the Regulations on the conditions, rights 
and usage of public bicycle service at the University of Zagreb. The Regulations apply to future 
cyclists who consent to the usage of services provided by the Studocikl.
Before first use, users have to sign the Statement of the Regulations on the web portal after 
they have agreed on the terms and conditions clearly visible. After the signature, the users 
become registered in the database, and in the case of future bicycle requests they only have 
to sign the Application of usage. For the users that do not use the on-line application, there 
is an option to register with the help of the faculty staff at the reception. In that case, the hard 
copy of the Regulations and the Application of usage has to be presented to students in order 
to get their consent. The Regulations on the conditions, rights and usage of Studocikl service 
consists of the following chapters: General provisions, The description of the system, How to 
access, Obligations and limitations, Damage compensation, Privacy statements, Monitoring 
and protection and Transitional and Final provisions.

2.3	 Bicycle rental and disposal

The process of bicycle rental and disposal includes the following:
·· The users fill out an application on the web site or come in person to the faculty reception 
to request the service. Users have to agree on the terms of Regulations on the conditions, 
rights and usage of public bicycle service at the University of Zagreb only once – during the 
registration process.

·· The employee at the reception registers the user by web portal. The confirmation of identity 
is carried out by the student card, student index or ID card. After the registration was succe-
ssful, the user is granted the key with the specific serial number and permission to go to the 
depot to unlock access to the matching bicycle,

·· After the usage, the bicycle has to be returned to the one of the two depots. The user then 
comes back to the reception (for the second time in the day) to return the key which termi-
nates the rental process (the user becomes logged out).

2.4	 Maintenance and servicing

Maintenance and servicing is a very important activity in the whole system. Servicing and 
maintenance is covered by FTTS. There are members of staff employed in the system, whose 
responsibility is to perform services, maintain the system and relocate bicycles with a van (if 
uneven distribution of bicycles at depots occurs). In addition to these members of staff, there 
are members of staff at the faculty reception who act as system administrators, allowing users 
to rent bicycles. During the first year of use, there were no significant bicycle malfunctions so 
the maintenance costs were moderate.

3	 Usage statistics

After the first year of use (from October 2012 until October 2013, there were 140 registered 
users who had rented the bicycle at least once. The FTTS currently has about 1,450 full-time 
students, 710 part-time students and 179 members of staff (education personnel and others). 
A total number of 360 rentals were registered. Three quarters of the total number of rentals 
were made in order to cross the distance between the two depots (the bicycle was rented at 
one depot and disposed at the other). In the 60 % of the total number of rentals, the dura-
tion of the rental was less than 30 min. The average daily rental rate is one bicycle per day. 
However, if the winter months (due to weather), summer months (due to summer break) and 
weekends are excluded, the average daily rental rate then becomes 3 bicycles per day. In 
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October 2012, there were 95 rentals, which is the highest number of rentals in one month 
during the year. During the course of a year, there was no significant damage on any of the 
20 bicycles in the system. Possible flaws in the data collection process might have occurred 
because the staff of the FTTS was introducing to the application at the beginning, resulting 
by incorrect login and logout process.

Figure 7	 Bicycle rentals in relation to time of use

Figure 8	 Bicycle rentals and average temperature in the City of Zagreb for each month in the first year of the project

4	 The future development of the Studocikl project

The future development of the Studocikl project is conceived to have the following events: 
installation of GPS trackers (this would prevent bicycle thefts, and on the other hand this 
would provide the data for scientific research, such as the basic bicycle traffic parameters), 
introduction of smartphone application, full automation of login and logout process, intro-
duction of electric bicycles and expansion of the service to the entire University of Zagreb. In 
addition, the project is encouraged to promote itself as well as the awareness of bicycle as a 
mode of transport in general.
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5	 Conclusion

The bicycle is a non-motorised mode of transport which in most cases is an acceptable soluti-
on to traffic and environmental problems in cities. Cycling contributes to good health, reduces 
costs and it is acceptable from the safety aspect. And because it is environmental friendly, it 
increases the quality of life to citizens.
The goal of the Studocikl project is not only to provide students with cheap, simple and he-
althy mode of transport but also to raise bicycle popularity and to offer current and potential 
users an alternative mode of transport, both for recreation and daily commuting.
The frequency of the usage (winter and summer months excluded) of 3 rentals per day did 
not meet the expectations, so the focus of the project is planned to be put on advertising in 
order to attract more users in the future.
Based on the experiences from the project, the possibilities for the implementation of the 
project to the entire City of Zagreb and other urban areas in the Republic of Croatia will be 
analysed. In addition, possibilities to upgrade the system with new innovations will be explo-
red. Further development of the Studocikl project will serve as a platform for FTTS staff to 
conduct scientific research in the field of traffic and transport.
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Abstract

Level crossings (LCs) are points of conflict between rail and road traffic. Therefore, from the 
aspect of safety they are potentially high-risk traffic points. Traffic participants at LCs are pe-
destrians, cyclists, motorcyclists, car drivers and locomotive drivers. The behaviour of traffic 
participants represents the main cause of traffic accidents at LCs. Most research examining 
road users’ behaviour at LCs has focused on car drivers and there are few studies dedicated 
to pedestrians and cyclists, especially in Croatia. Cyclists are often treated like pedestrians 
but cyclists can travel much faster than pedestrians, which can cause unexpected behaviour. 
The paper gives an overview of the existing cycling features in the City of Zagreb and the stati-
stics of accidents on LCs in the Republic of Croatia. Also, through a review of the major recent 
studies on the behaviour of pedestrians and cyclists at railroad crossings, the trends have 
been presented as well as the results of research. The review paper will serve as the basis for 
further research of design, traffic safety and the behaviour of pedestrians and cyclists, and 
their correlation at the LCs in the Republic of Croatia.

Key words: level crossings, pedestrians, cyclists, traffic safety

1	 Introduction

Level crossings (LCs) are places of direct conflict between rail and road traffic. Since these 
are collision points of two traffic systems, they represent from the safety point of view traffic 
points of high risk at which there often comes to emergency situations, sometimes with the 
severest of consequences. Statistical data show that in more than 90% of emergency cases 
the main cause lies in the road motor vehicle drivers and pedestrians. In the Republic of Cro-
atia there is a total of 1,514 LCs out of which 60 are level pedestrian crossings. The safety level 
depends on the category of the railway line and road, permitted speed, field conditions and 
local circumstances at the crossing point. Consequently, LCs can be secured by road traffic 
signs (minimally the sign STOP and St. Andrew’s cross) and the visibility triangle or security 
device (automatic device – light-audio signals with or without half-barriers and mechanical 
device – barriers). Automatic or mechanical devices are used at 531 LCs, whereas the rema-
ining 923 are secured by road traffic signs and the visibility triangle [1]. The issue of LCs is 
included in a large number of laws, regulations and other documents defining the security 
method as well as under whose jurisdiction lies the solving of certain segments of LC [2, 3]. 
On the other hand, although cycling has significantly increased over the recent several years, 
the cycling issues are included in the legal regulations at an extremely low extent [4]. Neither 
are the investments into infrastructure improvement sufficient, which affects negatively the 
safe flow of traffic and leads to emergency situations.
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2	 Analysis of cycling traffic

2.1	 Summarized overview of carried out research of cycling traffic

A significant increase in cycling in the countries worldwide, particularly in the cities, has been 
evident and is the result of implementing long-year structural programs and measures as a 
special segment of comprehensive traffic policies with the aim of increasing bicycle traffic. 
The majority of these programs and measures are in correlation with the implementation of 
measures for the improvement of other travelling modes. 
Review of literature [5] suggests the need to facilitate cycling through appropriate bicycle 
infrastructure, integration with public transport, traffic calming, training and education pro-
grams, bicycle access programs, and legal issues. Countries and cities with high levels of 
cycling and good safety rates tend to have extensive infrastructure, as well as pro-bicycle 
policies and programs, whereas those with low cycling rates and poor safety records gene-
rally have done much less. However, it is not clear which measures are the most effective 
and should be given priority in designing and implementing a pro-bicycle policy package. A 
significant increase in bicycle traffic is evident from the following. For example, Berlin almost 
quadrupled the number of bicycle trips between 1970 and 2001 and doubled the bicycle share 
of trips from 5% in 1990 to 10% in 2007. In spite of the sharp rise in cycling, serious injuries 
in Berlin fell by 38% from 1992 to 2006. In only six years, the bicycle share of trips within the 
City of Paris more than doubled from 1% in 2001 to 2.5% in 2007. The bicycle share of trips 
in Bogota quadrupled from 0.8% in 1995 to 3.2% in 2006. The total number of bicycle trips 
in London doubled between 2000 and 2008, while cyclist injuries fell by 12% over the same 
period. Amsterdam raised the bicycle share of trips from 25% in 1970 to 37% in 2005 while 
serious cyclist injuries fell by 40% between 1985 and 2005. From 1995 to 2003, the bicycle 
share of trips in Copenhagen rose from 25% to 38% among those aged 40 years and older 
[5]. Looking at these research results one cannot determine which measures/packages dealt 
with the issue of cycling traffic at level crossings, both from the aspect of relevant bicycle 
infrastructure, improvement of cyclists’ traffic safety, etc. Therefore, it is necessary to carry 
out further systemic research of cycling traffic at LCs.

