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FOREWORD

The 4™ International Conference on Road and Rail Infrastructure — CETRA 2016 was organi-
zed by the University of Zagreb — Faculty of Civil Engineering, Department of Transportation.
The Conference is held in Sibenik, Croatia. Sibenik is the first town in the world to benefit
from electric lighting. In fact, on 28 August 1895, the alternating current electric lighting was
acti-vated for the first time in the streets of Sibenik. The merit for this certainly goes to the in-
ventor, vi-sionary genius and researcher of Croatian descent, Nikola Tesla, whose alternating
current discovery lighted up streets and squares of Sibenik. The Sibenik power plant was the
first alternating current power system in Croatia, the first commer-cial hydro power plant in
Europe, and the second one in the world. It was put in operation on 28 August 1895 at 20:00,
two days after the Adams Power Plant on the Niagara Falls.

The 1%t International Conference on Road and Rail Infrastructure — CETRA 2010 is held 17-18
May 2010 in Opatija. The 2" International Conference on Road and Rail Infrastructure — CETRA
2012 is held on 7-9 May 2012 in Dubrovnik. The 3™ International Conference on Road and Rail
Infrastructure — CETRA 2014 is held on 28-30 April 2014 in Split. Great interest of participants
in topics from the field of road and rail infrastructure during the previous conferences CETRA,
confirmed the soundness of Department for Transportation Engineering’s decision on organi-
zing such international event. Positive comments of the participants after the past Conferen-
ces motivated the Department for Transportation Engineering, Faculty of Civil Engineering at
University of Zagreb to continue the organization of such an 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
research organisations and economic sector 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, CETRA 2012 and CETRA 2014), the Department for Transportation En-
gineering 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
forthe conference itself, for published papers, and for their authors. As the serial publication
entitled Road and Rail Infrastructure has been achieved with last conference (CETRA 2014),
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. A great novelty is that the CETRA 2016 conference will be indexed in the TRID base,
whichis an inte-grated database that combines the records from TRB’s Transportation Resear-
ch Information Ser-vices (TRIS) Database, and the OECD’s Joint Trans-port Research Centre’s
International Transport Research Documentation (ITRD) Database. TRID provides access to



more than one million records of transportation research worldwide. In addition, the TRID
base has accepted all papers that were published at previous CETRA conferences.

Inthe year 2016, 4™ International Conference on Road and Rail Infrastructure — CETRA 2016 has
been organized, with the intention of bringing together scientists and experts in the fields of
road and railway engineering, giving them another opportunity to present the results of their
researches, findings and innovations as well as to analyze problems encountered in everyday
engineering practice and to offer possible solutions for a more efficient planning, design,
construction and maintenance of transport infrastructure.

Conference CETRA 2016 covers many areas: Traffic planning and modelling, Infrastructure
projects, Infrastructure management, Road pavement, Rail track superstructure, Construc-
tion and maintenance, Transport geotechnics, Tunnels and bridges, Structural monitoring
and maintenance, Computer techniques and simulations, Noise and vibration, Innovation
and new technology, Urban transport, Integrated timetables on railways, Vehicles dynamics,
Traffic safety and for the first time Traction Vehicles and Power Supply of Transport Systems.
This Conference CETRA 2016 attracted a large number of papers and presentations from 37
countries and 54 Universities. More than 140 papers were presented at the Conference and
are contained in these proceedings Road and Rail Infrastructure IV.

The organizers of the Conference express their thanks to all Businesses and Institutions which
support this Conference. Special thanks are extended to the European Railway Agency (ERA),
for their assistance and support in organizing very important conference sessions regarding
Interoperability of the European rail system especially regarding 4™ Railway Packages issues
and Technical Specifications for Interoperability (TSI). The objective of ERA is to contribute, on
technical matters, to the implementation of the European Union legislation aimed at impro-
ving the competitive position of the railway sector by enhancing the level of interoperability
of railway systems, developing a common approach to safety on the European railway system
and contributing to creating a Single European Railway Area without frontiers, guaranteeing
a high level of safety.

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 parti-
cipants for deciding to come to Sibenik and take part in CETRA 2016. We believe that these
CETRA 2016 proceedings entitled Road and Rail Infrastructure IV will be, just like the preceding
three 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 Lakusic
May, 2016.
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Abstract

Currently a fundamental shiftin how infrastructure managers and engineers obtain and make
use of virtual information is taking place. In recent years, vast amount of information has be-
come available in distributed virtual systems, be it publicly available or within the information
infrastructure of a single organization, which is often labelled as BIG DATA. The availability
of BIG DATA makes it now possible that information that is required for many decisions is
somewhere available, but needs to be meaningfully mined, fused, and visualized. While only
some years ago, much work of infrastructure managers and engineers was concerned with
specifying the information to make a decision that then was carefully collected by inspecting
and measuring, nowadays, most decision making tasks start with a broad search of virtual
information that is already somewhere available. Obtaining and making use of information
in this new style of working has become much more dynamic and unpredictable, but at the
same time much quicker and richer. This paper shows a range of examples from our ongoing
research activities from the area of managing road and rail infrastructure systems that shows
the potential of this new way of working. Based on these examples, the paper then discusses
some of the implication this new way of working has for setting up information management
strategies at large organizations, such as engineering companies and public authorities. In
particular, the paper argues that modern information management systems need to be open,
agile, and distributed to fully support the newly emerging practices.

1 Introduction

Access to information has always been a crucial aspect of infrastructure engineering work,
be it during the design and construction of new infrastructure or during the maintenance of
existing infrastructure systems. Large parts of engineering work is then also concerned with
obtaining information ranging from social aspects, such as traveling behaviour or preferences
of abutters, to engineering aspects, such as material strengths or specification of parts, to
physical aspects of the surrounding, such as the existing soil conditions or weather data.
In traditional practice, engineers carefully considered information requirements upfront for
which they then data was carefully collected by inspectors and surveyors before engineering
or planning decision making activities started.

Recently, this traditional practice is changing. This change is caused by more and more data sets
about existing natural and physical conditions, but also about the behaviour of infrastructure
users are becoming available. Examples for such data sets are, for example, Google maps [1] or
Open Street Maps [2] that make information available about the existing infrastructure networ-
ks in most countries, Google Street View [3] providing photographic imagery, the Dutch AHN
(actueel hoogtebestand) [4] that provides detailed 3D points of the entire Netherlands, or diffe-
rent initiatives of European communities to share data about infrastructure [5], such as the city
of Enschede’s open GIS data repository, or the city of Berlin’s or Seattle’s 3D Cesium models [6].
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Next to these trends in open data, many public and private organizations are starting to
collect large amounts of data. These data are often collected without a specific goal or deci-
sion in mind. Examples for this new emerging practice are the efforts of many organizations
to collect laser scan data of their existing structures, the equipment of bridges and tunnels
with sensors and monitoring systems, or the equipment of construction machinery with GPS
and other tracking devices.

All these efforts have change engineering practice in the last years significantly. Engineers
traditionally started new design efforts with drafting a data collection plan, then collecting
these data, and only then starting to design. Today, engineers, more and more, start designing
much earlier using existing data and only collect additional data, if some information is not
available. The most illustrative example for this practice is probably the many engineering
efforts that start on maps printed out of Google Maps.

Aclose look at these emerging practices shows that engineering work is becoming much more
interactive, agile, and iterative. This in particular holds for the application of supporting tools
within this practice. To make full avail of the available data by combining different sources and
formats, engineers start to develop many customized data fusion and visualization methods.
Many of the existing proprietary software programs and database systems do not support
this practice well. The missing support, in turn, challenges many of the, at private and public
organizations existing, IT systems and IT implementation strategies.

This paper provides a number of examples of data fusion and visualization methods from
railway and roadway engineering. All examples show how data from different sources were
combined to support decision making and design. Based on these examples the paper will
discuss how existing IT systems and IT system implementation strategies need to change to
support such combination of data from different sources. The paperis structured as follows:
The next section will provide a brief introduction about data fusion and BIG DATA as it applies
to infrastructure design and planning. Afterward the paper will provide a number of data fusi-
on examples from road and railway design. After these examples we will provide our argument
of how current IT system and implementation needs to change to allow for benefiting from the
vast amount of data that is becoming available.

2 BIG DATA driven simulation and visualization systems

To support their design work engineering and planners make use of simulation and visuali-
zation models. These models abstract and formalize knowledge about the characteristics of
a specific physical situation and a number of social, technical, or natural processes within
that situation [7, 8]. For example, spatial models abstract an urban area using a geographi-
cal information model and different behavioural processes of humans that live in the area.
Another example are finite element models of bridges that abstract the structural behaviour
of the bridge. Through abstraction simulation and visualization models allow designer to
experiment with perceived future conditions by changing certain parameters of the physical
situation, in the examples above some geographical or structural characteristics that reflect
certain transformation possibilities. This allows designers to explore alternatives for desi-
gning and planning inquiries that are too complex to be meaningfully represented by physical
prototypes or mathematical models.

If simulation and visualization models provide adequate abstractions of the existing natu-
ral, technical, and social conditions, models become a none-replaceable part of all enginee-
ring and planning decision making work throughout the entire life-cycle of an infrastructure
system. This potential has been discussed by many. Research for example has shown that
data driven simulation and visualization models can bridge knowledge boundaries betwe-
en different specialists [9, 10] or enabling multi-disciplinary design teams to generate new
knowledge in the form of creative design ideas [11,12].
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Figure1 Basic architecture of a decision support system

Figure 1depicts the core architecture of such data driven simulation and visualization systems.
They all rely on input from a variety of different data sources. As design and planning work
for infrastructure systems always need to account for the status quo, much of these sources
are related to information about the existing natural, physical, and social conditions around
an infrastructure network. Traditionally, large parts of the data input describing the existing
conditions relied on manual inspections and surveying exercises.

With the fast improvement of sensing technology much of the labor intensive manual inspec-
tion work is slowly replaced by sensor systems. The use of sensor systems can replace much
ofthe laborintensive field work. At the same time, however, the adequate use of sensors still
requires thorough upfront planning. Additionally, cleaning and analyzing sensor data is still
very labor intensive.

Additionally to data about the existing conditions, soft data about the requirements, wishes,
and constraints of stakeholders involved around a design or planning effort become increa-
singly important. This data is often less standardized, but as important as input to design and
planning efforts as data about the existing conditions. After all, the re-designed infrastructure
network’s purpose is to support the social and economic needs of citizens.

A final important source of data are the different design ideas. As planning and design relies
on input from many different specialists, every design and planning effort always involves vast
amounts of data representing these different inputs. Additionally, planning and design is also
an iterative process. Data representing design ideas ideally therefore captures different con-
curring possibilities describing different alternatives for future actions. Obviously, capturing
different alternatives increases the amount of data significantly.

To allow for meaningful decision making around these different types of data, information
models are required that allow to meaningful convert the raw data into meaningful informa-
tion. To this end, information models provide a computer based representation of data in
the form of objects that allow humans, as well as, computers to reason about the data. For
example, the physical characteristics of structures can be represented by using parametric
object building information models that describe structures as building elements, such as
beams, columns, or walls. Additional information can then be attached to these elements.
Some well-known building information schema are the Industry Foundation Classes (IFC) ISO
standard or the CityGML standard. Moreover, most 3D based parametric CAD systems use
their own representation schema.
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Another example are geo-spatial data that most of the existing GIS applications represent
using polygons. Again different information ranging from the demographics of a specific area
to natural and geographic characteristics of an area can be attached to the basic polygonal
object representing a specific area. Next to these geometrical ways to represent data mea-
ningfully with the computer, many other possibilities exist, ranging as wide as meaningfully
named SQL tables or NoSQL based document storage.

Oftentimes, the transformation of raw input data into meaningful information models is not
easy. Manual conversion is often error prone and time consuming. Therefore, much recent
research and development work has focused on the development of advanced data mining
methods applying state of the art machine learning methods. These methods automate the
cumbersome work of categorizing input data of different formats, such as from images, point
clouds, or historical databases. Next to machine learning methods, the conversion of raw
data into meaningful information models also relies on data fusion mechanisms that allow
to combine raw data from different sources.

Once data is meaningfully represented using semantic information models, computer appli-
cations can be developed that use the data to meaningfully simulate possible scenarios of
future conditions. Often used simulation methods in the area of infrastructure design and
planning are methods based on partial differential equations, discrete event simulations, or
agent based simulations. What all of these methods have in common is that they take data
meaningfully represented through information models as input. Then the data is used to si-
mulate a number of possible future alternatives. The outcomes of these simulations, in turn,
come in the form of additional data. If different alternatives and scenarios are simulated, the
amount of these data is often larger than the initial input data. Again, these output data need
to be meaningfully converted and stored in semantic information models to allow computers
and humans to reason with the simulation output.

To support meaningful decisions all data, be it data about existing conditions or simulation
output, have to be represented to decision makers. To this end, purposeful data visualizations
need to be generated. This generation again requires the fusion and mining of the existing
data with the help of meaningful semantic information models.

To close the cycle, designers and planners then make decisions about the future configuration
of an infrastructure network, about maintenance cycles, and so forth. Again these decision
are oftentimes modeled and can serve as data input for the next decision cycle.