2.2	 Features of bicycle traffic in the City of Zagreb

In the City of Zagreb for the last 15 years there have been ongoing measures to improve and 
encourage bicycle traffic in the overall travel. In the mid 1980s the bicycle traffic and bicycle-
oriented surfaces were intended exclusively for recreational and sporting purposes (the first 
example was the bike path around the lake of Jarun) which is mostly the case today. In the 
period since 2010 additional 21 km of cycling paths have been made in the wider urban area 
and 138 km of sport-recreation cycling paths in the Nature Park Medvednica, which is a total 
of approximately 370 km. Also, the City of Zagreb undertook a number of other traffic technical 
and regulatory interventions with the aim of improving the conditions for bicycle traffic (e.g. 
removal of urban and architectural barriers, marking of cycling areas with red filled (infill) 
lanes in the full profile, construction of bicycle path or lane during reconstruction and major 
road repairs). First official data regarding the volume of bicycle traffic were recorded in the 
year 1999 for the purpose of a traffic study of the City of Zagreb [6]. The research covered 
in this study shows that only 0.7% of the daily trips are realized by bicycle. However, it is 
interesting to note that 51% of households said that they had at least one bicycle, which 
represents a respectable potential for greater use of bicycles as means of travel. After the 
above mentioned traffic study, several measurements and surveys were conducted which 
provided an approximate image for certain characteristics of the intensity of bicycle traffic. 
In the study performed by ISIP-MG [7], measurement of traffic at 16 locations was carried 
out, mostly on the city’s busiest traffic corridors. Based upon these limited measurements, 
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it can be assessed that there is a certain amount of increase in bicycle traffic. Furthermore, 
by carrying out comprehensive research for the needs of the Project CiViTAS ELAN ZAGREB at 
certain locations the measurement of cycling traffic was carried out [8]. Figure 1 shows the 
results of measurements for 2008 and 2012. By comparing the measurement results one can 
conclude that at the observed locations significant increase in bicycle traffic was recorded, in 
the amount of 17.18% to even as much as 72.25%, although the cycling infrastructure is still 
insufficiently developed and not at an acceptable level.

Figure 1	 Average number of cyclists at four control locations [8]

Table 1. shows a significant reduction in the number of fatalities during 2012 in relation to the 
previous year 2011 by as much as 71.43%. The statistical reports [9] state as the most frequent 
causes of traffic accidents involving cyclists the following: riding across pedestrian crossing, 
failure to use cycling paths/lanes, riding on sidewalks, and no lights at night. It should be 
mentioned that during 2012 in traffic accidents involving cyclists, they were responsible for 
about 2/3 of traffic accidents of this type, which can be attributed to the low level of traffic 
culture, i.e. disregard of traffic rules. However, it is impossible to determine from the data 
what is the number and what are the types/consequences of accidents that occurred at LCs 
involving pedestrians, i.e. cyclists.

Table 1 	  Number and consequences of traffic accidents involving cyclists in the area of the City of Zagreb [9]

Number of traffic accidents 
involving cyclists

Year Difference
2012 2011 [%]

with fatalities 2 7 -71.43
with injured 309 297 4.04
with material damage 93 110 -15.45
Total 404 414 -2.42

Further development and improvement of bicycle traffic in the City of Zagreb will be focused 
upon interventions that can be defined through the following program components: impro-
ving conditions in the existing bicycle network, further development and expansion of bicycle 
paths or lanes, implementation of public bicycle service (e.g. nextbike), amending legislation 
regarding regulation of bicycle traffic, education and marketing activities to encourage people 
to use bicycles as a means for the realization of commuting [10]. Consequently, it is necessary 
to systematically monitor the movement of bicycle traffic and the safety level for the area of 
the City of Zagreb. Among other things, this would create a certain base of traffic data with 
the objective of more detailed analysis of non-motorized traffic in/at the area of LCs. Such 
analysis should result in a proposal of measures and guidelines for proper management and 
design of non-motorized traffic in/at the areas of LCs.
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3	 Analysis of safety situations at level crossings

In railway traffic an safety situation represents an undesired, unintentional or unexpected 
event or sequence of such events, which results in any kind of damage, regardless of the amo-
unt of damage. Emergency situations are divided into four basic categories: serious accidents, 
accidents, disturbances and avoided accidents [11]. Serious accident is an emergency situation 
in railway traffic in which at least one person has been killed, and/or five or more persons are 
physically injured, and/or the material damage is greater than five million kuna. An accident 
is an emergency situation in railway traffic with harmful consequences such as severe physical 
injuries of up to four persons and material damage that can be estimated at a value of up to five 
million kuna [1]. Traffic safety at LCs means safety of railway and road traffic. The safety condi-
tion at LCs in the Republic of Croatia is best shown by the statistical data about the number of 
traffic accidents and consequences. An analysis of accidents at LCs and their consequences in 
the period 2007-2008 still show a significant number of accidents, either fatal or greater num-
ber of injured persons, and with considerable material damage. Particularly worrisome trend 
of steady growth in the number of injured people tend to LCs with the highest level of security. 
Comparing the 2011 and 2012, it is evident that in the 2012 the number of serious accidents is 
significantly reduced (25%) and the number of fatalities as well (34.6%). In the 2012 on the LCs 
happened a total of 45 accidents, eight serious accidents and 37 accidents. It is disturbing the 
fact that seven of these accidents occurred at LCs secured with automatic devices with light-
acoustic signaling and semi-barriers in which two people died and one person was seriously 
injured. On the LCs secured with light-acoustic signaling occurred 13 accidents in which one 
person was killed and eight were seriously injured, while the 25 accidents that occurred at 
crossings marked by road traffic signs “Stop” and “Andrew’s Cross”, five people were killed 
and six were seriously injured (Figure 2., Table 2. and 3.).
According to statistics published by the European Railway Agency (ERA), there are at least 
123,000 LCs in the European Union (EU). Most of them (71%) are passive LCs without any ac-
tive warning or protection devices, such as lights, bells or gates. Roughly 45% of LC accidents 
in the EU occur at passive LCs, and 65% of road users involved in accidents are drivers or 
occupants of passenger cars or heavy vehicles. In 2010, there were 359 LC accident fatalities 
in the EU. This represents 29% of fatalities in railway accidents but only about 1.2% of all road 
accident fatalities. Most of the direct causes are related to the behaviour of road users (95% 
[12]) such as distraction, while other causes of accidents were related to weather conditions 
or the condition of the driver (e.g. alcohol/drugs) [13]. An evaluation of accident data on 256 
LC accidents was carried out as part of the SELCAT (Safer European Level Crossing Appraisal 
and Technology) project. About 91% of level crossing accidents in the EU were found to be 
caused by human failure, and over 80% were found to have been caused by the driver of the 
road vehicle not respecting the traffic rules [14].