In summary, the meaningful introduction of simulation and visualization models in enginee-
ring design processes requires a tight integration with large amounts of data representing a
wide range of different aspects. Because design by definition involves the creation of somet-
hing new, itis important for simulation and visualization models to provide an accurate model
of the existing physical situation for a meaningful departure from this status quo. Modeling
this existing condition, in turn, requires accurate input data that can stem from a large variety
of different sources, ranging from existing drawings and documents, to manual collection,
to sensor based measurements using, for example, laser scanners or photogrammetric met-
hods. At the same time, these data have to be meaningfully combined with computer based
representations of design requirements and suggested future design alternatives. To illustrate
this practice, the following section introduces four examples of such data driven decision
support systems from the domains of road and railway design and planning.
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3 The cases

Without going into detail the paper will provide brief descriptions of four cases of previous or
ongoing research work. More detail about each of the cases can be found, with the exception
of the second case, in more detailed journal publications. | would like to refer the interested
readerto these publications to learn more about the specific system implementations of each
of the cases. The four cases are:

1) An illustration of how to support construction activities for railway stations. This case
shows how different input data are fused to coordinate different design and construction
tasks on two major European train stations: Amsterdam Centraal and Arnhem Centraal [13]

2) The second example from railway planning and design was concerned with using the exi-
sting data at a major European railway organization to use machine learning techniques
to predict delay propagation based on historical schedule data.

3) The project to illustrate the possibilities to support road construction activities was con-
ducted within the context of an asphalt paving living lab. The simulation and visualization
system developed was concerned with tracking and controlling asphalt paving operations
in real time to ensure continuous process improvements and long term quality of the
constructed road [14, 15, 16].

4) An example to illustrate long term planning efforts for road network management was
conducted within a study to explore the possibilities of machine learning methods to
understand deterioration of roads based on design parameters and environmental con-
ditions [17, 18].

3.1 Refurbishment design and construction planning of train stations

The inner city traffic infrastructure is crumbling. In the European context this is particular
visible at the existing major train stations. To overcome the problem with the existing Dutch
stations the Dutch government has started a program to renovate its major train stations for
example in Amsterdam, Delft, Arnhem, or Rotterdam. One major issue during the renovation
and upgrade of train stations is that new design ideas need to be integrated with old existing
structures and architecture. Engineering the integration of such new ideas is often one of the
most time consuming processes during the overall planning, engineering, and construction
process. However, the required coordination work can be significantly improved by decision
support systems that allow to clearly understand how new proposed renovation measures
will fit with the existing conditions.

In the case of the Amsterdam railway station renovation it was therefore decided to obtain
a laser scan of the existing conditions. It was then planned to match the scan with the new
proposed design of all architects and engineers that were involved on the project. The laser
scans provided a large amount of data that had to be integrated meaningful in the engineering
process. To this end, the project team developed a specific system. The basis for the system
was an accurate Building Information Model (BIM) that was established based on the data
from the laser scans. This BIM model transformed the semantically poor description of the
existing condition from the laser scans — laser scans simply provide a so called point cloud
that describe existing geometry in the form of a large number of three dimensional points —
into an accurate semantic description of the existing train station. This semantic description,
forexample, provided information about the type of objects, e.g. column, ceiling, wall, about
the object’s material and its function. All this information was essential to support the engi-
neering process on this project.

This as-built BIM was then used in two different ways to support the engineering process of
the project. For one, the model provided the engineers with an accurate description of the
existing situation that they could use to develop creative ideas for how to best engineer the
transformation of the train station. Additionally, after specific alternative solutions had been
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engineered, these solutions could automatically be compared with the existing situation. In
this manner, the engineers on the project were able to identify a number of conflicts between
the existing conditions and their envisioned future condition that would have probably requ-
ired costly adjustments of the design during the later construction phase, Figures 2 and 3.

Figure 2 Understanding the as-built situation in relation with proposed engineering designs. From point
cloud to clash detection (left to right)

Figure3 Use ofthe 4D CAD model to resolve a conflict between the foundation and a temporary structure after
construction work had been started. Left screen-shot: Conflict between a temporary column and a to
be installed permanent column. Middle screen shot: Identifying the exact dimension of the conflict
using the 4D CAD software’s measurement function. Right screen shot: The existing situation on the
construction site before the installation of the new permanent column

On the Arnhem Centraal project, the project management team even went a step further. On
this project, it was decided that all design input from all involved parties should be provided
in 3D format. These 3D models were then merged in a common model to understand the
different conflicts, not only with the existing conditions, but also within the different design
suggestions itself. Moreover, a construction schedule was integrated to establish a so called
4D modelto understand possible conflicts and clashes during the construction of the project,
Figure 4.
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Figure 4 Screen-shots showing different conflicts caused by misaligned construction sequences that were
found using the 4D CAD model. The top-left screen-shot (a) shows a conflict between the overhead
railway electrification system and the roof construction. The top-right screen-shot (b) shows a
conflict between the demolition and installation sequence for the steel structure. The screen-shot on
the lower-left (c) shows a conflict between the old and new roof structure. The bottom-right screen-
shot shows a conflict between the foundation, temporary stair structure, and the new steel columns

3.2 Predicting delay propagation on railway networks using historical train operations data

Delay propagation is one of the hardest phenomena that railway operations managers face.
The delay of a single train within a railway network will often cause delays of a large number
of other trains. Predicting how delays will propagate throughout a network is complex, while
the effect of delay propagation on travellers is significant. Better understanding the delay
propagation is therefore a crucial part of improving the management of railway operations.
This case describes the combination of two different databases available at Irish Rail to learn
more about delay propagation. In particular, a system was developed that combined infor-
mation of infrastructure elements, such as tracks, switches, crossings, buffer stops, with the
railway networks topology and locations from GIS and CAD systems, with the historical time-
table and operational data, such as the arrival and departure time of each train and all delays
more than 300 seconds. Most of this information was combined using the existing informa-
tion model standard RailML that allows to meaningfully model all the above information.
Using these different data sources a model to predict delay propagation within the Irish
network was developed using artificial neural networks. The model used the delay times,
train maximum speed, route maximum speed, speed homogeneity, route departures, vertex
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departures, edge length, and percentage of double tracks as input variables to predict the
amount of delay propagation.

This case shows the potential of the purposeful combination of different data available at
railway management organizations. In particular, the combination of data about the railway
infrastructure with historical data about operations seems to be a fruitful endeavor. The de-
veloped model allows first predictions of first-order knockdown delays. This model can then
be used to understand different problematic sections on the network that are main drivers
for delay propagations. Railway management organizations can then use this knowledge to
devise measures to mitigate delay propagation, be it through an adjustment of time-tables
or through the improvement of the physical railway infrastructure.

3.3 Construction and maintenance of road networks

The road infrastructure is a vital component of any urban transportation system that addre-
sses the travel demands to transport people and goods. In 2009, more than 73% of the total
amount of the Tonne-kilometre of the inland goods transportation in EU employed roads as
a transportation means [19]. Given the vital role for transportation, in particular for urban
regions, there is a clear need for the search of ways to improve the road infrastructure. To
accommodate this improvement most roads in urban areas are subject to constant construc-
tion work with the aim to rehabilitate existing roads, extend road capacity and to build new
roads. Within the urban context such construction work is usually highly disruptive to the
economic and social urban processes. Accelerating road construction processes is therefore
of utmost importance for the seamless transformation of cities.

Despite this pressing need, most acceleration efforts are currently still hampered by missing
understanding of how the construction process influences the quality of the finished asphal-
ted road. This holds in particular for the compaction process. This case presents research
and development work towards a data driven real-time decision support system to provide
machine operators and site managers with adequate process information about ongoing road
construction projects. The system is based upon measurements of asphalt temperature and
GPS measurements of all involved construction plant, Figure 5. The measured data is then
fused by aligning the measured time stamps and geo-referencing all information. Additio-
nally, simulations about the predicted cooling of the asphalt temperature was integrated in
the system.

In this way, the system could provide real-time visualizations of the road construction process
to site managers. This allowed these managers to streamline ongoing road construction work
while safeguarding quality. In particular, it was now possible to understand when to best
compact a certain part of the newly asphalted road in relation to the asphalt temperature.
Such understanding is an important factor for safeguarding the final road quality, because if
asphalt is compacted while it is too hot, roller compactor will damage the road deck as they
will sink into the too viscous asphalt. On the other hand, roller compactors will damage the
road deckif the asphaltis too cold as the hardened road deck will crack under the introduced
compaction energy.

In a next step this project also started to experiment with understanding the failure of road
network in relation to the tracked data from the road construction. To this end, the measured
data from the operations were fused and visualized together with the at the Dutch road aut-
hority existing GPS based road damage data. Figure 6 shows a first impression of this work.
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Figure 5 On site temperature measurement with an industrial temperature line scanner (left) and on-site
information provision to site management staff during ongoing operations (right)

Figure 6 Overlay of temperature measurements from a paving effort with GPS referenced video data of a
highway [16]

3.4 Long term prediction of road network quality using historical data

Authorities responsible for planning and designing road networks, use pavement manage-
ment systems to support their decision making procedures with respect to maintaining pave-
ments in serviceable and functional conditions throughout their life-cycle. A key component
of these systems, pavement prediction models play an important role. This case provides
an example of how publicly available data from the US national highway administration was
used to develop a machine learning prediction method to understand the factor that effect
pavement deterioration.

As input for the machine learning mechanisms data from the US long term pavement per-
formance database was used. As specific input variables the study used surface thickness,
percentage of asphalt content, percentage of air void and hot mix asphalt, and unit weight of
hot mix asphalt as characteristics of the asphalt. Additionally, equivalent single axial load,
average annual daily traffic, and average annual daily truck traffic were used as load related
input variables. Finally, with annual average precipitation, annual average temperature, and
annual average freeze index two climate based variables were also used.

Using regression analysis and artificial neural networks the influence of these parameters
on the international roughness index in the short and long term were predicted. Different
models were developed to be used within pavement management systems to predict the
performance of a specific pavement. The models also showed that the two factors of annual
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average precipitation and average annual daily truck traffic had the most influence on pave-
ment deterioration.

Allin all, this case shows the possibility to implement machine learning mechanisms to make
use of three different source of data available at most road management authorities: design
characteristics of paved roads, traffic data about road use, and openly available weather
data. By a meaningful combination of these data within an information model and by mining
this information model with state of the art machine learning techniques, better prediction
models for the deterioration of assets can be developed. These prediction models, in turn,
will allow road management agencies to more objectively devise maintenance and repair
strategies and plans.

4 Discussion

The above cases all describe applications of data driven decision support systems within in-
frastructure management and design organizations. What is common between all these cases
is that they make use of available data, fuse this data meaningfully, mine the fused data, and
then visualize it to support decision making tasks. What is also common between the four cases
is that all of these applications were developed in a bottom-up manner driven by the decision
support needs at hand. In our earlier work, we argued that only such bottom-up development
will make the sound implementation of decision support systems within organizations possible
[20-23]. The above cases stress the importance of this IT management strategy.

In what follows we will provide a number of suggestions for the development of information
models, service oriented patterns for the interoperability between different information mo-
dels, and a management framework all targeted at providing the flexibility to quickly develop
and implement decision support systems as mentioned above. The recommendations are
targeted to overcome some of the existing problems with information management at orga-
nizations that oftentimes is too inflexible to support the development of targeted data-driven
decision support systems.

4.1 Information Models

An information model can be best defined as a simplified representation of a small, finite
subset of the world. As such each of the objects within a model corresponds to some real or
abstract object that might exist in the world or within the state of mind of a group of persons
or an individual [24, 25]. Each information model can ultimately only represent a certain as-
pect of the world using a certain categorization and a certain level of detail [24]. Therefore,
before an information model can be developed and the above described decisions about the
specific form of the information model can be made a specific universe of discourse [24] and
a purpose for the model needs to be identified.
Afteridentification of the overarching universe of discourse, decisions need to be made about
the level of detail to represent the object, about the degree of decomposition of objects to be
represented, about how to represent the relations between objects, and about how to deal
with changes to objects over time [25]. How these decisions are made does not depend on
any natural law, but is largely determined by arbitrary decisions of the designers of a specific
information system. These decisions will be made according to the required kinds of informa-
tion for the specific purpose the information model should support and due to considerations
about how a specific information model needs to be maintained while in use [25].
While making these choices it is important to consider that every information models is a
computer based knowledge representation. As such it has to follow a number of within the
literature well established principles [26]:
- Aninformation modelis a set of ontological commitments. The designers of a database need
to agree upon categories for the things that the information model should represent. It is
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important to realize that the information model only remains useful if all users of the model
follow this initial ontological commitment.

« Every information model is a medium for efficient computation. It is important that every
information model, not only encodes knowledge, but ensures that computers can easily
process the information model and that the information model can be easily implemented
with existing technology.

« An information model is also a medium of human expression. Next to ontological commi-
tment, an information model should also support human communications of those using
the information model.

From these three generally accepted principles, three different types of information models
can be derived. These three types are summarized in Figure 7, labelled as semantic represen-
tation, conceptual completeness, as well as, ease of implementation and querying. The figure
also depicts that each of the three quality characteristics are to a certain extent exclusive.
The figure depicts that a shift of an information model towards any of the three qualities will
inevitably require the reduction of the quality within the other categories. Exclusiveness, in
turn, means that for different decision purposes, different information models need be esta-
blished, even if they describe the same type of data.

temanticRepresentatian

Implemematicn
end Suarying

Conceptaal
CoampiEtaness

Figure 7 Three types of information models. The three types are to a certain extent exclusive. For example,
a shift of a specific information model towards a higher quality of semantic representation will
most likely reduce the conceptual completeness and the ease of implementation and querying
(2). Similarly, an increase in conceptual completeness will reduce the possibilities of semantic
representation and the ease of implementation, while an increase in the ease of implementation will
decrease the possibilities for semantic representation and the conceptual completeness

At the outset, and probably the most important type of information models, are models that
are highly semantically accurate. Every information model is an abstract representation of
reality. As such, it can be seen as a computer based sign system that represents something
in the real world. This sign system, in turn, has to be interpreted by somebody who wants to
learn something about the real world based on the representation in the computer [27, 28,
29]. The semantic accuracy of the model to represent real world objects allowing for their
adequate interpretation from various different points of view at different stages within a
design process seems therefore the most important characteristic of an information model.
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However, to design meaningful data driven decision support systems two other characteri-
stics of information models are similarly important.

A second type of information models is characterized by high conceptual completeness, or
in other words, the degree to which the combined system of signs can represent a specific
universe of discourse at hand in its entirety and exactly. Other than semantic accuracy, con-
ceptual completeness requires information models to closely focus on a specific engineering
task often around the accurate combination of data from two different sources. To enable such
specific engineering tasks a conceptually complete model needs to provide a highly accurate
representation of the specific universe of discourse at hand. Redundancies in possibilities to
store data related to the information models decomposition need to be avoided. This holds
for the chosen categorization of objects and their respective level of detail. Additionally,
highly conceptually complete models need to allow domain expert to quickly comprehend
the model.

A third type of information models, finally, is targeted at optimizing computational characte-
ristics, in particular, with respect to ease ofimplementation and ease of model querying. This
isimportant because a specific information model, after all, will need to be implemented in a
software system to become of any use. Here question about how well the chosen information
model structure can be effectively implemented within database systems or other software
and how well a specific information model can be queried and updated move to the forefront.
Important then is that IT management of organizations needs to consider this requirement
for different types of information models. With the necessity that any one decision support
system will need to custom tailor their underlying model to the needs at hand, the question
arises how organizations can manage the multiple information models that are required to
support their different decision support processes ranging from the strategic to the operati-
onal level. The next sub-section provides some recommendations for the required interope-
rability that need to be established between different models.

4.2 Interoperability

According to Sowa [30], there are a number of patterns to deal with data interoperability
between different data sources. The easiest pattern is a “file gateway”, a pattern quite often
used within infrastructure design and planning. This pattern relies on a central gateway that
is able to read files exported in the format of one information model and translates it to the
other. The problem with this pattern is that there is no immediate response, it also adds com-
plexity and additional administrative requirements. For example, file storage and versioning
systems have to be designed to organize the meaningful file exchange.

A slightly more advanced patter is the “data model transformation” pattern. In this pattern
an independent software service running on a server is responsible to translate between
two information models. The advantage of this pattern with respect to the “file gateway” is
the immediate availability of the translated data. However, the development of good “data
model transformation” services is difficult and requires a significant effort. A different service
has to be developed for each pair of decision support systems that need to exchange data.
Additionally, maintaining a large number of these services running in production requires
additional administrative effort. Also the additional run time performance overhead should
be considered, in particular, with respect to large data sources.

The “schema centralization” pattern makes use of the necessary overlap of information
between different information models. It selects overlapping sub-schema from different
decision support systems and decouples these sub-schema from the original information
models into a central repository. Each of the different decision support systems of an or-
ganization can then make use of these common central repositories. Other than the earlier
described two patterns the complexity that “schema centralization” introduces is of an orga-
nizational nature. It is very difficult to understand which sub-schema of the different decisi-
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on support systems can be shared within an organization. Additionally, political discussion
about ownership and rights of shared schema might form a barrier to their implementation.
Finally, the “canonical schema” pattern tries to develop one single information model schema
to serve all purposes of an organization. While this schema is often touted as the “holy grail”
of information modelling, in particular, in the current discussion about building information
models, one should always bear in mind the different purposes of information models in-
troduced in the previous section. Even in the rare case that an organization could make use
of a single information model, the implementation of a canonical scheme often cannot be
realized. The introduction of a “canonical schema” requires a significant governance effort
and a cultural change throughout the entire organization. Designing the schema is also highly
complex as all needs of the organization’s decision support systems need to be accounted
for. Finally, the implementation of a “canonical schema” will inhibit the innovative potential
within the organization to continuously improve its decision support systems. More often
than not innovative efforts in organizations that have implemented “canonical schema” in
the past were implemented outside the “canonical schema”.

Independent of what combination of schema an organization wants to implement, the infra-
structure of decision support systems in relation to the different databases implementing the
above patterns need to be managed. The next section, introduces a concept and framework
for this management, labelled “Cooperate App Store”.

4.3 The corporate app store

Organizations who want to make full avail of the possibilities that data driven decision
support systems offer, need to provide an IT infrastructure that is open, flexible, secure, and
that support collaboration within the organization and with third parties. The concept of the
corporate app-store provides a framework for the development of an IT infrastructure that
fulfils all these criteria. The corporate app-store is schematically presented in Figure 8.
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Figure 8 Architecture of a corporate app store
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The main purpose of the corporate app store should be the support of the organization’s
strategy in terms of design and planning of the infrastructure systems. This support should
account for the highest amount of flexibility of this strategy, so that the organization will be
able to quickly react to changes in its environment.

Different decision making tasks at the strategic, tactical, and operational level can the be
supported by small self-standing applications each of which present a specific data-driven
decision support system. Additionally, applications can be developed that support the co-
llaboration with external parties. Finally, services that the organization outsources can be
supported by application that are used only by sub-contractors, but that nevertheless tie into
the organization’s app-store.

The provision of these different applications on the basis of a central IT infrastructure is made
possible by a distributed cloud based data repository. In this repository all data available wit-
hin the organization should be stored in a distributed database system. At the outset, it it not
important in what format the data is stored here. Different information systems and different
data storage technologies should be supported, ranging from file based storage to state-of-
the-art NoSQL and graph based database systems. Important is only that the data schema
and schema implementation is provided openly as source code, as well as, human under-
standable documentation documents that clearly explain the underlying storage mechanisms
as well as the information model is documented. Important is also that all data of the entire
organization is stored and documented here.

On top of this distributed cloud based data storage platform, an interface layer is then con-
structed through which the different applications can access the data. Similar to the distri-
buted data storage, the assumption here is that the interface level can grow evolutionary
with the flexible requirements of the organization and their applications. Additionally, the
interface should also be made available openly and all interfaces should be documented.
Interfaces can then provide different data stored in the distributed repository to application.
Interfaces can also take care of certain interoperability requirements using any of the patterns
discussed in the previous section.

Having this IT architecture in place allows organizations to flexible extend their application
environment with new data driven decision support systems whenever the need arises. Be-
cause of the open nature of the app-store it is possible to develop applications internally
or to outsource the application development to outside software developers. Importantly,
however, is that the open character prevents the organization to become dependent on one
single software company. Further, the open and evolutionary growing character of the app-
store prevents organizations from implementing systems that in a number of years will be
outdated, so called legacy software.

The app-store’s data interface layer allows app-store architects to implement data security
mechanisms. None of the distributed data stores should be directly accessed by an appli-
cation, but only through a well documented and open interface. This allows for the highest
amount of control and flexibility in terms of data security.

5 Conclusion

This paper argues that a shift in how engineers and planners work is occurring currently.
Practice is moving from targeted information retrieval towards applying the vast amount of
existing databases. It supports this argument by providing four illustrative cases of data dri-
ven decision support systems for the design and planning of road and railway networks and
their components. Establishing the possibilities of data driven decision support systems, the
paper then provides a number of recommendations for how organizations can design their
IT infrastructure to support this changing practice and to make full avail of the newly arising
possibilities. In particular, the paper discussed different purposed of information models,
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it introduces different interoperability patterns, and finally it suggests the concept of the
corporate app store as a IT implementation and management strategy.

| hope that the paper can provide some fresh insights into the quickly evolving current prac-
tice of infrastructure planning and design. Further, it is hoped that the paper can provide
some fresh thoughts about how to overcome the problems of current IT management practice
that is still heavily dominated by legacy systems, silo-thinking, and closed data systems. To
overcome this practice in the upcoming years will be a challenge for most large organizati-
ons working in the area of infrastructure management. As it is argued in the paper a new IT
management culture that operates flexible, open, transparent, and secure is required to truly
support the emerging design and planning practice around data driven decision support
systems.
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Abstract

OpenTrack began a few years ago as a research project at the Swiss Federal Institute of Tech-
nology. The aim of the project, Object-oriented Modeling in Railways, was to develop a user-
friendly tool that would answer questions about railway operations by simulation. One of
the tasks OpenTrack supports is calculation of minimum headways (headway calculation),
e.g. using the OpenTrack tool Headway Calculator. Based on a number of input parameters,
the headway calculator computes the minimum headway between two trains and is able to
identify the critical block section. The two trains may vary in type (e.g. intercity, commuter,
freight, etc.), route and stopping pattern. The headway calculation works for fixed block (dis-
crete block), moving block and CBTC systems. During the simulation predefined trains run
on a railway network according to the timetable and under the constraints of the signaling
system. After a simulation run, OpenTrack can analyze and display the resulting data in the
form of diagrams, train graphs, occupation diagrams and statistics.

Keywords: Simulation of railway operation, operational performance
1 Introduction

Railroad planning is particularly challenging because different improvements can be used to
achieve project objectives; improvements can be divided into three general categories: infra-
structure, rolling stock, and operations. Improvements in each category need to be evaluated
against improvements in other categories to develop the optimal investment plan.
A good example of a structured approach to trading off different types of improvements in
these categories is the Swiss National Railroad’s (SBB) Integrated Product Planning Process.
[1] The SBB views this process as a Planning Triangle with three elements at the corners: Pro-
ducts, Rolling Stock, and Infrastructure. Products are the services and schedules operated
(e.g. commuter rail, intercity rail, freight); rolling stock means the type of rolling stock used
to provide a particular service; and infrastructure consists of the physical system (e.g. tracks,
signal systems, stations). SBB planners use iterative techniques to evaluate changes in each of
these elements to optimize the system as a whole. This triangular depiction effectively commu-
nicates the relationship between the three elements and their ability to meet market demand.
In an example of this process, the SBB decided to use tilting trains to provide high speed
service (a rolling stock solution) rather than fully rebuilding tracks on a particular corridor (an
infrastructure solution) because the former was found to be more cost effective.
Computer simulation is a particularly important and useful tool for evaluating different ra-
ilroad improvement strategies for the following reasons:
» Understanding Capacity — Railway capacity is not intuitively obvious. Even lines with very
little service may be operating at capacity.
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- Highly Interrelated Infrastructure — An infrastructure improvement in one location can have
significant impacts in another location, sometimes far from the improvement. A rail simu-
lation program can identify the impacts of such changes throughout the modeled network.

« High Cost of Rail Infrastructure — Improving a railroad is expensive, not only are the physical
improvements costly, but costs for taking a line out of service during construction and for
additional right-of-way can be significant. Furthermore, a poorly planned improvement will
increase the railroad’s long term operating costs and problems.

Given these factors, many rail-planning experts recommend completing as much modeling
as possible before starting a railroad improvement program. In general, the more modeling
done up front, the less expensive the overall project will be, since modeling enables the plan
to be refined to its most essential elements [2].
The first step in using computer models in the railroad planning is to calibrate the base case
model. This should accurately replicate observed railroad operations with the existing infra-
structure, rolling stock, and schedules. Once the model has been calibrated it can be used
to investigate many issues including estimating the stability of new timetables, determining
the minimum infrastructure requirements for a given timetable, or evaluating the impact of
rolling stock changes. A significant benefit of models is their ability to evaluate the impact of
incidents or time-based network changes (e.g. maintenance) on railroad operations.
Computer simulation is especially valuable for railroad planning since, once developed and
calibrated, models can be used for the comparison of the benefits, impacts, and costs of
various different improvement packages. To analyze more than a few improvement packages
by hand would be prohibitively time consuming. Thus, effective railroad simulation models
enable planners to identify and evaluate more alternatives, ultimately leading to more creati-
ve and comprehensive problem solutions. While computer simulation is an excellent tool for
analysis and planning of railroads, railroad network simulation programs have the following
limitations:
» Programs must be validated to actual conditions.
« Yard operations must be modeled separately.
« Resource constraints such as crew scheduling are largely ignored (although some speciali-
zed software does address resource constraints).
« Simulations only include the modeled study area.
« Simplifying assumptions generally create an inherent optimism about overall congestion,
schedule adherence, and recoverability [3].

Given these limitations, especially the last one, it is critical that all simulation results be
carefully reviewed and discussed with those familiar with operations. There is no substitute
for real experience in the planning process.

2 OpenTrack - railway simulation software

OpenTrack was developed at the Swiss Federal Institute of Technology’s Institute for Transpor-
tation Planning and Systems (ETH IVT). The project’s goal was development of a user-friendly
railroad simulation program that could run on different computer platforms and could answer
many different questions about railway operations, [5]. 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
behavior 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.

TRAFFIC PLANNING AND MODELLING
CETRA 2016 — 4" International Conference on Road and Rail Infrastructure



Figure1 Data flow in simulation of railway operation

2.1 Input Data

OpenTrack manages 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
the database and then used individually to model operations on the particular segment or
together to model larger networks.

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 com-
pletion of the RailML [4] 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 [4] 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, [6]. While OpenTrack provides standard default values for all variables,
having the ability to adjust variables makes the program quite useful.
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2.2 Simulation

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. [6]

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).
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.