Table 2 	  Overview of emergency situations at LCs [1]
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Table 3 	  Analysis of consequences of emergency situations at LCs [1]

Figure 2	 Emergency situations at LCs in Croatia [1]

4	 Overview of studying the behaviour of participants in road traffic at 
level crossings

Most research examining road users’ behaviour at LCs has focused on car drivers, and there 
are fewer studies dedicated to pedestrians and cyclists. One of the significant problems is 
trespassing. A number of studies have suggested that the main reason for trespassing is taking 
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a shortcut from point A to point B because the authorised route is assessed to be too far away. 
According to a study in Finland, most people were trespassing while going shopping, jogging, 
or on their way to school or work. Thirty-five percent of all respondents trespassed daily or 
almost daily. It is significant that 67% of all respondents answered that they trespassed at 
least once a week. Half of the respondents assessed that the trespassing is either completely 
or fairly safe. Overall, 59% of the respondents considered trespassing illegal, 15% considered it 
legal and 26% did not know. One of the measures to decrease trespassing is the installation of 
countermeasures. The data show that there were 78 bicycle trespassings before installation of 
countermeasures and zero trespassing after the installation of countermeasures [15]. Studies 
indicate that different road users might interact differently with the LC system. In particular, 
on-road studies indicate that the content of individuals’ situation awareness or their sense of 
what is going on around them varies depending on their transportation mode, although some 
authors suggest that these differences result in cognitive incompatibilities between different 
road users [16]. Motorcyclists appear to be more focused on anticipating potential hazards 
than car drivers, whereas cyclists in dense traffic may focus more on seeking safe alternative 
travel routes such as bicycle lanes, service lanes and footpaths [17]. Beanland et al. designed 
a longitudinal survey to record interactions at LCs over a two-week period. The survey focused 
on understanding how individuals behaved in the presence of a train, which included exami-
ning the decision that they made (to stop or proceed before the train) and the specific factors 
that assisted their decision-making in that situation. The sample included 166 adults residing 
in metropolitan Melbourne (80%) and regional Victoria (20%), with a mix of car drivers, mo-
torcyclists, cyclists and pedestrians. Visual information (e.g., flashing lights) emerged as one 
of the most influential factors for car drivers and motorcyclists, whereas pedestrians and to a 
lesser extent cyclists relied more on auditory information (e.g., bells) to alert them to the pre-
sence of a train. Pedestrians were also more likely than other road users to speed up and cross 
the tracks ahead of an approaching train. Overall, these results emphasise the importance of 
designing road systems to support cognition and behaviour across a range of road users, in 
order to ensure a safe system for all [18]. In addition, a relatively large survey of 1,862 cyclists 
in Queensland, Australia found that women are more likely to cycle off-road than men, and 
are less likely to commute by bicycle than men, and that, although factors related to traffic 
conditions, motorist aggression and safety are concerns for both women and men, women 
report a far greater number of these constraints [19]. Pedestrian treatments on risky behaviour 
at light rail transit LCs was researched by Siques. Five treatments were evaluated: pedestrian 
automatic gates, a prototype active pedestrian warning device, a prototype active “Look Both 
Ways” sign, barrier channelization at a skewed crossing, and a “Stop Here” pavement marking. 
Statistically, to reduce risky pedestrian behaviours, pedestrian automatic gates were reported 
as the most effective. However, pedestrians were found to be less likely to look both ways 
or stop before entering a crossing when a pedestrian automatic gate or pedestrian flashing 
light was installed. Interestingly, the “Look Both Ways” sign was found not to be effective in 
reducing the number of pedestrians entering the crossing immediately after train departures. 
Research on examples of innovative warning and control devices at LCs include four factors 
that enabled pedestrians to walk safely through LCs: pedestrian awareness of the crossing, 
existence of a pedestrian path across the trackway, pedestrian awareness of and ability to 
see an approaching train, and pedestrian understanding of the potential hazards at LCs [20]. 
Khattak and Luo [21] investigated pedestrian and cyclist behaviour at a dual-quadrant gated 
LC located in the residential area of the City of Fremont, Nebraska. The crossing has two sets of 
railroad tracks, two paved highway lanes, and is equipped with dual-quadrant gates. The gates 
have flashing lights, crossbuck sign and an audible bell. The crossing is equipped with a cro-
sswalk on its west side for pedestrian use, which is sometimes used by cyclists as well. Most 
pedestrians and bicyclist use the crosswalk, but a few occasionally use the street to negotiate 
the crossing. Violations by pedestrians and cyclists were monitored using video surveillance 
in three instalments during the years 2008, 2009 and 2010. Violations were divided into four 
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groups: 1) passing under descending gates, 2) passing around fully lowered gates, 3) passing 
under ascending gates, and 4) passing around fully lowered gates between successive trains. 
During data collection a total of 1,074 non-motorized individuals were observed indulging in 
807 violations. On average, 1.70 individuals were observed per crossing event and 1.27 vio-
lations per crossing event were noted. Analysis showed that there were no differences in the 
occurrence of gate-related violations by pedestrians and cyclists. Young children of around 8 
years of age or younger were involved in 25% more gate-related violations than older crossing 
users. Violations increased with the presence of more individuals at the crossing during train 
crossing events, but the contribution from young children was greater than that from older 
crossing users. In Holland there were 48 fatal incidents in 1985 and the government policy 
was to decrease this amount of LC accidents by 50% by the year 2010. In 2006 on 2,724 public 
LCs of all types there were 4 accidents that took 9 lives and left 11 people injured, while no 
derailments due to LC accidents occurred. There were 93% of accidents caused by errors of 
some description by road users. Of these, there were 39% conscious errors. In 53% of acci-
dents the road user did not see the train approaching until impact. Males were substantially 
more involved in incidents and accidents than females, while more than 30% of those involved 
belonged to the age group 20-29. The total involvement of age groups peaks between 10 – 59, 
school and working ages [22]. Reducing pedestrian and cyclist violations at LCs will improve 
traffic safety, but most technology-based countermeasures (e.g., automatic pedestrian gates, 
electronic signs) are expensive and difficult to maintain. Other options for that are enforcement 
and public outreach and proper education. 

5	 Conclusion

The existing level of adjustment of the traffic infrastructure to current and future growth of 
bicycle traffic is not sufficient, which can be seen from the presented characteristics of bicycle 
traffic in the City of Zagreb. The safety at LCs is a complex problem. Apart from technical and 
technological factors also human behaviour has to be taken into consideration and this is 
very difficult to predict, monitor and track. Whether referring to accident which resulted from 
the collision of a train and motor vehicle, cyclist or pedestrian, the consequences are larger 
by injuries. Research showed that the main cause of collision at LCs is the behaviour of road 
user participants. This can be largely assigned to risky behaviour of drivers i.e. their lack of 
attention when driving a vehicle, disregard of traffic regulations and stress. Risky behaviour 
of motorists, cyclists or pedestrians at LCs is extremely dangerous and mostly results in emer-
gency situations. The road traffic participants are often not aware of potential danger at LCs, 
and adaptation and response time are often related to implicit impacts on perception and ca-
pability of decision making, e.g. stress, fatigue, personal problems, and physical and mental 
state. The review paper will serve as the basis for further research of design, traffic safety and 
behaviour of pedestrians and cyclists, and their correlation at LCs in the Republic of Croatia. 
Finally, apart from technical and technological design solving of the crossings, the systemic 
activities in terms of education of road motor vehicle drivers, cyclists and pedestrians is of 
extreme importance, with the aim of upgrading the level of their traffic discipline, culture and 
awareness about the causes and consequences of risk behaviour at LCs. 
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Abstract

Recently, a lot of people use Social Networking Service (SNS) to report their situation and 
do some findings around them. Especially, “twitter” is one of the easy ways to report some 
information for followers, and “twitter” users could send information and personal situations 
around them to “twitter” platform in any time. The amount of “twitter” data might be a lot 
more than the existing statistical data since some information are being uploaded at any time 
the users find it. Therefore, the numbers and the contents of “tweets” are different depen-
ding on the scale of the event, and a relevant key word is reported to “twitter” by the users. 
For example, when the railway operation stops, “twitter” users report that situation for the 
followers. The contents of the “tweets” are railway accident information, recovery time and 
complaint to railway company/staffs and so on. Then the duration of suspension time of the 
railway operation can be forecasted using the “twitter” data of the railway users. In this study, 
number and contents of “tweet” are analysed under accidental conditions which are a small 
railway accident and a railway accident in which a lot of people get influenced. Furthermore, 
the authors have developed suspension time forecasting model using “twitter” data, and the 
forecasted time is verified by comparing with the existing statistical data which is utilized by 
the Ministry of Land, Infrastructure, Transport and Tourism in Japan.

Keywords:	railway, Social Networking Service, twitter, forecasting model

1	 Introduction

There are many causes to delay the railway service schedule. And many passengers are assu-
med to be suffering a loss due to these delays. To investigate the current condition of the de-
lay in Tokyo Metropolitan Area (TMA), statistics by Ministry of Land, Infrastructure, Transport 
and Tourism (MLIT) can be utilized. This statistics compiles the reports regarding railway 
accident and trouble with more than 30 minutes delay. According to this statistics, we can 
know when the accident happened, what the cause was, how large the influence was, and 
etc... According to the statistics that the transition of the number of railway accidents. It had 
been decreasing until 2003. The reason is that MLIT devised measures to reduce the number 
of railway accidents. For example, MLIT indicated railway companies to install emergency 
stop buttons in platforms, fall detection mats into railroads, and evacuation spaces under 
platforms [1],[2].
Recently, a lot of people use Social Networking Service (SNS) to report their situation and 
do some findings around them. Especially, “twitter” is one of the easy ways to report some 
information for followers, and “twitter” users could send information and personal situations 
around them to “twitter” platform in any time. For example, when the railway operation stops, 
“twitter” users report that situation for the followers. The contents of the “tweets” are railway 
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accident information, recovery time and complaint to railway company/staffs and so on. Then 
the duration of suspension time of the railway operation can be forecasted using the “twitter” 
data of the railway users. In this study, number and contents of “tweet” are analysed under 
accidental conditions which are a small railway accident and a railway accident in which a lot 
of people get influenced. Furthermore, the authors have developed suspension time foreca-
sting model using “twitter”.

2	 DATA 

2.1	 Tweet Data Collection

Table 1 shows the twitter data which are created by NTT DATA Corporation. The data has cre-
ated date and tweet text data in Japanese. Authors get tweet data regarding railway accident 
using key words which are “delay”, “stop”, “situation” and so on. Conditions of accident 
selection are date, time, scale of accident and modality of accident. Ten railway accidents 
were selected for this analysis as shown in table 2. An average suspension time is about 53.9 
(minutes).

Table 1 	  “Twitter” data (in Japanese)

Table 2 	  Selected railway accidents

Case Year Month Day Duration of suspention time (minutes)
A 2012 April 25 10
B June 13 51
C July 10 58
D August 3 93
E September 6 66
F 2013 January 27 72
G February 6 105
H February 13 14
I February 20 40
J March 5 30
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2.2	 Basic analysis

Figure 1 shows the changes with the lapse of time of number of “tweet”. The “tweet” increase 
from occurrence of railway accident to 60 minutes in each cases. During the railway operation 
stopped, railway users send information and personal situations around them to “twitter” 
platform.

Figure 1	 Changes with the lapse of time of number of “tweet”

Figure 2 shows changes with the lapse of time of accumulation of number of “tweet”. After the 
accident occurred, the number of “tweets” is stable in 150 minutes. Average suspension time 
of railway accident is about 53.9(minutes), but the “tweet” were sending to twitter platform 
after the railway operation start. This phenomenon means the delay of the railway affects it 
for a long time.

Figure 2	 Changes with the lapse of time of accumulation of number of “tweet”
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Figure 3	 Relationship between number of tweet and suspension time

Figure 3 shows relationship between number of tweet and suspension time. Relationship 
between number of tweet and suspension time has positive correlation. As a result of this 
figure, regression analysis can be adopted in this study.

3	 Suspension time forecasting model

3.1	 Simple linear regression

Figure 4 shows that result of simple linear regression. Tweet data was delimited every five 
minutes and regression analysis was done. A red dot means observed data, and blue dot 
means estimated data. As seen in the figure, the reproducibility is high. When the twitter data 
until ten minutes is used, R is 0.8. 

3.2	 Exponential regression model

Figure 5 shows that result of exponential regression. Tweet data was delimited every five 
minutes and regression analysis was done. A red dot means observed data, and blue dot 
line means exponential regression. As seen in the figure, the reproducibility is high. When 
the twitter data until 5 minutes is used, R is 0.87 which is better than result of simple linear 
regression.
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Figure 4	 Simple linear regression

Figure 5	 Exponential regression
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4	 Conclusions

In this study, number and contents of “tweet” are analysed under accidental conditions which 
are a small railway accident and a railway accident in which a lot of people get influenced. 
Furthermore, simple linear regression and exponential regression were applied to develop the 
suspension time forecasting model. Then, it became clear that in case of using simple linear 
regression, the reproducibility is high. When the twitter data until ten minutes is used, R is 
0.8, and in case of using exponential regression, the reproducibility is very high than simple 
linear regression. When the twitter data until five minutes is used, R is 0.87 which is better 
than result of simple linear regression. As a result of this study, suspension time of railway 
accident can be forecasted using twitter data until 5 minutes by exponential regression model.
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Store&Go+ – New passenger services 
by new baggage storage robots
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Abstract

In order to gain attractiveness and high comfort at rail terminals the effective function and 
design of public baggage storage services gets an essential success factor in near future. At 
intermodal traffic stations the necessity of quick passenger transfers in short periods of time 
is very essential. In addition there will be increasing demands for real comfortable temporary 
deposits for luggage or shopping bags, too. Conventional luggage lockers are inefficient con-
cerning utilization of space, which is limited at most railway stations. Effective depot services 
have to be accessible with ease for the passengers, too. Modern depot services also need to 
be available for old or handicapped passengers. 
Store&Go+ is a new integrated concepts for modern railway stations. It provides multifunc-
tional benefits for travellers, local service providers and the retailers at terminals. The new 
Store&Go+ depot service represents an innovative system for short term and long term storage 
of traveler’s luggage at railway stations, but is also foreseen to be used as pick-up place for 
internet shopping or as parcel buffer at distribution hubs in the logistic industry.
Store&Go+ addresses the utilization of unused free space of buildings, increases safety and com-
fort for travelers. The System increases the attraction of public transport in general. Store&Go+ 
represents an innovative cube adaptive storage technology as well as a novel concept in effec-
tive warehousing and handling of parcels and luggage. It integrates a completely new boxing 
system and a warehousing robot. Store&Go+ can be used in house at railway stations and as 
outdoor module at open air platforms. This paper describes the experiences with a prototype 
and the learnings of user acceptance tests, executed by an Austrian research consortium.

Keywords:	railway station, baggage storage, warehousing robot

1	 Introduction

Future railway stations and similar hot spots of public transportation need to address chan-
ging mobility demands of travellers. In a research study funded by the Austrian “FFG” (Austrian 
Research Promotion Agency) requirements and demands for temporary storing possibilities 
of luggage in railway stations were investigated. This study [1] is based on a broad investiga-
tion of essential traveller requirements and expectations for future luggage storage systems. 
Modern public storage services should be available in short-term and medium-term simply 
to avoid troublesome handling of luggage and significant stress factors for all passengers.
The release from luggage and an easy to use deposit during waiting times at the station or for 
business or touristic reasons is an important factor to increase the attractiveness and effici-
ency of public transportation systems in general. Beside short travel connections and cen-
trally located railway stations public transport also requires just comfortable depot systems.
After initial investigations and fact findings an Austrian research consortium developed a new 
and innovative depot system (named Store&Go+) as experimental prototype for passenger’s 
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luggage or baggage. This Store&Go+ system represents a new cube adaptive technology for 
containers which can be top loaded at extremely user friendly drop stations. The system in-
corporates a novel concept for effective warehousing and handling of luggage, too. 
The construction details provide integrated answer to the needs and expectations of all kind 
of potential users and address the needs and operational conditions of station operators, too. 
In order to integrate demands from different perspectives the Store&Go+ prototype was deve-
loped during a two-year inter-university research collaboration of the universities of applied 
sciences in Steyr, Wels and St.Pölten in alliance with the Viennese research company netwiss. 
The Austrian Federal Railways “ÖBB” and the leading Austrian logistics systems integrator 
“TGW” joined the research team as practical think tanks, too and the deve¬lopment was 
funded by the Austrian Research Promotion Agency “FFG”.

2	 The new perspective for railway station operators

Public transport hubs (e.g. train stations or airports) of the new generation are changing 
more and more into multi-functional business centres and do not only offer the travel, but 
also a local shopping, business communication and shopping service. In this context, the 
troublesome handling of luggage constitutes a significant stress factor and a loss of comfort 
for all passengers.
The developed Store&Go+ concept provides an easy way of luggage deposit and overcomes the 
disadvantages of conventional locker systems (e.g. the difficulty of handling of heavy lugga-
ge, which is deemed acceptable to older or weaker travellers). Instead of side or front loaded 
lockers the Store&Go+ system uses specialised 3-sided containers which can be filled from 
the top and from the front side at automated loading stations in ergonomic working height. 

 

Figure 1	 Disadvantages of conventional locker systems compared with an ergonomic and easy to handle drop 
station 

To protect the personal belongings of the user each container is covered and sealed auto-
matically before its transfer into an automated storage area. Fully automated and industri-
ally standardised storage and retrieval systems (“Commissioner”) – which are already well 
established and approved in many installations store the closed and locked container into a 
background racking system. In parallel the user gets a barcoded ticket to pick up his luggage 
again whenever he likes. 
For the railway station (or airport) operators – who are very often in lack of commercial space 
– the partially patented Store&Go+ technology enables the efficient utilisation of free space 
heights within the station infrastructure as a storage room for passengers luggage containers. 
The Store&Go+ system represents a solution, both technically and economically explored and 
examined for feasibility, which can be used not only in the planning of new stations, but also 
for existing buildings. Even open air installations at very small stations or in pedestrian zones 
are technically possible. 
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The central idea of Store&Go+ is that travellers (or any other passers not traveling) can check 
in their baggage in close proximity to high frequented parts of the station – like near the 
front entrance, or the exit of subway stations, or at taxi stand – quickly and easily into an 
automated luggage depot. In this way, relieved from the efforts of luggage future passenger 
increasingly may make use of the commercial centre of the railway station (e.g. restaurants, 
shops, travel agents, communication infrastructure, catering or the facilities for local supply, 
etc.). Before departure or before leaving the station the customers also easily can retrieve 
their luggage again.
Through the development possibly existing acceptance barriers were countered in upfront, 
too. So the Store&Go+ concept is a technological answer to meet all the demands and chall-
enges of modern depot services. The system is also foreseen to be used as pick-up place for 
internet shopping in a self-service automatic unit.