2.3 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
eitherto document a particular simulation scenario oras an interim product designed to help
users identify input modifications for another model run. [7]
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3 Use of OpenTrackin Croatia

Figure 2 shows a detailed outline of Zagreb Gl. kolodvor infrastructure. The importance of any
modelling system lies in the accurate representation of reality. For this reason, OpenTrack
takes all important parameters into consideration, so that everything that happens during
simulation will happen in reality as well.

Figure 2 Infrastructure: Zagreb Glavni kolodvor

Another example of infrastructure layout is depicted in Figure 3. The station Hrvatski Leskovac
is presented with all tracks, signaling system and needed infrastructure characteristics.

Figure 3 Infrastructure: Hrvatski Leskovac

Figure 4 shows an example of a train graph with blocking time stairway between Zdencina
and Karlovac, Croatia, including distance, as well as information about double- and single-
track sections.
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Figure 4 Timetable with block section: Zdencina - Karlovac

4

Conclusion

OpenTrack is an efficient and effective railroad simulation program. It has been used succe-
ssfully 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. Therefore, it is
highly recommended to use it for simulation of railway operations because it covers a wide
range of possible output data that can be used in decision making processes.
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Abstract

Implementation and reconstruction of urban traffic infrastructure has proved to be very com-
plex task because of different reasons. Among the most important are those connected with
negative influence of motorized traffic on urban environment (congestions, safety, environmen-
tal problems) and those connected with urban surrounding (lack of free space, ambientality).
During last decades there was great increase of reconstruction of standard intersections into
roundabouts all overthe middle Europe (Slovenija, Croatia, Italy ect.). Because of that the need
to have objective and comprehensive estimation of the implementation of roundabout at the
place of standard three or four leg intersection was established. In different countries were set,
we can conclude based on different national regulation, similar criteria. Croatian Guidelines
for Roundabouts at State Roads were adopted by authorities for state roads Hrvatske ceste in
2014. They prescribe estimation and comparison of solutions in the case of new or reconstruc-
tion of existing intersection into roundabout. The goal of this paper is to discuss proposed
criteria by comparing it with widely used criteria for traffic infrastructure planning and design
commonly used for urban traffic infrastructure. The suitability and universality of proposed
criteria will be tested on two case studies where guidelines were implemented: four leg signa-
lised intersection and three leg non signalized intersection situated in different urban context.

Keywords: urban infrastructure, criteria, roundabout
1 Introduction

Implementation and reconstruction of urban traffic infrastructure has proved to be very com-
plex task because of different reasons among which the most important are those connec-
ted with negative influence of motorized traffic on urban environment and on wider urban
surroundings. This is why evaluation of urban infrastructure includes criteria connected with
engineering solution and economics of the solution but also different social and environmen-
tal criteria too [1]. Overall used criteria for planning, design and construction of urban traffic
infrastructure can be divided in four groups: traffic criteria, environmental criteria, social
criteria and economic criteria.

Traffic criteria include different aspects of traffic efficiency of proposed solution and, if appli-
cable, increase in traffic safety. Environmental criteria are connected with all of the negative
effects of traffic, especially motorized traffic on air, water and land. Social criteria measure
how many people and sometimes also which groups (with the emphasis of different vulnera-
ble groups) will benefit (or not) from new infrastructure. Economic criteria takes into conside-
ration the costs of construction and maintenance of traffic infrastructure.
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During last decades there was great increase of reconstruction of standard intersections into
roundabouts all over the middle Europe (meaning Slovenija, Croatia, Italy ect.). Because of
that the need to have objective and comprehensive estimation of the implementation of
roundabout at the place of standard three or four leg intersection was established [2, 3, 4].
Also in different countries were set, we can conclude based on different national regulation,
similar criteria [5-10]. Croatian Guidelines for Roundabouts at State Roads (further in the text
Croatian Guidelines) were adopted by authorities for state roads Hrvatske ceste in 2014 [5].
They prescribe estimation and comparison of solutions in the case of new or reconstruction
of existing intersection into roundabout.

In this paper an analyses and comparison of criteria used in different national regulation
is done in order to make an objective assessment of criteria and methodology proposed in
Croatian Guidelines. Methodology for assessing roundabout design at different location, set
in the Croatian Guidelines, are applied as case study on two different intersections. The aim
was to test proposed criteria for different types of intersections (three and four leg, signalised
and non signalised) and in different urban context (inside the city, on the border of the city)
planned for reconstruction in roundabout.

2 Criteria for roundabout implementation

There is no uniform guidelines in Europe for geometric design of roundabouts as specific
circumstances differ among countries. Design elements as well as criterion for acceptability
of roundabouts are usually defined in national guidelines adapted to their circumstances [11].

2.1 Overview of usually used criteria for roundabout implementation

In the book “Kruzne raskrsnice-Rotori”, author Zoran Kenji¢, mentions 4 main criteria that
should be considered when making decisions on the justification of the construction a cer-
tain type of the intersection [8]. Similar, 8 criteria acceptable for standard one or two lane
roundabouts suggestes the author of the book “Alternative Types of Roundabouts” [11]. The
suggested criterion are: functional, spatial, capacity, design, traffic-safety, front-and-rear,
economical and environmental. Analyses of different available guidelines from European co-
untries and USA use many common criteria although some differences, due to different traffic
culture, can be recognised. In Table 1 comparison of criterion in different guidelines is shown.

Table1 Comparison of usually used criteria for roundabout

Countries Criteria Application Year of publication

Croatia [5] 1) functional criterion State roads 2014.
2) spatially-urbanistic criterion
3) traffic flow criterion
4) design and technical criterion
5) traffic safety criterion
6) capacity criterion
7) environmental criterion
8) economic criterion

Slovenia [6] 1) functional criterion State roads 2011.
Serbia [7] 2) capacity criterion 2012.
3) spatial criterion
4) design and technical criterion
5) traffic safety criterion
6) economic criterion
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Table1 Comparison of usually used criteria for roundabout (continued)

Countries Criteria Application Year of publication

Netherland [9] 1) road function criterion N/A 2009.
2) capacity criterion
3) road safety criterion
4) policy of traffic management;
5) spatial possibilities or limitations;
6) capital and maintenance costs.
USA [10] 1) considerations of context N/A 2010.
2) potential applications
3) planning-level sizing and space requirements
4) economic evaluation
5) public involvement

Some of criteria are very common. In all of analysed guidelines we can find economical,
traffic and design criterion. As specific can be seen criteria “policy of traffic management” in
Netherlands Guidelines which emphasises the importance of consistent traffic policy when
some parts of road network is analysed. In the USA Guidelines specific criteria is “public
involvement” which, in developed countries such as USA, has great importance when some
new infrastructural objects are planned or constructed.

2.2 Croatian guidelines for roundabouts at state roads

First Croatian guidelines for roundabouts were adopted in 2002. [12] and they made important
step in standardisation of roundabout design practice. However, after more than 10 years of
intensive implementation of roundabouts in Croatia there was a need to revise and upgrade
the Guidelines. Upgrade done in Guidelines from 2014. [5] are mainly connected with more
detailed explanation of the design principles, introduction of some new types of roundabouts
and introduction of obligatory procedure for estimation of roundabout projects.

In this new guidelines estimation and comparison of solutions for roundabouts with those

for standard intersection became obligatory for all state roads. The suggested methodology

proposes 8 criteria through which the solutions are analysed and compared. Comparison
can be made between non-signalised intersection and roundabout and between signalised
intersection and roundabout. Proposed criteria are:

« Functional criterion: analyses the primary role of the intersection under consideration in the
road network and in general;

- Spatially-urbanistic criterion: analyses potential roundabout location and sensitivity of cer-
tain zones to the planned changes;

- Traffic flow criterion: comprises the verification of the circumstances of the present inter-
section, relating to the overall level of traffic flow, and to the — direction of traffic flow at the
intersection;

- Design and technical criterion: analyses the circumstances on the subject intersection that
are related to the geometry of the intersection, to the position, number and angle of inter-
section approaches;

- Traffic safety criterion: analyses if the roundabout, in the existing conditions, is the solution
that guarantees the safety for all road users.

« Capacity criterion: analyzes possible traffic capacity and quality of traffic flow (level of ser-
vice) for certain types of intersection;

« Environmental criterion: analyses whether and how much implementation of roundabout
contributes to the improvement of the intersections environment and wider;

» Economic criterion: analyses the cost-effectiveness of roundabout implementation at the
particular location.
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The criteria can be grouped as commonly used criteria for urban infrastructure (Table 2). Some
of the criteria can be connected with one and some with more than one standard groups which
points that they cover the problem well.

Table 2 Criteria for urban infrastructure

Standard group of criteria Criteria from Croatian guidelines for roundabouts

for urban traffic infrastructure

Traffic Capacity, traffic flow, functional criteria, design (technical) criteria
Social Traffic safety, functional criteria, spatial criteria

Environmental Environmental criteria, spatial criteria

Economical Design criteria, economical criteria

3 Case study

The methodology and criteria proposed in Croatian Guidelines were applied on two different
standard intersections in urban part of Rijeka City [13]. Urban in this case means area close
to city centre with road network used by motorised and non-motorised users, pedestrians
and possibly also cyclists.

Case study 1was three leg non-signalised intersection situated at the east entrance to Rijeka
City and case study 2 was four-leg signalised intersection situated inside city network.

For both intersections deep analyses based on criteria defined in Croatian Guidelines for ro-
undabouts at state roads was done. In order to make the analyses it was necessary to: make
design of roundabout with all geometric elements, test horizontal and vertical alignment of
new roundabout design with existing road network, analyse data about traffic accidents,
make capacity analyses for roundabout and existing intersection, make analyses of level of
air pollution for both solutions [13].

3.1 Case study 1: Three-leg non signalized intersection [13]

Analysed three-leg non signalized intersection is situated on crossing of XllI divizije Street and
Janka Poli¢ Kamova Street. The intersection serves as an east entrance/exit for Rijeka City and
connects Rijeka as primary center with close secondary center Kostrena, Bakar and Kraljevica.
The intersection lost it’s role as an important transit point after Rijeka ring was opened few
years ago so present traffic volumes are smaller than they were. In near surrounding of the
intersection there are city beaches so during summer season there is intensive pedestrian
traffic in the intersection zone.

Because of the shape and open space around existing intersection it was not a problem to
design roundabout of medium size with the radii of 18 m and with all standard dimensions,
circulatory lane with width of 6,5 m and approaching lanes with width of 3,25 — 5,73 m. The
control of turning path was done for all of possible driving directions for design vehicle as well
as the control of visibility from all approaches, shown in the Figure 2.

For design purposes the traffic volume counting and capacity estimation was done. For capa-
city of roundabout approaches the commercial computer program Sidra Intersection was used.
That computer program is based on non-linear Australian method and on the basis of geometry
and load volumes gives output on average delay, saturation of approach lane and finally level
of service. For analysed location results of capacity calculation for standard three-leg intersec-
tion and for designed roundabout show that both solutions can satisfy present level of traffic at
the intersection as well as the projected traffic for nextyears. The average level of service (LOS)
for present solution is B and for roundabout is A. The estimated CO emissions happened to be
much favorable at roundabout than on standard intersection presently in function (Figure 3).
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Figure 1

Present situation atintersection Case study 1

(left) and roundabout design at the same location (right) [13]

Figure 2 Turning paths for design vehicle (left) and visibility control (right) — examples [13]

Figure 3 Pollution — CO emissions for standard intersection (left) and roundabout (right) [13]

Roundabout solution has the advantage that in the case of good LOS the cars are not forced
to stop at the approach, the traffic flow is continuous and the level of pollution in that case
lower than on the standards intersection in similar conditions.

Finally, the traffic safety indicators were analysed. The data about traffic accident during last

5 years were collected from authorities and potential conflict spots were analysed too. In

number of potential conflict points roundabout has general advantage not to have conflict

point of crossing type so it is almost always better solution than any type of standard inter-
section on which crossings of traffic directions cannot be avoided. As for the traffic accidents

the analyses show that most frequent type of accident is impact from the back. As it is type of
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accident thatis very common on roundabouts in this case proposed solution cannot improve
the traffic safety significantly.

3.2 Case study 2: Four-leg signalized intersection [13]

Analysed four-leg signalized intersection (Figure 4) is situated on the crossing of street co-
ming from the direction of center part of the Rijeka City — 1. Maja Street (approach 4), street
coming from residential as well as very developed commercial city zone around Osjecka Street
(approach 2) and two streets coming from mostly residential areas Tizianova Street (approach
1) and Kresnikova Street (approach 3). The main direction is the one connecting city center
and residential-commercial zone around Osjecka Street not only because of it’s traffic role
as commercial street but also because of the transit role that Osjecka Street has in city road
network. It is a two-lane corridor (Osjecka — 1. Maja ) with significant traffic volumes, the
statistics collected by city transportation firm Rijekapromet shows an average ADT on that
corridor of 5500 / per lane during week days.

Figure 4 Present situation at intersection Case study 2 (left) and roundabout design at location (right) [13]

Because of the densely built-up area on the eastern side of the intersection, present inter-
section located in curve and on slope, it was not an easy task to implement roundabout with
standard geometric elements on the location. The designed solution is medium size rounda-
bout with radii of 18 m and with all standard dimensions, circulatory lane with width of 6,5 m
and approaching lanes with width of 3,25 — 5,73 m. The control of turning path was done for
all of possible driving directions for design vehicle as well as the control of visibility from all
approaches, shown in the Figure 5.