3	 Ergonomics and the user’s perspective 

In order to enable best user acceptance and customer-friendliness a prototype of the drop and 
pick-up station was built before detailed final construction steps were executed. More than 
150 persons in all categories were interviewed and had to fill out structured questionnaires 
after testing different possible ways of operation.

 

Figure 2	 Store&Go+ prototype tests with all potential user groups

Beside the cost for the individual storage period an easy handling of luggage lockers is the 
essential criterion for user acceptance. The handling consists of easy locating and supported 
lifting up the luggage and of self-explaining software dialogues. Also fast return of the luggage 
is essential. Most important is also the size of the lockers and the fact whether the luggage 
must be lifted or not. 
Depending on the age and sex travellers have got different difficulties when they must lift 
luggage. For example about 50% of all female passengers with large luggage are not able or 
willing to lift it, about 20% are able or willing to lift it up to about one meter and only 30% 
are able to lift it higher.
For about 70% of all female and 40% of all male travellers storing luggage at low level is im-
portant. Also for 70% of all passengers above the age of 60 this is a must.
The time needed for storing and especially for getting back the luggage is another very impor-
tant criterion for acceptance. More than 25% of the asked train passengers say the luggage 
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returning must not need longer than one minute, more than 50% accept a time need between 
one and three minutes. The time need includes the whole process between coming to the 
locker until getting the luggage and leaving. Especially the subjectively felt time needed when 
passengers are in a hurry and they are nervous because of the approaching departure of their 
train is very important.
Many of today’s lockers are too small for usual luggage items. The width of many lockers is 
33cm but 40% of all luggage items are bigger than this size. That means 40% of luggage items 
do not fit into normal lockers. Passengers either cannot store it or must use a much more 
expensive locker for huge items.
It was analysed, that about 80% of passengers staying more than 30min at the station think 
about using a short term locker for easier moving in order to use the station infrastructure like 
shops or bistros. For half of them the handling must be very quick and cheap.

4	 The Store&Go+ system solution

With regard to an utmost universal use the Store&Go+ system is designed for all the fields of 
railway transport, aviation and other hot spots of public places to be available for commu-
ters, passengers and shoppers. But the focus of this development, however, must depend 
on railway stations.

4.1	 The focus on passengers healthiness and comfort demands

Core of an automatic and public luggage storage system must be an ergonomic, robust and 
tailored design, which fits to the needs of all kind of user groups. Any differences, such as 
age, gender and physically or mental health should be irrelevant. This means that an old 
person shall be able to deposit luggage, such as anyone using a wheelchair or a woman with 
a baby buggy.
The user interface principally has to meet the requirement of the general population. The 
dimensional design for physiological user heights and gripping areas directly result from the 
ergonomic body reference. These requirements for a physio-friendly and ergonomic operation 
have to be supplemented with barrier-free equipment for people with technical restrictions 
(disabled).
Also the cognitive system requirement factors have to be taken into account for the software 
and screen design of the user interface. Multilingualism in the user dialogs and the use of 
readily understandable pictograms and colours have to be applied even for colour-blind pe-
ople. All operating functions must include logical (= the common expectation appropriate) 
operating dialogues with any function cancel option for all starting and operating steps with 
online help function.
All these specific human related requirements have to be added by standardized safety and 
comfort requirements, ranging from rounded bearing edges for protection against bruises to 
the exclusive use of simples controls which avoid users to be jammed.

4.2	 The technical solution

As part of the research project Store&Go+ both the technical and economic feasibility has 
been proven. Finally the layout is characterized by the user friendly top and side loading 
philosophy and by a container volume adaptive handling technology. 
The warehousing technology is based on proven and reliable automation concepts of indu-
strial small part warehouses, which is combined with the innovative top and side loading 
container system to meet the conditions and demands as defined above. The key solution 
element is the cube adaptive container system which includes the covers (negative boxes) 
and cover locking.
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Figure 3	 Store&Go+ container topping function

Requested stability and robustness soon results in a materials selection of metal and the 
following frameworks specifications:
·· Framework of the resulting criteria for the container construction:

·· large dimension: length: 100cm, width: 60 cm
·· small dimension: length: 50cm, width: 60 cm
·· max. luggage height 50 cm 	
·· resistant against vandalism and stealing
·· generally easy and simple mechanic for low maintenance cost

·· Framework of the cover criteria:
·· The cover has to be secured in both directions (lifting and lowering of the lid) in case of 
swelling luggage (e.g. when it opens autonomously)

·· Automatic capping and uncapping takes place inside of the system in order to avoid 
bruising of the passenger.

·· An automatic control of the filling level is necessary.
·· Resulting criteria framework for the construction of the Pick Station:

·· Pick station have to operate for the luggage deposit and the pickup.
·· Because of performance reasons a pick station (luggage input and output terminal) 
shall not serve more than 150 stock locations (bins).

·· Payment shall be able to be settled by use of vouchers, international credit cards and 
money. Instead of returning cash back vouchers may be issued.

·· The output orientation of the container shall be the same as for the input task. This 
allows easier gripping the handles or straps of the luggage.

·· A control of the container filling levels is realised by use of cameras and scales.
·· Mounted mirrors support visible inspection of the luggage place¬ment in the container 
as well as the inspection of emptiness after outtake. 

·· In case a container is not emptied completely by the customer, it must be stored again 
automatically. 

·· The container must be transported underneath its supporting guides to the loading po-
sition in such a way, that no customer items are able to fall out. (e.g.: everything falling 
out of pockets has to fall into the container only.)

·· Any danger of bruising or crushing has to be excluded.
·· The handling height (minding disabled persons) is 40-60 cm.
·· The max weight of luggage shall be about 35 kg per container.
·· Initial height measurement or control of overhangs should be done before the move to 
the inner part of the station takes place. The control of emptiness or of maximal filling 
levels might be supported by pictures, which are taken within the station, where li-
ghting conditions can be kept constant.

The automatic storage and retrieval system incorporates a lifting beam designed for optimum 
volume utilisation and maximum performance. The warehouse module may be installed acro-
ss a length of up to 10m and can be used at building heights of up to 18 m. It accommodates 
a load handling device for single-deep storage of the covered containers.
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Figure 4	 Store&Go+ commissioner as storage module 

5	 Conclusion 

With the concept of Store&Go+ a concrete technical system has been developed for the inno-
vative deposit of luggage in self-control robots. It is characterized by both a volume adaptive 
container technology as well as a novel luggage storage technology using racking systems 
and conveyors. This directly addresses the quality objectives of an effective luggage deposit 
service, but also the performance targets and passengers comfort. 
Travellers will purchase more at the station whenever they can deposit hindering items. 
Store&Go+ enables station managers to meet this need and by means of offering a new attrac-
tive service they will increase the attractiveness of public transport in general, too. The easy 
to understand self-service function is not only a guarantee for good “usability” and user 
acceptance, but also facilitates urban mobility and stimulates the motivation to use public 
transport.
The Store&go+ system addresses especially changing travel behaviours at rail-way stations, 
which increasingly will serve not only as enter or exit stations of public transport but also 
as centres for communication and the daily shopping. The replacement of existing locker 
systems by Store&Go+ systems shall not only address the baggage depot service, but also 
has the potential for use dor the Lost &Found department at stations. Furthermore, the new 
system is ready as pick-up station of internet shopping and for the daily needs of commuters 
and other travellers. The internet and its constant accessibility via smartphones not only chan-
ge the communication and mobility but also the purchasing behaviour of working people. 
The vision of Store&Go+ provides a functional response to the growing demands of the chan-
ging mobility behaviour at traffic stations. Travellers (or any other user groups who are not 
traveling) shall be able to quickly, easily and ergonomically place their luggage in automated 
self-service depots and always pick it up again quickly after a simple payment process. 
The Store&Go+ system is designed in modus to be implementable in adaptable sizes and 
scalable storage capacities at railway terminals or airports.
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Abstract

Within the project FLEXICOACH in cooperation with Technische Universität Wien, Fachhochschu-
le St. Pölten, Fachhochschule Joanneum, Siemens, netwiss and ÖBB Personenverkehr AG, pa-
ssenger opinion surveys regarding their wants and needs were conducted. The aim of those 
surveys was to obtain information about everything a passenger requires; in order to get all 
information needed various subjects such as duration and frequency of journeys, activities 
during journey, well-being, stress factors, age, gender and group dimensions, were interro-
gated.

Keywords:	railways, passenger requires, baggage, journey time

1	 Introduction

Overall 3.826 questionnaires were analyzed. All questionnaires were conducted in summer 
2012 on the Austrian Westbahn-line between Vienna and Linz. Due to the summer holidays a 
lower participation of students must be considered methodically. Furthermore and also due 
to summer vacations less rides to or from work are expected.
Approximately 50% of travellers undertake a trip lasting several days, around 10% are free 
time trips without an overnight-stay. Journeys in connection with education or work (rides 
from / to work, rides from / to education facilities, business trips either one-day or with a 
several day’s duration) account for 25% of all journeys. The remaining 10% are to be allotted 
to private settlements.
Rail travellers mostly are young, approximately 12% are aged between 13 and 18 years, almost 
half of all interviewees are between 19 and 39 years old. 27% are part of the “40 to 60 years 
of age” group and around 12% are older than 60 years. The fact that children under the age of 
12 are underrepresented is simply because they rarely fill in questionnaires.
54% of travellers are female, 46% are male. With the exception of people older than 60 years, 
in all age-groups female passengers form the majority.
Approximately one third of the passengers travel alone. Another third travels in a group of two 
persons. Around 11% travel in a group of three, 7% in a group of four and 12% in a group of 
five or more people. The journeys were classified in journeys up to 30 minutes, 30-60 minu-
tes, 60-90 minutes, 90-120 minutes, 2-3 hours, 3-4 hours, 4-5 hours and more than 5 hours. 
Most journeys (respectively 20-30%) in all age-groups last between two and three hours. With 
increasing age the duration of journey as well increases slightly, short-term rides mostly are 
done by younger people. Summing up all general information gained, elderly people take the 
train less frequently, but if they do, they go for longer free time rides. In opposition, younger 
people take the train more often, and mostly for short business trips. 
The better part of all interviewees quoted “comfort” as the major reason to take the train, aro-
und 40 % of all passengers declared “environment”, “no car” and “price” as their major rea-
sons to choose the train (see Fig. 1). “Safety” and “duration of journey” are an inferior aspect.
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Figure 1	 Reasons to take the train

2	 Baggage

Regarding baggage, most information were attained from a diploma thesis [1], which treats 
issues of baggage transport on an extensive data basis. Amongst other things, various pieces 
of luggage were weight and measured. The accumulated x-, y- and z-dimensions of all luggage 
measured (not included is carry-on baggage) are demonstrated in Fig. 2.

Figure 2	 Dimensions of luggage

Those accumulated measurements can be used in order to design adequate storage betwe-
en the seat backs or baggage racks. Analysis show that there are two main issues regarding 
baggage room. First passengers do not want to lift their luggage, and especially not to the 
height of overhead storage. This attitude is more common amongst women and increases 
with age. Second and due to security reasons, passengers wish to have their luggage in visual 
range. If these requirements are not met, passengers are very willing to store their luggage in 
not-intended place, like seats or corridors. This behaviour leads to a lower quality level and 
to a loss in capacity due to occupied seats.

3	 Actual use of journey time

A major aspect was the purpose of the journey (business trip or free time ride). Every other 
business traveller declares to use his laptop, smart phone or tablet while travelling, while 
only one quarter of travellers on a free time ride uses those devices. Fig. 3 shows the details.
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Figure 3	 Actual use of journey time – influence of the purpose of the journey

Another major aspect regarding the use of the journey time is the age of the traveller. Gene-
rally speaking there is a slight decrease regarding actually performed activities with rising 
age. However activities need to be considers separately, while using electronic devices de-
creases with increasing age, activities like “looking at the scenery” or “reading a book / the 
newspaper” increase with increasing age.

4	 Exercises on the train

The longer the journey the higher is need to move. Around 20% of passengers travelling up to 
an hour wish to exercise during their journey. The percentage rises to 40% when the duration 
of the journey rises up to five hours or more.

5	 Desired use of journey time

Analysis (Fig. 4) shows that there is a connection between the use of journey time and the 
purpose of the journey. All too often (around 20% of all interviewees) passengers criticize 
missing mobile services. Because of several comments it is obvious that a missing WLAN-
connection is intended.

Figure 4	 Desired use of journey time: influence of the purpose of the journey
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Together with the absences of tables (respond 12% of all interviewees), this is the biggest 
obstacle when it comes to using tablet, smartphones and laptops. Around 17% of all inter-
viewees criticize uncomfortable and fixed seats as well as absent silence, which holds them 
from their desired activity “ease and sleep”. The need to move reflects in the desire for a 
possibility to exercise. The age has significant influence regarding the desired use of travel 
time. The younger the interviewee, the more non accomplishable activities are quoted. Ante-
rior passengers are significally more satisfied with the possibilities offered, respectively less 
frequently express a wish to use the time in another way. In Fig. 5, every desired activity is 
marked in a different colour (the lowest layer indicates “using the laptop”, the second lowest 
“using tablet or smartphone” and so on). 

Figure 5	 Desired use of journey time: factor age, cumulative percentage

Similar images with heavy age-related variation often occurred in the course of the exami-
nation, for instance regarding questions about well-being, stress factors, activities, etc. The 
journey time is a major aspect when it comes to desirable use of time. The longer the journey 
time, the more requirements were quoted, in particular if the duration excesses two hours.

6	 Well-being

Around 33% of the interviewees feel “very well” when travelling by train, about 52% feel 
“rather good”, 14 % feel “rather bad” and only 1 % of the passengers do not feel well during 
train journeys. The assumption that those outcomes correspond with the fact that younger 
passengers mostly are on business trips, while anterior passengers use the train prevailing 
for free time trips, is unfounded. Around 50% of all train journeys are leisure time trips, lasting 
several days. Interviewees between 13-18 years, the group that feels most uncomfortable 
during train journeys, mostly goes on free time rides without an overnight stay. Thus there is 
no obvious connection between the purpose of the journey and the well-being.
Passengers travelling first class are feeling better than passengers travelling second class. 
Furthermore there is a strong connection between the well-being of the passengers and the 
degree of capacity. Therefore on weekdays from Monday to Thursday passengers mostly feel 
“rather well” or “very well”, while travellers on Fridays and weekend feel “rather bad” or “not 
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well”. The higher degree of capacity during weekends leads to an oftener nomination of stress 
factors like “high degree of capacity”, “search for seat”, “noise” and “fellow passengers”.

7	 Stress factors

The stress factor most frequently nominated was “search for a seat”, around 20% of the pass-
engers feel stressed (see Fig. 6). Also sensed as stress factors were “high degree of capacity”, 
“noise” and “fellow passengers”. The factors most frequently mentioned are those which 
appear at a high degree of capacity and obviously lead to a deterioration of the well-being.

Figure 6	 Stress factors during the current journey

Analogue to the well-being, the age of the passengers is crucial when it comes to cognition 
of stress. Younger passenger are more stressed than anterior passengers, at least they quote 
it more often. With increasing age (groups from 13-18 years, till 60 years) the nomination of 
arising stress factors during an actual train journey decreases under 50%. Considering the 
most frequently quoted stress factor “search for seat”, the nominations in the age group “over 
60 years” decrease even to a third of those from passengers between 13-18 years. This is a 
very notable fact, because precisely this stress factor was assumed to arise with increasing 
age, also in terms of luggage. Generally speaking, anterior passengers are more satisfied with 
the frame conditions than younger ones.