Figure 5 Turning paths for design vehicle (left) and visibility control (right) — examples for approach 1 [13]

For design purpose the traffic volume counting and capacity estimation was done. For capacity
of roundabout approaches the commercial computer program Sidra Intersection was used.
For analysed location results of capacity calculation for signalised four-leg intersection and
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for designed roundabout show that both solutions have unsatisfactorily LOS for some of the
directions. With roundabout solution great problem is approach 4 (1. Maja) which is one of
the main directions with great traffic volumes and which, in this case, has LOS D. This is why
the conclusion is that roundabout cannot satisfy traffic volumes at the location.

Figure 6 Level of service for present intersection (left) and for roundabout (right) [13]

The estimated CO emissions happened to be much favorable for all approaches at present
signalized intersection than on the roundabout. The result have to do with greater LOS and
calculated stops at the approaches for roundabout solution (Figure 6).

3.3 Case study — conclusion

Case study showed that proposed criteria can be easily and with high level of reliability imple-
mented for estimation of roundabouts in the case of reconstruction of existing standard intersec-
tion. As lots of data can be collected directly on the site it is possible to make objective analyses
and assessment of proposed solution as well as the comparison with existing intersection.

4 Conclusion

Analyses of literature as well as of the existing national guidelines for roundabouts show
that analyses of the acceptability of roundabout is necessary step in their application at the
location of new or reconstructed intersection. The need was recognized in Croatian guidelines
in which 8 criteria, comparable with those used widely in Europe and in USA, were defined.
Criteria set in Croatian Guidelines were tested on two different case studies. They proved to
be sensitive enough for application on the location of signalized and non-signalized existing
intersection. In both cases analyzes of criteria pointed that roundabout is not an optimal so-
lution for analyzed location but because of different reasons. In case study 1 (non-signalized
intersection on the border of the city) the roundabout solution proved to be expensive and not
justified by the traffic need. In case study 2 (signalized intersection with high traffic volumes)
roundabout wasn’t able to satisfy capacity and it proved to have more negative impact to the
environment than exiting standard four leg signalized intersection.

In both cases positive was that for all of the measurable criteria there was possibility to collect
data on the site (number of traffic accidents, traffic volumes) which made positive effect on
the quality of comparison of the solutions. In next step the methodology has to be tested for
estimating application of planed roundabout without possibility to collect data on the site,
as itis the case when planning a completely new intersection.
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MODELLING TRAVEL BEHAVIOR OF RAILWAY
PASSENGERS UNDER TRAVELTIME UNCERTAINTY
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Abstract

Reliability of travel time affects travel behavior such as departure time decision, transporta-
tion mode choice and also route choice. Therefore, the influence of travel time uncertainty of
urban railway on railway commuters was focused on in this study.

Internet survey was conducted to collect data from railway commuters living in Tokyo metropo-
litan area. Stated preference for railway service was executed in the survey. Four alternatives
were presented to the respondent and each respondent was requested to choose the most
preferable service. Average travel time, shortest travel time, longest travel time uncertainty,
variability of travel time, congestion level in a vehicle and fare were considered as the com-
pared factors. Meanwhile, itis thought that extent of interestin travel time reliability depends
on trip purpose. Therefore, four kinds of trip purpose were considered in the survey. Four
kinds of trip purpose were to commute, to attend business meeting, to go shopping and to
go to airport. The data obtained by the stated preference choice experiments was used for
parameter estimation of railway service choice model. At first, multinomial logit model were
estimated by trip purpose and the weight for the travel time uncertainty was verified.
Subsequently, latent class logit model was estimated and the validity of considering multic-
lass to estimate choice behavior model was examined. According to the Bayesian information
criterion, it was demonstrated that latent class logit model was more useful to explain the
choice behavior in travel for shopping and going to airport.

Keywords: travel time reliability, stated preference survey, choice model, latent class model
1 Introduction

Reliability of travel time is one of the factors affecting travel behavior such as departure time
decision, transportation mode choice and route choice. Therefore, travel time reliability of
urban railway in Tokyo metropolitan area was focused on in this study and influence of the
uncertainty of travel time on travel behavior of railway passenger was quantitatively analyzed.
Internet survey was conducted by utilizing a commercial net-survey services. Targeted respon-
dents of the survey were people commuting by rail. The number of samples was 1000. Stated
preference choice experiments of urban railway service was executed in the survey. Travel
time, uncertainty of the travel time, walking time from arrived station to destination, fare and
congestion level were considered as the variables determining level of service.

Using the choice result data, disaggregate choice model such as multinomial logit model and
latent class logit model were estimated. As a result, it became clear that a negative evaluation
for the travel time uncertainty is larger when people goes to airport and business meeting
than when people goes to office and shopping.
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2 Questionnaire survey
2.1 Outline of survey

Internet survey was conducted in this study. Survey monitors contracted with a commercial
survey company were respondents of the survey. Screening of the monitors was executed to
select appropriate respondents to the survey. The respondents were railway commuters living
in Tokyo metropolitan area. Outline of the survey is described in Table 1. Main question item
for this study is stated preference experiments regarding railway service choice. The details
of the experiment are described in the following section.

Table1 Outline of the survey

Dates 28, 29 March 2015
Targeted Commuter using railway
railway users Frequent railway user (more than 5 day a week)

Residents in Tokyo metropolitan area

Question items Socio-economic attributes
Current status of railway use (origin and destination, transit station, frequency of
railway use, estimates of travel time, desired arrival time at arrival station, departure
time, distribution of arrival time, encounter the delay of railway operation, etc.)
Stated preference experiments (under supposed eight scenarios)

Samples 1000

2.2 Stated preference experiments

A stated preference experiment is useful survey method to collect data when revealed prefe-
rence data does not exist. Many previous studies conducted stated preference experimentin
order to develop a travel behavior model.

For example, Basu et al. conducted stated preference experiment to capture the data of sub-
urban train mode choice behavior and estimated choice model using different modelling tech-
niques such as multinomial logit and mixed logit model [1]. Meanwhile, Mabit et al. focused
on the international long-distance travel preferences related to travel between Scandinavia
and Central Europe. They conducted stated preference survey to collect data in order to de-
velop a discrete choice model estimating the value of travel time savings of long-distance
travellers [2]. Carrion et al. reviewed many previous studies investigating travel time variability
and conducting stated preference experiment [3]. In this study, a stated preference experi-
ment was also conducted and obtained data was used to estimate discrete choice model
regarding urban railway service choice.

Table 2 Summary of the attributes and levels used in the choice experiment

Average travel time 40 min, 45 min, 47 min
Shortest travel time 30 min, 35 min, 40 min, 45 min
Longest travel time 45 min, 50 min

Standard deviation of travel time 0 min, 4.47 min, 8.94 min
Walking time from station to destination 2 min, 5 min

Congestion ratio in the vehicle 100%, 200%

Fare JPY 500, JPY 800

Inthe experiments, average travel time, shortest travel time, longest travel time, variability of
travel time, walking time from arrived station to final destination, congestion level in vehicle
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and fare were considered as the variables determining level of service. The design of stated
preference experiment was executed by setting appropriate value for each variable. Table 2

shows the adopted value for the experiment.

Meanwhile, Figure 1and 2 show the questionnaire used for the choice experiments. Four ser-
vices having different level of service were presented to each respondent and the respondent
was requested to choose most preferable service. The experiment was conducted two times

for each trip purpose so that totally every respondent answered eight questions.

Please image a hypothetical situation. You are going to take a train to attend the business meeting. As shown
in the following figure, four services are available for you trip. These four services have different level of
service in average travel time, shortest travel time, longest travel time, fluctuation of travel time, walking time
from arrived station to meeting fucility. If you choose a service with large fluctuation in travel time, possibility
to be late becomes large. In such situation, please choose the most preferable service amoung four sevices.

Figure 1 Stated preference experiment (business meeting)

Please image a hypothetical situation. You are going to airport to go on board. There are four alternatives to be
chosen foryou trip. As shown in the following figure, four services are available for you trip. These four services
have different level of service in average travel time, shortest travel time, longest travel time, fluctuation of
travel time, congestion level and fare. If you choose a service with large fluctuation in travel time, a possibility to
miss a flight becomes large. In such situation, please choose the most preferable service amoung four sevices.

Figure 2 Stated preference experiment (for going to airport)
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Choice experiment was executed two times for each trip purpose. Table 3 shows the result
of the choice experiments. Value in the table indicates the number of respondent choosing
each alternative. Each alternative is sorted in order of having high chosen ratio. As shown in
the table, more than half respondent chose certain alternatives. However, other alternatives
were also chosen in all experiments. It indicates the existence of the heterogeneity of the
preference for railway service.

Table 3 Results of the choice experiments

Experiments Most highratio 2" most 3 most 4t most
1. Commuting (1 0f 2) 640 185 18 57

2. Commuting (2 of 2) 593 196 131 80

3. Business meeting (1/2) 667 201 69 63

4. Business meeting (2/2) 618 186 126 70

5. Shopping (1/2) 411 247 205 137

6. Shopping (2/2) 571 191 172 66

7. Going to airport (1 0f 2) 452 322 19 107

8. Going to airport (2 of 2) 539 282 117 62

3 Estimation of choice model
3.1 Multinomial logit model

At first, multinomial logit model was applied to estimate coefficients of service choice mo-
del. The considered explanatory variables alter by trip purpose. Average travel time (ATT),
shortest travel time (STT), longest travel time (LTT), standard deviation of travel time (SDTT)
and walking time from arrival station to destination (WTSD) were considered in the model of
business purpose trip. In addition to the variable for the model of bisiness trip, congestion
level in vehicle (CLV), and fare (FARE) were considered in the model for personal trip. Table 4
shows the result of parameter estimation for each trip purpose. Appropriateness of sign and
statistical significance were confirmed. The column of t-test shows the statistical significance
level. The asterisks * and ** indicate that the coefficients are statistically different from zero
atthe 5% and 1% level respectively.

Table 4 Estimation of multinomial logit model (MNL)

Purpose Commuting Business Meeting ~ Shopping Going to airport
ATT (min.) -0.69 * -0.53 * -0.82 i -0.38 *
STT (min.) -0.07 -0.08 -2.53 *x -0.08

LTT (min.) -0.23 * -0.09 -1.31 * -0.19 *
SDTT (min.) -3.52 *x -7.13 i -0.33 -4.56 i
FARE (JPY 100) - - -0.38 * -0.26 *
CLV (100%) - - -0.25 * -0.10
Log-likelihood -2119 -2031 -2428 -2329
Adjusted 0.23 0.27 0.12 0.16
R-squareds

Hit ratio 61.7% 64.3% 49.1% 49.6%
Observations 2000 2000 2000 2000

*: 0.05 significance level **: 0.01 significance level
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Here, the relation between trip purpose and evaluation for travel time uncertainty is exami-
ned. Sign of the coefficient of SDTT are minus for all trip purpose. It demonstrates the existen-
ce of negative evaluation for the travel time uncertainty. Coefficient of STDD of the model for
shopping is not significant. According to the largenss of the coefficients for other three mo-
dels, people take care of the travel time uncertainty especially for going to business meeting.
Meanwhile, the explanatory powere of the models for shopping and going to airport are lowe-
re than other models for communitng and business meeting. it is thought thta one of the
reason is no consideration of the heterogeneity of the preference for the service. Therefore
the latent class model (LCM) was adopted to consider the hetrogeneity by refereing previous
studies [4-7].

3.2 Latent class logit model

The latent class model with different numbers of segments was estimated and model perfor-
mance was assessed in order to determine the best number of segments. In this study, the
minimum Bayesian information criterion (BIC) was adopted as the indicator [8]. BICis defined
as —2*In(L)+K*In(N), where L is the likelihood value, K is the number of parameters and N is
the sample size. Table 5 shows the BIC of the LCM and it indicates that the best number of
segmentare 1,1, 2 and 2 for the model of commuting, business meeting, shopping and going
to airport respectively.

Table 6 shows the estimation result of the LCM for shopping and goin to airport. As shown in
the table, a model was estimated for each class. The size of class is shown in the table. More-
over, hit ratio increases by appling LCM which means that the validity of the LCM is vertified.

Table 5 BIC of LCM by trip purpose and number of classes.

Number of classes  Commuting Meeting Shopping Airport
1 4445.6 4291.5 5160.2 5225.1
2 4473.3 4328.2 5132.1 5181.4
3 4499.8 4364.9 5202.1 5265.5
4 45321 4401.9 5226.7 5297.2

Table 6 Estimation of latent class mode (LCM)

Purpose Shopping Going to Airport
Class-1 Class-2 Class-1 Class-2
ATT (min.) -0.54 * 1.1 ** -0.33 * -0.36 *
STT (min.) -0.86 * -2.32 *x -0.18 -0.13
LTT (min.) -0.21 -1.84 * -0.12 -0.09
SDTT (min.) -1.94 x -0.82 -4.65 *x -2.63 *k
FARE (JPY 100) -0.23 -0.40 * -0.35 * -0.12
CLV (100 %) -0.78 *x -0.38 -0.61 * -0.14
Latent class size 67.1% 32.9% 76.2% 23.8%
Hit ratio 64.5% 63.1%
Observations 2000 2000

*: 0.05 significance level **: 0.01 significance level

Each class of the model for shopping is examined. The significant coefficients are differentin
each model. Class-1considers travel time uncertainty but Class-2 does not do so. Meanwhile,
Class-2 considersed fare.
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Similarly, each class of the model for going to airport is examined. Class 1 consideres the
travel time uncertainty stronger than Class-2. Moreover, Class-1teakes care of fare and con-
gestion level.

4 Conclusion

In this study, the travel time uncertainty of railway service was focused on. In order to examine
the evaluation of railway user to the uncertainty, discrete choice mode was developed. To
estimate the parameter of the choice model, internet questionnaire survey was conducted
and stated preference experiment was executed in the survey.

The choice model was developed by trip purpose. Four kinds of situation such as commuting,
attending business meeting, shopping, and going to airport were considered.

The multinomial logit model was developed and it becomes clear that the traveller going to
business meeting mostly consider the travel time uncertainty.

Meanwhile, both models for shopping and for going to airport did not present enough expla-
natory power as indicated by the hit ratio so that the latent class model was adopted to
develop the model that can consider the heterogeneity of the preference for railway service.
According to the BIC, it was indicated that the best number of segment is two for both trip
purposes. Then the latent class model with two classes was estimeted and evaluated. Finally,
itwas verified that the latent class logit model can predict choice result more precisely in case
for shopping and going to airport.
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Abstract

Application of microsimulation models in traffic analysis is a common professional prac-
tice. Methodology of calibration of microsimulation models is not finally adopted and va-
rious approaches are available. One of the available calibration methods is neural network
approach for calibration of microsimulation traffic model. The comparison of the simulated
and measured traffic indicators, in real traffic conditions, provides the best insight into the
success of the model calibration process. The traffic indicator, used for the calibration of the
model, is the travel time between the measuring points at a chosen urban intersection. The
calibrated model has predicted the travel time for new sets of measured data at the same
intersection with the prediction error smaller than 5%.

This paper analyses the simulation results for the traffic indicators that were not used in the
model calibration — the queue parameters. The selected queue parameters are the maximum
queue at the entrance and number of stops at the intersection entrance. The model has been
additionally applied to the otherintersection, in order to simulate its queue parameters. This
has provided us with an insight into the issue of whether the calibration model is applicable
only to the intersection for which the calibration has been done or it can have a wider appli-
cation. The VISSIM microsimulation traffic model was used for calibration, and two single-lane
roundabouts served as the research basis for evaluation of the calibrated traffic microsimu-
lation model by means of queue parameters.

Keywords: queue parameters, microsimulations, VISSIM, roundabouts
1 Introduction

Microsimulation models are frequently used in traffic analysis. They are able to model the
stochastic nature of traffic flow at a multi-modal level, through a detailed movement mo-
delling of each entity and its interactions. Microsimulation traffic model, which enables a
detailed analysis and a large number of iterations in real time, is based on testing of va-
rious traffic scenarios. 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 traffic objects and/or evaluation of specific traffic regulation. The microsimula-
tion models are, undeniably, a very useful tool, but it is questionable whether they can be
expected to give realistic modelling results that can be applied in the methodology, analysis
and the design in local conditions.

The functioning of a traffic system is under the influence of various aspects of human be-
haviour [1]. Studies show that the behaviour of traffic participants is, among other things,
territorially and culturally conditioned [2]. Microsimulation models include variable behaviour
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of drivers, at a level of each particular entity, and the reality of modelling results depends on
the initial choice of the model [3] and the efficiency of the calibration process [4].

In the calibration process, the parameters of traffic microsimulation models are adjusted
in such manner, that the model outputs are similar to the observed data. 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]. Identification of influ-
ential parameters, the range of their values and optimization of these parameters and their
values by some of the optimization tools, are an integral part of the calibration process [5-7].
In the last few years, there has been a lot of research work aimed at the procedures for cali-
bration of traffic microsimulation models, but there have been no attempts to identify general
calibration principles, based on the collective experience of the researchers [8].

Some studies deal with traffic calibration of microsimulation models, and they concentrate
only on the calibration of driving behaviour parameters [9, 10], but some others [11-13] incor-
porate this issue in a research of a broader problem, which includes the calibration of a route
choice model [14] and an origin-destination matrix too [15]. Analysis of acceptable time gaps
and determination of a critical time interval by means of Greenshield’s model [16] represent
a description of the calibration method for the VISSIM microsimulation model at roundabouts
in New York.

The method of calibration of microsimulation traffic models evaluated in this paperis the one
using neural network approach. Calibration methods, based on the neural network prediction,
have been analysed and the results show that a neural network is applicable in the process
of calibration of microsimulation traffic models [17].

2 Evaluation of the calibrated traffic microsimulation model

A traffic microsimulation model typically consists of several sub-models, each of which trying
to reproduce the mechanism of a single decision made by an individual driver, such as the
decision to change lane orto use a gap in the opposing traffic in order to enter an intersection.
Each sub-modelincludes several parameters, and a complete traffic microsimulation models
sometimes include dozens of parameters.

The VISSIM microsimulation traffic model has been chosen for the analysis of the calibration
process. Testing of all combinations of model input parameters by applying realistic VISSIM
simulations (separately run for every combination) would be very time consuming. A compu-
ter can examine a great number of combinations of input values of model parameters in real
time, if it can use a program for output simulation values of the observed microsimulation
traffic model (e.g. of VISSIM).

In Fig. 1 a simplified scheme of program calibration is presented. The program calibration
begins with the creation of a VISSIM simulation database for neural network training (Fig. 1).
The task of the neural network is to predict the time of travel between measuring points for
particular values of input parameters, obtained by the microsimulation model. The program
calibration (MATLAB) calls the prediction function, provided by the neural network within the
calibration program (subroutine), for each combination of values of input parameters within
the given ranges of values and by a chosen/defined step [17].
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Figure1 Scheme of computer program calibration [17]

The most common indicator used for calibrations of traffic models is the travel time [8,11,18].
In accordance with the best practice, the traffic indicator, which is used for the calibration of
the examined traffic microsimulation model, is the travel time between the measuring points
at a chosen urban intersection. The calibrated model has predicted the travel time for new
sets of measured data at the same intersection with the prediction error smaller than 5% [20].
The model validation is the evaluation of the efficiency of the calibration model by com-
parison between modelled and measured traffic parameters. The validation stage is meant
to confirm the predictive power of the calibrated model, using an independent set of data.
However, it is important to ensure that the validation test does not simply repeat what has
already been tested in the calibration process. The basic requirement, which every calibrated
traffic microsimulation model must meet, is that it can be successfully validated with a new
set of data of the same type. A higher standard of validation is reached, if it can be confirmed
that the model calibrated with one type of data can also give good estimates of other types
of traffic data, such as queue length or flows, [8].

In this case, for the purpose of the model validation, two queue parameters were selected
— the maximum queue at an entrance and the number of stops at an intersection entrance.
The queue parameters are the traffic indicators that were not used in the model calibration.
The selected parameters are also easy to measure in the real traffic conditions, as is the case
with the travel time between the measuring points. As the research basis for the evaluation
of the calibrated traffic microsimulation model using queue parameters, two single-lane ro-
undabouts were utilized.

2.1 Comparison of the calibrated and non-calibrated model outputs and the measured data

The calibration of the model has been done on the roundabout 1 (Vinkovacka — Drinska) by
travel time observation for left turn traffic streams (from Drinska to Vinkovacka South). The
validation of the model has been done by the comparison of the calibrated and non-calibrated
(default) model outputs of queue parameters and the measured data at all entrances into the
first examined intersection (Tables 1).
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Table1 Comparison of the calibrated and non-calibrated model outputs

ROUNDABOUT 1
Entrance MAXIMUM QUEUE (m) NUMBER OF STOPS

calibrated default measured calibrated default measured
FIRST MEASURING
1 27 24 26 88 84 89
2 108 108 110 660 646 685
3 24 21 25 30 30 31
4 65 65 62 333 304 324
SECOND MEASURING
1 22 15 21 58 60 61
2 106 106 103 462 509 475
3 18 23 18,5 34 14 33
4 60 60 62 225 204 221
THIRD MEASURING
1 15 23 15,5 52 50 54
2 107 77 110 152 178 158
3 17 17 18 15 14 15
4 46 37 48 135 129 140

1- Drinska; 2 - Vinkovacka North; 3 — Bosutska; 4 — Vinkovacka South

The fourth set of measured data has been gathered at the other urban roundabout (Opatijska
— Kirova) with the aim to check if the calibrated model is applicable only to the roundabout at
which the calibration was done or it can be applied wider (Table 2).

Table 2 Comparison of the calibrated and non-calibrated model outputs - fourth measuring

ROUNDABOUT 2
Entrance MAXIMUM QUEUE (m) NUMBER OF STOPS
calibrated default measured calibrated default measured
1 22 27 23 58 50 56
2 5 5 5 6 5 6
3 18 18 18,5 18 13 19
4 13 12 12,5 18 18 18
1-Sportska; 2 - Obilaznica; 3 - Opatijska; 4 — Kirova

3 Discussion

At the heart of any calibration technique, there is a comparison between simulation outputs
and gathered measurements of various traffic indicators. A comparison of the traffic indica-
tors, the ones measured in the field and the ones simulated with the calibrated and non-cali-
brated microsimulation traffic model, provides an insight into the efficiency of the calibration
procedure. The basic requirement, that every calibrated traffic microsimulation model must
meet, is that it can be successfully validated with a new set of data of the same type. In this
case, itis the traveling time between the measurement points. A higher standard of validation
is reached, if the model calibrated with traveling times data can also give good estimates of
other parameters such as queue parameters — the maximum queue and the number of stops
at the entrance of intersection.
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According to [18], the model approximates the real traffic conditions well, if the criteria for the
observed traffic indicators are satisfied (1).

and [STOPuos ~STOPygus
|  sTop

MEAS

Q MaXyop — QmaXMEAS
QmaxMEAS

I <5% M

Where:

Qmax,,,, — modelled maximum queue at the entrance;
Qmax,,.,. — measured maximum queue at the entrance;
STOP,,,, — modelled number of stops at the entrance;

STOP,,.,s — measured number of stops at the entrance.

The comparison of VISSIM simulation results for calibrated and non-calibrated (default) mo-
deland the measured values of queue parameters, according to the formula (1), is presented
in the Tables 3 and 4.

Table 3 Comparison of the simulated and the measured traffic parameters —first location

ROUNDABOUT 1
Entrance MAXIMUM QUEUE (%) NUMBER OF STOPS (%)
calibrated default calibrated default
FIRST MEASURING
1 3,85 7,69 1,12 5,62
2 1,82 1,80 3,65 5,70
3 4,00 16,00 3,23 3,23
4 4,84 4,84 2,78 6,17
SECOND MEASURING
1 4,76 28,57 4,92 1,64
2 2,91 2,90 2,74 7,20
3 2,70 24,32 3,03 57,58
4 3,23 3,23 1,81 7,69
THIRD MEASURING
1 3,23 48,39 3,70 7,41
2 2,73 30,00 3,80 12,70
3 5,56 5,56 0,00 6,67
4 4,17 22,92 3,57 7,86

Table 4 Comparison of the simulated and the measured traffic parameters — fourth measuring, second location

ROUNDABOUT 2

Entrance MAXIMUM QUEUE (%) NUMBER OF STOPS (%)
calibrated default calibrated default

1 4,35 17,39 3,57 10,71

2 0,00 0,00 0,00 16,7

3 2,70 2,70 5,26 31,58

4 4,00 4,00 0,00 0,00

The analysis of the two parameters of the queue (Tables 3 and 4 ) shows that the calibrated
microsimulation model provides good results of modelling with regard to the measured value
of parameters in actual traffic conditions. In conditions of a low traffic load (Table 3, third me-
asuring and Table 4), even the calibrated model provides the results that are a little bit more
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than 5% different from the measured values, but the differences are not significant (5.56%
and 5.26%). For the first parameter, the maximum length of queue, the result show that the
vehiclesin real conditions had a greater stop distances between the vehicles in queue. Forthe
second parameter, the number of stops at the entrance, indicates a little bit longer reaction
time of drivers in the local traffic network under conditions of low traffic load.

4 Conclusion

The traffic indicator, which is used for calibration of the model, is the travel time between
the measuring points at the selected urban single-line roundabouts. The comparison of tra-
velling times between measuring points shows that the calibrated microsimulation 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. This paper has analysed the simulation
results for the other parameters that were not used in the model calibration — the maximum
queue and the number of stops. The parameters of queue for both intersections are measured
and compared to the outputs of the parameters modelled with the calibrated and the non-
calibrated (default) model.

The results show that the model was successfully calibrated. The calibrated model simulation
results have provided the expected accuracy in relation to the measured traffic parameters for
the traveling time, as well as for the queue parameters. By using a calibrated microsimulation
model VISSIM, it is possible to obtain results that reflect realistic traffic characteristics at the
examined roundabouts in local conditions.
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Abstract

The share of people living in cities is increasing worldwide. This makes public space in cities
a scarce good. Subsequently not only the challenges in the transport system are increasing
but also the availability and distribution of public space is a crucial aspect. Pedestrian priority
zones, strolling or encounterzones and road designs such as shared space are a first attempt
to tackle the exclusive claim of space by one single transport mode, which was predominantly
the carin the recent decades. Forexample the concept of public long-term parking contradicts
the flexible use of public space by reserving it for one mode; therefore space reserved solely
for the car should consequently be reduced.

One attempt to promote walking as a transport mode is the claim for minimum widths of newly
constructed orrebuilt pavements. This is already established in the current Viennese planning
guidelines. Still the question remains if this quality indicator is sufficient and how it should
be dealt with for spaces where no physical cut-off by a kerbstone between road and pavement
exists. Therefore in this paper we recommend the adoption of a new indicator — called “space-
time” (space multiplied by time, m2h). This new indicator takes into account a more flexible
allocation of space for new road designs that consider the needs of non-motorized traffic such
as shared space. We show that a short temporal impairment of quality for some road users can
be accepted if a significant increase of space efficiency and traffic quality for the eco-modes
(walking, cycling and public transport) is achieved overall. Depending on the occupancy rate
and quality of infrastructure, the efficiency of “space-time” can serve as an empirical basis
for prioritizing transport modes and urban transport policy measures.