8	 Service features

Most frequently nominated when it comes to service features were “reasonable priced me-
als” (31%), “purchase of newspapers” (24%), “transmission of knowledge” (23%), “enterta-
inment” (20%), “possibilities to exercise “ (18%), “relaxation practises” (17%). With increa-
sing age the interest in service features heavily decreases.
With increasing journey duration, the interest in service features increases as well. Passen-
gers on a free time ride show more interest in service features than travellers on a business 
trip. Around two-thirds of all respondents show interest in healthy nutrition during their train 
journey. This desire is more common under female passengers than under male ones.
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9	 Atmospheric environment

The outcomes of this particular subject won’t be discussed any further. Generally speaking, 
the nominations made by the passengers are very subjective and do not always refer to any 
comprehensible objective criteria. For instance, in every sort of train the temperature was 
between 25 and 26 °C, nevertheless there are different sensations and evaluations regar-
ding the temperature, which can be connected to the sort of train. The highest percentage 
of satisfied passengers is to be found in trains of the private operator Westbahn (over 80% 
satisfaction). The average registered temperature is exactly identical to the temperature regi-
stered in the Railjet-trains of ÖBB. However, Railjet was evaluated ten percentage points less 
than Westbahn. It is obvious that not only the temperature, but rather the general well-being 
or the consciousness of a deliberately taken decision to travel with a new operator (Westbahn 
war operating only eight months at the moment of the opinion survey) contributed to this 
outcome. 
The opposite way around also Railjet was not only evaluated regarding temperature, but 
rather general well-being (for that matter Railjet scores rather low). There is a similar effect 
notable when it comes to train categories (first or second class). Passengers travelling first 
class rated the atmospheric environment higher than passengers travelling second class, 
there was no objective difference however.
It has to be considered that subjective sensations had a great influence also on questions 
regarding well-being, illumination and stress factors. Advanced studies would be very helpful 
in order to interpret the outcomes in the right way.

10	Conclusion

Compared to other modes of transportation the railway system has got the big advantage that 
passengers are able to use the travel time efficiently. This is one of the biggest advantages 
of competition. Unfortunately today’s vehicles hardly offer the requested equipment which 
allows the best possible time use. Train passengers are very interested in using the travel 
time for working, mostly on technical devices like one note books or tablets, for reading or for 
relaxing. For efficient time use the investigations have shown that the individualisation of the 
space in the train is essential. It is important that all passengers can follow their requested 
activities without affecting other passengers. For example people who are working may pro-
duce noise but on the other hand need calm for concentration. Additionally they need light 
whereas people who want to sleep need it dark and calm. So further investigation must focus 
on how the space in the vehicle can be individualized in a best possible way. 
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Abstract

Regarding to EU regulations today’s public transportation systems must be accessible for everyone 
without any restrictions. The relevant question is: How can trains be accessible for everyone? The 
huge variety of different vehicles and different platforms does not allow level boarding everywhere, 
only in so called “closed” systems. The paper gives an overview about the requirements for new 
boarding assistance systems and about the decision making process referring to a new developed 
lift system for UIC-coaches. This lift system is developed in the EU-founded project PubTrans4All.

Keywords: trains, older coaches, boarding assistance system

1	 Introduction

The result of the previous work in the PubTrans4All-project, founded by the EU, led to the 
decision that the most important step towards an accessible rail system at the moment is 
the development of a boarding assistance system (BAS) for existing UIC wagons. These cars 
are still in use in large number all over Europe. Due to design limitations it is not possible to 
retrofit these types of vehicles in order to use existing BAS. So at the moment only platform 
based BAS can be used for wheel chair users. For all other types of vehicles some kind of BAS 
exists (lifts for high speed trains, ramps for low floor trains). The aim of further research in this 
project was to develop a BAS that can be used for installation in UIC wagons.
The layout of older UIC coaches and modern high speed trains that are designed for wheelcha-
ir users and other PRMs in general is similar. UIC coaches has small doors with a width of 800, 
while in modern trains the door width is increased to 900 mm. The difference is that there are 
already lift solutions for a door width of 900 mm but none for narrower doors. The UIC coach 
has doors located at the end of the coaches. Because of the folding or sliding steps as vicinity 
of the buffers as well as other constraints, there is no space under the steps for the installation 
of a BAS. Additionally, the space at the coach end is occupied by mechanisms of the head 
doors leading to the next coach, fire fighting equipment, some electrical components etc. 
Typical for these coaches is that the passageway is in majority cases at one side outside the 
longitudinal centre line of the vehicle because of the neighbouring toilet cabins adapted for 
people with handicaps and persons with reduced mobility. Finally, there are usually only two 
potential positions left which could be used for stowing the BAS. 

2	 General requirements for a new boarding assistance system

The general requirements provide an overview of all relevant parameters that must be con-
sidered when designing a new boarding assistance system. Table 1 presents the importance 
scores used in order to rank the evaluation criteria. Table 2 summarises the requirements. 
Features rated as not important, are not shown herein.
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Table 1 	  Criteria importance scoring

Score Meaning
1 Very important – critical to successful operation (“must have”)
2 Important – high benefit for users and operators (“nice to have”)
3 Less important – some benefit for users and operators, but not absolutely necessary

Table 2 	  BAS evaluation criteria – overview

User with devices wheelchair, walking frame, baby prams 1-2
Physical impaired Walking disabled, with crutch or sticks, elderly, diminutive people 2
User with special needs Visual and hearing impaired 2-3
General passengers Passengers with luggage, children, pregnant 2-3
Operation without staff Operation by passengers themselves, automation 2
Operator
Reliability of BAS Prevention of Malfunction 1
Operational quality Short dwell time, malfunctions must not influence train operations 1-2
Operational effort Number of staff 1-2
Failure management Problems easy to solve 1
Manufacturing/ Implementation
Universalism The system needs to be universal, retro-fitting allowed 1-2
Costs Costs as low as possible 1
Manufacturing effort The manufacturing effort needs to be low 

– especially when retro-fitting
1-2

Safety
Safety risks No safety risks to be tolerated 1
Safety features Optical and audio signals 1-2
Maintenance
Maintenance effort Number of personnel required, special tool required 1
Costs 2
Sustainability recyclability and energy consumption 3
Aesthetics
Optical design Aesthetics is important for customer acceptance 2-3
All regulations must be fulfilled (currently according to TSI-PRM) as a minimum standard. 
Some specifications in project PT4All have been set higher than required.

3	 Decision making process

At the beginning of the project the consortium consciously set the bar very high in order to 
get the best possible results. The primary defined goal of the project was to find a technical 
solution to provide accessibility to all passengers in all boarding situations. To get innovative 
and completely new ideas, a student competition was also initiated. The consortium believed 
that students don’t have the detailed knowledge about railway vehicles and they are therefore 
more independent in their thoughts. Experts usually have a tunnel vision because they think 
too much about reasons why something cannot work. 
After a long research and discussion process including the excellent ideas from the com-
petition, the consortium concluded that many restrictions are necessary and the all-in-one 
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solution is not possible. At this point it must not be forgotten that the PubTrans4All project 
is a research project which also has the goal of demonstrating what is and is not possible.
In the first step, current and future plans of the different railway systems over the whole of 
Europe have been analyzed in order to identify the biggest gaps. 
For all local systems (including busses, tramways, metros, urban and suburban railway traffic) 
a newly developed BAS is neither necessary nor meaningful. All these systems can be seen 
as so called “closed systems”. Here the operators provide vehicles which correspond to the 
existing platform height; which means level boarding is provided. If level boarding is not yet 
provided, then operators plan to adapt the platforms and/or their vehicles. Local traffic opera-
tors in general don’t want to use technical devices (BAS) because of operational time reasons. 
Level boarding is in general the best solution for travelers and for operators. It is the only 
situation which really offers accessibility to all passengers. Furthermore, the passenger flow 
in the station can be speeded up which means a shorter dwell time and therefore advantages 
for operators. 
To offer level boarding it is necessary that the platform and the vehicle floor have a common 
height and the remaining horizontal gap between vehicle and platform is bridged. For that 
many technical solutions already exist. For all situations where level boarding is not possible, 
different approved technical solutions such as ramps or lifts already exist. 
Compared to the local traffic systems; high speed, long distance and international railway 
traffic will not be able to offer level boarding for the following two reasons: The first reason is 
that because of static, high speed trains need a higher floor. The lowest floor height in high 
speed trains is offered in Talgo-trains (760 mm). All other vehicles have got higher floor height. 
The second reason is that in the TSI two different platform heights are defined as European 
standard (550 mm and 760 mm). That also means for the next decades all international trains 
will need to stop at both levels! 
Furthermore, the investigation has also shown that actually within the next decades a huge 
number of high floor vehicles will run in European countries in long distance traffic. Due to 
the long life cycle of railway vehicles they can’t be changed in a short or medium term. So the 
decision was to develop a BAS for all types of high floor vehicles. In general there are four 
possibilities – ramps or lifts, platform or vehicle based.
The operators’ surveys clearly show that operators either plan to provide level boarding in the 
future or – everywhere they cannot – they strongly wish to have vehicle based systems. Two 
reasons can be identified for that wish: Firstly, operators want to be independent from the 
infrastructure and want to offer the possibility of accessible boarding everywhere. Secondly, 
it is very difficult to provide a platform based device at all (!) platforms in a railway network. 
In order to provide accessibility to all passengers, ramps seem to be the only possibility be-
cause lifts cause a big bottle neck if every passenger trys to use one door. But here the big 
problem is that it was not possible to find a technical solution for installing a ramp system 
into existing vehicles. Furthermore, ramps must be very long if they will be used for high floor 
vehicles. 
Because of the impossibility of finding any technical solution for ramps in existing high floor 
vehicles, the decision was to focus on lift systems for existing high floor vehicles. For the next 
steps of development two decisions have been necessary: Who the user will be and which 
vehicles are relevant. 
The investigations show that for all types of high floor trains with an entrance door width of 
at least 90cm, different lift systems already exist. It is not meaningful to develop another 
system because passenger and operator surveys have shown that the existing systems work 
well enough. But there is one very big group of high floor railway vehicles in Europe, the so 
called UIC-wagons. This is a unique type of vehicle which will be running in many European 
countries for some decades more. In many countries the UIC-wagons form the backbone of 
the long distance railway traffic, especially in eastern European countries. But due to many 
construction limitations described in previous deliverables no technical solution has yet been 
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developed. Therefore, the consortium came to the decision that the most important step to 
offer accessibility to all is to focus on UIC-coaches!
A lift system under very limited frame condition means many restrictions and compromises. 
In regard to user requirements, wheelchair users are the only passengers for whom a techni-
cal solution is an absolute must. For many other groups it would be very nice to have some 
technical devices; but if there is no chance, than other solutions are acceptable. As other 
solutions, special services at the entrance door are recommended within this project. There 
already exist good examples in different European countries which can be advanced. At the 
end of the decision process, it came out that the most important case is to develop a vehicle 
based BAS for UIC-coaches. Since there are many restrictions because of the vehicle design, it 
has also for this situation been necessary to define some “compromise solutions” regarding 
the construction. All recommendations for a vehicle based BAS for UIC-coaches are shown in 
the next chapter “Detailed technical requirements for a BAS for UIC wagons”.