Keywords: Public space, indicators, efficiency, space-time
1 Introduction

In the past, public space was perceived as transitory space to operate the maximum possi-
ble traffic flow of individual motorized traffic [1]. In order to plan traffic infrastructure, diffe-
rent modes of transport have been and are still calculated into “car units”. For example one
cyclist equals 0.25 car units [2]. According to this school of thought streets were designed
and planned for decades forthe use of cars, which led to the understatement and insufficient
consideration of active modes.

The allocation of public space is the key factor to enable “mobility for all”. In Vienna 65 % of
street space are used for the moving individual motorized traffic or as parking space [1]. This
restricts the possibilities for a multifunctional use of public space. Additionally growth of the
urban population is increasing the challenges in the transport system and the demands for
the usage of public space. In orderto enhance sustainable and active modes of transport, the
availability and accessibility of public space is essential [3].
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2 Indicators and description of complex systems

Itis solely possible to determine the behaviour of complex systems through indicators. Indi-
cators are pathfinders in describing system behaviour. They need to be simple, easy to deter-
mine, sensitive to policy measures, goal oriented and need to capture the characteristics of
the structure. Indicators can give information about the state of complex circumstances and
reduce complexity of phenomena due to the reduction of several dimensions into one figure
or number. They are used to give a good overview of the status of an actual situation, trace
developments and make trends visible [4].

The main indicators in the transport system should be derived by “higher-level” objectives
in ecology, resource depletion, sociology, economy, etc. Hence indicators, which capture the
efficient use of public space orthe body’s own energy investment, etc. are necessary and sho-
uld be seen as “first level” indicators. Typical transport indicators like volumes of traffic flow
orthe level of service for car traffic play a minor role and should follow superior objectives in
order to measure the impact of planned policy measures [4]. Measurements based on wrong
or defective indicators can increase problems especially in the long-term (e.g. reduction of
congestion by building additional lanes) [5]. Understanding of system behaviouris necessary
to choose and interpret the indicator accurately.

2.1 Design and planning of transport systems based on “wrong” indicators

In the past the transport system was designed and planned car-oriented, based on car-cen-
tred indicators. The conversion of various road users and different types of vehicles into “car
units” has led to an insufficient dimensioning of road space. Physically active modes were
allocated on the remaining areas of the road space not reflecting the higher capacity of pe-
destrians, cyclist and public transport (compared to car traffic) at a constant availability of
space. Traffic infrastructure serves the purpose of transporting people and goods. Despite
the higher capacity of pedestrians, cyclists and public transport, they are often insufficiently
represented in planning guidelines. As a result, physically active forms of mobility, such as
walking and cycling, were allocated on “remaining areas” at the roadside.

Figure1 The traditional representation of “traffic” only occurred in car-units which massively deformed the
view on real capacities and traffic volumes. Using the indicator of “person units” shows a complete
different picture [6].

2.2 “Space efficiency”

The mass motorization has dramatically changed the availability and distribution of public
space. Before that road space was a used as multifunctional space not solely dedicated to the
motorized individual traffic. With an increasing share of the population living in cities the de-
mands for the usage of public space are increasing and available public space is a scarce good.
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Figure 2 2/3 of street space in Vienna is used for lanes [7]. Car drivers use 6-times more space compared to
other road users [8].

The share of pedestrian zones in Vienna is roughly 1 % of the municipal roads (despite an
increase by 20 % since 2003). Taking into consideration pavements and divisional islands
the share of traffic space mainly used by pedestrians, increases to 30 % [7]. Comparing the
space consumption (in m?/person) of pedestrians and cars (as a function of car occupancy
and speed) the result is a ratio of 1:60 [9].

2.3 Influence of the speed on “space efficiency”

Hitherto existing publications to the topic of “space efficiency” have taken into consideration
comparisons between the consumption of space for different modes of transport as a function
of speed [10] [9] [6]. In doing so the advantages of the non-motorized modes as well as the
public transport can bee shown. Pedestrians and public transport, such as bus, tram and
underground with a high occupancy rate are the most efficient transport modes [6]. Héran
et al (2008) [11] are indicating the disproportionately increasing space consumption with
increasing speeds.

The introduction of pedestrian priority zones and shared space are first attempts to set off the
paradigm of space dedication to solely one transport mode. The rededication of road space
to a multifunctional use corresponds to the long tradition in cities and villages. Precondition
for this multifunctionality is a suitable infrastructure, e.g. design elements, which make a
road a shared space.
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Figure 3 Length of the vehicle, braking distance of a car, reaction time and lateral distance determine the
amount of (required) surface with increasing speed [11].

For concepts such as shared space common used indicators such as space consumption as a
function of speed are not suitable any more. New solutions are necessary for the assessment
of quality parameters in cases where no physical cut-off between pavement and road space
exist, for example in the case of a minimum width for pavements. If the time dimension is
considered, the efficiency of multifunctional space, such as in shared space, temporary mar-
kets, bus lanes, pavement cafés and temporary road blockages in front of schools, should
not be neglected in planning.

As pointed out beside the space efficiency the temporal demand of public space is significant
for a quantitative assessment. The indicator measuring the usage of public space has to be
enriched by the time component making it “space-time” (space multiplied by time, m2h). The
foundation of this indicator can be found in the works of Marchand [12] [13]. He differentiates
between “space-time” for parked vehicles and the moving traffic [12].

Figure 4 Area x time consumption for a 5 km length trip (total: 10km) and 8 hours of parking (8m2). For the
trip purpose “work” Marchand calculated the usage of road- and parking space for walking, public
transport (50 people/Bus, no bus lanes) and individual motorized traffic (1.25 persons/car).

Table1 “Space-time” from Merchand [12] and Héran [11] (supplemented for tram)::

Mode space-time *) speed Occupancy rate
(mzh/pers.km) (pers./vehicle)

Pedestrian 0,2-0,3 4 1

Two-wheels 0,5-0,75 12-15 1

Car 1,2-1,8 18 1,25

Bus 0,3-0,07 10-12 50

Tram 0,07-0,1 12-14 100

*) as a function of the dynamic space-time
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Knofacher presents the consumption of space for different modes of transport as a function of
speed. In doing so the advantages of the non-motorized modes as well as the public transport
can bee shown. Pedestrians and public transport, such as bus, tram and underground with a
high occupancy rate are the most efficient transport modes [6].

Beside the high space consumption for the individual motorized transport in moving traffic,
especially the space consumption of parked cars needs to be considered. Long-term parking
in public space totally contradicts the flexible use of road space and therefore needs to be
reduced consequently [14].

3 Planning guidelines interpreted as guidelines not as dogma

A feasibility study for an inner city tramway line in Vienna showed that for a small section
of the road new built pavements would be smaller than 2.00 meters width. In the current
situation the space distribution equals a typical inner-city cross-section with traffic lane,
parking spaces and pavements. In orderto accept the necessity of undercutting the minimum
pavement width for newly built pavements, it was proposed that this road section should be
closed for individual motorized traffic, allowing just tramway and non-motorized modes and
would be designed as a shared space. This would have led to temporal impairments in the
case of encounters between tramway and pedestrians, but would have increased the overall
situation for the active modes and public transport.

Looking at the distribution of space at a typical cross-section (2.00 meter sidewalk on both
sides, 2.00 meter parking spaces on both sides, 6.50 meter road, total width 14.50 meter,
length of the section 500 meter, 8,000 average daily traffic (ADT) the “space-time” potential
forthis section is 174,000 m?h. 48,000 m?h are reserved for parking, 9,000 m?h are occupied
for moving traffic with cars (with an occupancy rate of 1.25 people/vehicle, resulting in 10,000
people). The road itself consumes 78,000 m?h. Roughly 12% of time the road is used.

With an (low) occupancy-rate of 50 people per tramway only 200 trams would be necessary
to transport the same number of people through this section. This would consume only 1,000
m?h. The road would be used for transporting purposes for only 1.2 % of the time. For the
remaining time the space could be used for other purposes or the active modes. Figure 5
shows space efficient designs for inner-city streets following the principle of pedestrianized
areas with tramways.

Figure 5 Road cross-section with tramway and pedestrian zone (Vienna, Austria & Gent, Belgium) as examples
for a effecient and human-oriented design of transport infrastructure and public space.
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4 Conclusions

Pedestrian zones or shared spaces combined with public transport are a suitable instrument
to achieve efficientinner-city transport capacities in passenger traffic and an efficient usage of
the public space. Side roads should in general be designed in the principle of shared space.
These roads often have small traffic volumes of individual motorized traffic. Long-term public
parking contradicts the efficient and human centred design of space. Furthermore the perma-
nent occupation of space for public long-term parking is not reflected by market prices. The
potential of using public space in a human centred way is enormous. Especially children are
occupying “their” space as soon as it is available. The precondition is the removal of parking
spaces from the road space. “Space-time” is a good indicator which should be used to illu-
strate the enormous occupation of public space by cars over a time period. It makes obvious,
that a more flexible allocation of space and new road designs are necessary that consider the
needs of non-motorized traffic in a more appropriate way.
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Abstract

The Croatian Ministry of Maritime Affairs, Transport and Infrastructure commissioned the
development of the National Transport Model to a Consortium combining local national
knowledge with international expertise. The scope of the project is to develop the National
Transport Model, collect all available data, carry out necessary surveys, develop networks
models and demand models for freight and passenger demand for the base year, calibrate
and validate the models, and develop forecast models for the time horizons of 2020, 2030
and 2040. The purpose of this National Model is to identify shortcomings, bottlenecks and
issues in the current and the planned future transport systems of Croatia. Furthermore, this
model is the basis to identify and develop strategies to alleviate the shortcomings of the
current transport system and to develop the future transport system in a direction of meeting
future demand and of promoting the economic and social development of the Country without
compromising its sustainability. The model is used to identify specific measures and projects
for the different transport modes and their integration supporting the selected strategies.
Both, the individual measures as well as the complete strategies will be tested with the Nati-
onal Model. The model will produce quantitative results allowing to determine impacts of the
strategy alternatives and of the measures on traffic conditions, on social and environmental
impacts. Consequently, the National Transport Model is a basic and important component for
the development of the future National Transport Strategy, delivering the necessary quanti-
tative basis for analyses and selection of alternatives. Furthermore, the National Transport
Model forms the basis for the development of Regional and Urban Models, necessary for the
respective Regional and Urban Master Plans. The availability of a high-quality National Mo-
del guarantees that similar approaches are used at the regional level, improving the general
transport planning approaches all over the country.

Keywords: Transport Model, Analysis of transport conditions, transport forecast,
development of transport strategy, evaluation of impacts

1 About the project

The National traffic model for the Republic of Croatia is co-financed by the EU from the Euro-
pean Regional Development Fund under Transport Operational Programme 2007-2013 within
the project “Support for the preparation of the Republic of Croatia”s Transport Development
Strategy and designing of the national Traffic Model for the Republic of Croatia — National
Traffic Model for the Republic of Croatia”.
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2 Introduction - purpose of a national transport model

The development of the National Transport Model for the Republic of Croatia was not an end
initself. The intention of the Croatian Ministry of Maritime Affairs, Transport and Infrastructure
in commissioning the model development was to obtain a quantitative tool that could support
the development of the National Transport Strategy, help to analyse current conditions and fo-
recast future conditions, provide the basis to identify necessary strategies and measures and
finally being able to calculate the impacts of strategies and measures on the future transport
system and the influencing processes, like social, economic and environmental processes.
A National Transport Model is the necessary tool to plan the sustainable development of the
transport system.

3 Model development

The model was developed using the software suite PTV VISION (Visum and VisEVA). It follows
the classical 4-step approach. However, it should be noted that the National Model of Cro-
atia is a Synthetic Model using network data, socio-economic data and behavioural data
as its foundation. Only a synthetic model, and of course a synthetic model calibrated and
validated to actual empirical data, is capable of scientifically and correctly forecasting future
developments and of calculating impacts of changes in influencing conditions (exogenous
factors like economic and social development) and of changes within the transport system
itself, e.g. implementation of strategies and measures (endogenous).
For passengertransport, a scientific trip generation model was developed for the resident po-
pulation and for the visitors and guests of the country, information of the actual destinations
of trips of residents and visitors was used for trip distribution. Similarly for freight transport,
data on import/export, production, processing and consumption of numerous commodity
types was used to develop the freight generation and distribution. For both models, mode
choice and assignment were based on costs including actual travel times.
The socio-economic data was collected from different sources at the level of model zones
mainly from National Statistics. The basis for the behavioural data was a household survey
with more than 3,000 interviews and a survey of freight operators, both carried out within the
project. Empirical data was complemented by traffic counts and public transport passenger
counts. The empirical data from external sources and from the own surveys was used to cali-
brate and to validate the model. To represent differences between the summer season with
high numbers of tourists visiting the country and the rest of the year, two different models
were produced, an off-season model and a seasonal model.
Model development consisted in the development of a base year model and of forecast mo-
dels for the horizon years 2020, 2030 and 2040. Forecast was based on the available and
accepted official data of future socio-economic development of Croatia and the surrounding
countries (EU Energy, Transport and GHG Emissions Trends to 2050 [3]). For all forecast hori-
zon years, a so-called do-minimum scenario was developed that will be used as a reference
scenario, including only those projects and measures that are already under development or
thatare planned and financed. The do-something or strategy scenarios will include additional
projects and measures being part of the national transport strategy. Details of model deve-
lopment, calibration and validation are described in the other two papers of this conference,
namely:
» The National Transport Model for the Republic of Croatia — Development of the Freight De-
mand Model [1]
» The National Transport Model for the Republic of Croatia — Development of the Passenger
Demand Model [2]
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4 Application and Use of the National Transport Model

After development, calibration and validation of the transport model, it can be used to assess
current and future conditions, to identify potential strategies and measures to improve con-
ditions and to assess the impacts of these strategies and measures on the transport system
itselfand on influenced processes, like environmental impacts, accessibility and social inclu-
sion, social impacts and impacts on economic development.