Figure 1	 Decission making process

4	 Technical requirements for a BAS for UIC wagons

As described in the chapter “decision making process” the consortium decided to focus on a 
BAS that can be implemented into UIC wagons, Table 3. Therefore, at this point all technical 
requirements that have been identified especially for the implementation into UIC wagons 
will be described in detail. 
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Table 3 	  Applicability of a BAS in different vehicles 

Characteristic Value Comment
Carrying capacity 300 kg Covers 99% of wheelchair users
Minimum clear width of lift platform 720 mm Covers 96% of wheelchair users
Minimum platform length 1200 mm
Maximum working height difference 
vehicle floor-platform

1300 mm

Distance from the side of the coach when 
the lift platform is in lowered position: 

as small as 
possible, but not 
less than 75 mm

The lowest foldable stair 
required to be lifted up before 
descending of the lift platform. 

Boarding/alighting parallel to the vehicle recommended Alternatively, exit sideways through 
lay down of the side fenders 
(required for narrow platforms)

Handrail bound to the platform on one 
side, should be at the height of

650 to 1100 
mm from 
platform level

Integrated folding seat for categories of 
users other than wheelchair users 

Recommended 

Finger pressure for activation of control buttons ≤ 5 N
Manual force to operate the lift by staff ≤ 200 N For example for emergency 

mechanical activation.
Manual force to operate the lift 
by staff at movement start

≤ 250 N Allowed only for short period 
at the start. For example for 
emergency mechanical activation. 

Vertical speed in the operation ≤ 0.15 m/s Movement should be smooth
Operating speed variation: 
empty-maximum loaded

±10 %

Speed of any point of BAS without load ≤ 0.2 m/s Up to 0,6m/s is allowed by EN 
1756-2. To meet TSI PRM, maximum 
speed without load no more 
than 0,3m/s is recommended.

Acceleration during operation with load in any 
direction and at any point of the lift platform 

≤0.3 g

Tilting speed of the lift platform ≤ 4o m/s In case of automatic adaptation 
to the relative angle between 
vehicle and platform, for 
example at superelevated 
track by platforms in curves. 

Automatic roll-off protection height ≥100 mm The barrier in front and at 
rear side of the wheelchair lift 
platform should be automatically 
erected during lift operation. 

Lateral side guards height: ≥25 mm min
≥50 mm preferred

Prevention of the wheelchair side 
roll-off from the lift platform

End of travel mechanical limitation devices yes
Prevention of any unauthorized operation 
in the absence of the operator

yes Locking and unlocking by a 
key or a code or similar.

Overload protection of the main 
power electrical circuit 

Fuse, an overload cut-out or similar

In stowed position BAS must be safe 
against uncontrolled displacements. 
Mechanical securing devices dimensioning 
according to the accelerations:

alongitudinal: 5 g
alateral: 1.5 g
avertical: 1 g

These accelerations can arise in the 
exceptional case of occasionally 
buffing impact at coach staying in 
yard (without passenger) (UIC 566)

Activation possible only at: V = 0 km/h
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Table 3 	  Applicability of a BAS in different vehicles (continued)

Activation of the BAS should introduce 
activation of the coach brake system. 

yes Movement of the train during 
BAS usage must be prevented

Minimum safety coefficient against yield strength 2.1
The lift platform surface should be smooth 
and must have slip-resistant surface 

yes Slip resistance according 
to EN ISO 14122-2.

Easy removal of ice and snow must be possible yes
Gaps or holes in the platform area shall 
not accept a probe greater than: 

15 mm diameter

Illumination of the lift working zone yes
The warning devices should be fitted at 
edges that can come in contact with persons 
or injure passengers or personal.

yes light / reflective stripes / reflective 
markings, visible at night also 

Visual and audible warning signals during 
the lift movement must be activated

yes

The operation control should 
be of type hold-to-run. 

yes Lift shall stop moving and 
remain motionless after 
the control is released. 

Movement no more than 100mm for any 
part of the lift platform after release of the 
control is tolerable to slow lift down

yes Mechanical drives with self-braking 
capability or with independent 
direct acting brakes, or hydraulic 
systems with normally closed 
valves etc. should be used.

Controls shall be designed to avoid 
unintentional lift actions.

yes Recessed or covered buttons, 
two hand controls, etc.

One control position is recommended yes Conflicts of commands 
must be avoided

In any case of breakdown, it is acceptable that 
platform may decrease with controlled speed:

≤ 0,165 m / s For example in hose or pipe failure 
by hydraulic systems or similar. 

Safety devices shall preferably operate 
through active positive action.

yes

A stop in overload protection should 
be present at overload more than 

25%

An emergency stop button within reach 
of the user should be present

yes Release of the emergency 
stop button should only be 
possible by the personnel

Additional protecting measures such as obstacle 
detector, foot entrapment protection etc. 

recommended Although control of hold-to-run 
principle is used additional 
measures are recommended

During lift platform closing the risks of crushing 
or shearing of the arms or head must be avoided.

yes Limitation of the closing 
force, security cut-off, etc.

Other technical details not covered in this 
table preferably should be based on: 

TSI PRM, 
EN 1756-2, RVAR

5	 Outlook – Conclusions

Providing accessible rail transport to all passengers is nowadays a must. This is because 
of different national and European regulations but also because of ethical questions. That 
means every person must be able to use a public means of transportation. In light of this, the 
entrance to railway vehicles and the whole boarding process is a big challenge and causes 
huge difficulties. 
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In order to be able to provide accessible boarding to all passengers, the consortium tried to 
define the biggest gaps that must be closed. For mid and long term thinking the results can 
be summarized as follows: Because level boarding is in the process of being or will be offered 
soon for all types of local, urban and suburban traffic; no systems are required. At this point, 
only horizontal gaps need to be bridged. Therefore, enough technical solutions already exist. 
In the rare case that level boarding is not possible, existing technical solutions can be used. 
For all high floor vehicles with an entrance door width of at least 90cm, enough technical 
solutions such as different lifts exist. A new development is neither meaningful nor necessary. 
The intensive investigations of the consortium led to the result that for the huge number of 
UIC-wagons which are running and will be running within the next decades all over Europe no 
vehicle based BAS yet exists. There are too many design limitations. 
Due to the fact that UIC-wagons will still form the backbone in many European railway networ-
ks within the next decades; it is absolutely necessary to develop a BAS for this operation. 
Due to the different limitations resulting from the vehicle construction, it is also necessary to 
make several compromises. But the developed compromise allows about 99% of all actual 
wheel chair users to board a UIC-coach. In combination with a good personnel service at the 
entrance, which is also recommended in this project, the UIC wagons can also become acce-
ssible for nearly all passengers.
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