4.1 Analysis of current conditions

The model was used to analyse current conditions on the Croatian road network and on the
National public transport system. Examples are described below. For road transport, the total
vehicle flows in terms of Annual Average Daily Traffic (AADT) for the off-seasonal conditions and
the Average Seasonal Daily Traffic (ASDT) are given in figure 1in form of number of vehicles.

Figure1 Road traffic — Annual Average Daily Flow for whole Year (ADT) and for seasonal traffic (ASDT)

Of course the highest traffic flows can be observed on the motorway and trunk road networks
from Zagreb to all parts of the country and around the larger metropolitan areas in Croatia,
mainly Zagreb, Zadar, Rijeka, Split, Varazdin, Osijek and Dubrovnik. The traffic flow analysis
is the basis for identifying the major OD relations in the country and to determine external
impacts like environmental impacts emission of pollutants and noise.
Forunderstanding the internal impacts and to identify bottlenecks in the network and potenti-
al shortcomings, itis necessary to relate the actual flows to the provided capacities. The figure
2 shows the volume/capacity ratio, again for the off-season conditions and the conditions
within the summer season.

TRAFFIC PLANNING AND MODELLING
CETRA 2016 — 4™ International Conference on Road and Rail Infrastructure

75



76

Figure 2 Road Traffic — Volume/Capacity Ratio for Annual Average (ADT) and for seasonal traffic (ASDT)

Differences are clear; while in the off-season situation, high volume/capacity ratios can be
observed mainly around the major cities, and here more in the continental cities of Croatia,
in the summer season high volume/capacity conditions occur also on the motorway network
towards the Adriatic coast and in and around the Adriatic cities. Levels above 75% volume/
capacity ratio are critical, potentially bearing the risk of congestion and traffic breakdowns
at peak hours.

To better understand what internal impacts high traffic flows have on the road users, the
Visum transport model allows to display the so-called lost time. This is defined as the ratio
between travel times at free flow conditions and the actual travel times at the actually calcula-
ted flow conditions. The lost time in form of the ratio current travel time / free flow travel time
is shown in the figure 3 for annual average off-season and for seasonal conditions.

Figure3  Road Traffic — Lost time for oss-season (ADT) and for season (ASDT)

Similar analyses can be carried out for public transport. The passenger flows are displayed
in the left figure 4 for the 3 main modes of public transport rail, bus and ferry/boat. Capacity
overexploitation and resulting lost times are usually not the problem in public transport. It is
rather gaps in supply, service gaps orvery long travel times particularly in comparison to other
modes, mainly to the car. To display supply/ service quality, the figure 4 to the right shows
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the accessibility of the city centres of the major cities from the whole territory of the country
in 30 minute steps. This could also be compared to similar accessibility plots for car traffic.
The accessibility analysis shows that there are service gaps between the cities, mainly betwe-
en Zagreb and Zadar and Zagreb and Osijek, with very long access times or even no public
transport at all. However, these are remote areas with low population densities. More graphi-
cal and quantitative analyses are possible and have been carried out for the current conditi-
ons represented in the base year model.

Figure 4 Public Transport — Flows (Assignment) and Accessibility of City Centres by Public Transport

Figure 5 Display of Commuter Flows for the definition of Functional Regions
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Model results can also be used for a more complex analysis, for example for defining so-called
“Functional Regions”. Functional regions are areas with a high frequency of internal regional
interaction. The concept of functional regions is used worldwide to understand and define
functionally connected areas that need to administer the transport system across admini-
strative borders. The most commonly approach to define functional regions is using data on
population commuting to work and school because the pattern of daily commuting rule is a
good approximation for staging other types of interaction. The National Transport Model has
been used to determine commuter trips into and out of the major cities as a basis to define
functional regions for Croatia (see figure 5).

4.2 Analysis of future conditions

Since the National Transport Model of Croatia not only represents current conditions but was
designed also for the forecast horizon years 2020, 2030 and 2040, the analyses can be carri-
ed out also for the future transport conditions. To identify future bottlenecks and shortcomin-
gs, a so-called do-minimum scenario is used. In the do-minimum scenario, future demand
is calculated based in forecasts of socio-economic and behavioural development, whereas
the transport networks represent current conditions only enhanced with those measures and
projects that are already under construction now or are planned and fully financed. These do-
minimum scenarios allow to evaluate how conditions will develop if no strategy is applied and
are used as reference scenarios to the do-something scenarios, representing future strategy
or strategy alternatives.

As an example the following 3 plots (figures 6, 7 and 8) show the development of road traffic
volumes and the ratio of volumes/ capacity for the off-season conditions for 2020, 2030 and
2040. Obviously, all other graphical and quantitative analyses are also carried out for these
3 forecast horizon years.

Figure 6 Forecast 2020; Do-Minimum Scenario; Off-Season; Road Network; Road traffic volumes and Volume
/ Capacity Ratio
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Figure 7 Forecast 2030; Do-Minimum Scenario; Off-Season; Road Network; Road traffic volumes and Volume
/ Capacity Ratio

Figure 8 Forecast 2040; Do-Minimum Scenario; Off-Season; Road Network; Road traffic volumes and Volume
/ Capacity Ratio

The graphs clearly show that an increase in long-distance road traffic is calculated over the 3
time horizon years (width of the link bars), resulting in an increase of links with higher volu-
me/capacity ratio (colour of the link bars), meaning deteriorating traffic flow conditions, if no
strategies and measures are implemented, i.e. infrastructure capacity remaining unchanged
and no demand policies applied.
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4.3 ldentification of strategies and measures

These analyses of current and forecasted future traffic conditions, accessibility and transport
impacts are an important input to develop strategies and measures to alleviate the identi-
fied shortcomings and to transform the transport system in accordance with more general
transport visions and objectives. The development of strategies and measures will normally
be based on the overall Vision and the defined objectives of the National Transport System.
Normally, these objectives will include:

« Ensure economic, social and environmental sustainability

- Provide accessibility and social inclusion

- Increase traffic safety

« Increase transport efficiency and quality of services

» Reduce negative impacts on the natural, man-made and social environment

Strategies will use a combination of the following

« Influence transport demand towards more sustainable modes, shorter travel distances etc.

« Optimise exploitation of provided transport capacities (increase vehicle occupancies, tem-
poral optimisation like peak spreading, technical increase of capacities through transport
telematics/ ITS)

 Expand and improve network capacities through new links and more services, enlarged links
and improved junctions

Based on objectives and strategies and on the findings about current and future traffic con-

ditions, measures will be developed that belong to the following types:

« Policy measures, like speed limits, vehicle access restrictions, information measures, par-
king policies and others

« Infrastructure measures: new links, new junctions

« Financial measures: pricing of car use (e.g. fuel prices, taxes), road use (tolls), parking
(fees), pricing of public transport (fares)

As the National Transport Strategy for Croatia is currently under development by the Mi-
nistry and the Strategy Development team, no final results can be given at this stage. The
preliminary list of measures includes improvements of capacities and travel speeds on the
rail network (corridor Zagreb — Karlovac — Rijeka, Zagreb — Hungarian State border, Zagreb
— Serbian State border), the road network (mainly motorway extensions to the border with
neighbouring States) and capacity and accessibility developments for a number of ports and
improvements to road traffic regulations.

4.4 Assessment of impacts of strategies and measures

At the time of writing this paper, the strategy and the measures developed by the Transport
Strategy Team of the Ministry are still preliminary and the modelling team can only start repre-
senting these in the model in form of a do-something scenario. This process will most likely
be finalised by the time of the conference and results of the impact analyses might potentially
be presented at the conference.

In any case, the impact assessment will include the type of analyses described above for the
base yearand the do-minimum forecast year scenarios. Besides these evaluations, of course
the differences between the strategy alternatives (do something) and the reference case (do
minimum) will be calculated, displayed and processed.

This will form the basis for the impact assessment, for cost-benefit and multi-criteria analyses
of the Strategy alternatives and the included measures.
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4.5 Development of a National Transport Strategy

As aresult of the assessments and analyses of the strategy alternatives and the impact asse-
ssment of the individual measures, a National Transport Strategy will then be developed,
combining the most suitable strategy options and most effective measures.

The final assessment of this National Transport Strategy can then again be based on the
results of the National Transport Model.

5 Development of regional and urban transport models

Numerous regional and urban transport and mobility master plans are now under deve-
lopment throughout Croatia. All regions and metropolitan areas are carrying out these master
plans. One important component of these regional and urban master plans is the quantitative
analysis of current and forecasted conditions and the impact assessment of proposed mea-
sures and changes. Regional and urban transports model are needed for these exercises. The
National Transport Model forms the basis for the development of these models representing
smaller areas.

Technically, the National Model can be used to extract so-called sub-network models, then
forming the basis for the implementation of further details, like more detailed zoning structu-
re in the respective area of interest, more detailed allocation of socio-economic data based
on the refined transport zones, adding details to the road network and adding local public
transport lines and services.

It is important that the general structure remains in line with the National Model for consi-
stency and plausibility reasons, e.g. the assumptions of socio-economic developments over
the forecast horizon years. After finalisation of regional and urban master plan studies, local
and regional improvements to the models can be fed back to the National Transport Model.

6 Conclusion

The Ministry of Maritime Affairs, Transport and Infrastructure has commissioned the deve-
lopment of the National Transport Model in preparation of the development of the National
Strategy. The consultant team have finalised the main work on developing this powerful tool
in form of a synthetic 4-step model, by developing the base year model with network model,
passengerand freight demand models, have calibrated this model with survey data and have
validated it against empirical data. The result is a robust model capable of forecasting future
transport conditions and calculating impacts of exogenous changes (like political and socio-
economic conditions) and endogenous changes in form of transport strategies and measures.
The model is now available to test and assess the strategy alternatives and to assist in deve-
loping the National Transport Strategy for the Republic of Croatia.
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Abstract

National transport model of Croatia (NTMC) consists of network, demand and assignment
submodels. Whilst network model (nodes, links, zones) is common, approaches for demand
and assignment differ between passenger and freight transport. Each type of transport requi-
res specific methods. This paper describes development of the freight demand model, namely
its input data, modelling methods, calibration and validation.

The main inputs for modelling of freight transport are socioeconomic data and national sta-
tistics on production and trade flows (import / export). Socioeconomic data was collected
on the zoning level. For production and import / export, the statistical data was available at
national level and was broken down to zoning level according to the socioeconomic data of
each zone. Main source for socioeconomic data (population, employment, working places
by economic sector) were national statistics (Croatian Bureau of Statistics). Sources for pro-
duction data depend of the type of commodity, while import / export data was derived from
the national trade statistics. The freight demand model considers all transport modes rele-
vant from a national perspective, i.e. road (HGV and LGV), rail and vessel. The modal freight
trip matrices are calculated with a commodity based multi-modal model using an enhanced
4-step approach. For the adequate consideration of commodity-specific affinities, the freight
traffic is segmented into 50 different commodities; each of them having specific generation
and attraction rates as well as specific modal transport cost rates. The calculation steps of the
enhanced 4-step approach are conducted separately for each commodity. The multi-modal
freight model, which mainly generates the long-distance trips, is supplemented by a sub-
model for generating the freight trips from / to the airports and by a sub-model for the local
(short-distance) distribution trips by HGV and LGV.

Keywords: transport model, freight demand model, calibration, validation

1 About the project

The National traffic model for the Republic of Croatia is co-financed by the EU from the
European Regional Development Fund under Transport Operational Programme 2007-2013
within the project “Support for the preparation of the Republic of Croatia’s Transport De-

velopment Strategy and designing of the national Traffic Model for the Republic of Croatia
— National Traffic Model for the Republic of Croatia”.
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2 Introduction

The Croatian Ministry of Maritime Affairs, Transport and Infrastructure commissioned the de-
velopment of the National Transport Model to a Consortium combining local national knowled-
ge with international expertise. The National Transport Model comprises both, a transport
demand model for the passenger traffic and a transport demand model for the freight traffic.
National transport model of Croatia (NTMC) has been developed for the base year first. After
calibration and validation of the base year, forecast models for the time horizons of 2020,
2030 and 2040 have been developed. NTMC consists of network, demand and assignment
submodels. Whilst network model (nodes, links, zones) is common, approaches for demand
and assignment differ between passenger and freight transport. Each type of transport requ-
ires specific methods. This paper describes the development of the freight demand model,
namely its input data, modelling methods, calibration and validation and model results.

3 Freight demand model

Freight transport as a whole is a very complex and heterogeneous process. The multi-modal
freight model follows a highly disaggregated approach to calculate the freight volumes based
on origins and destinations of homogenous commodity types. This includes both, domestic
freight flows and external freight flows (import/ export/ transit). The freight model considers
alltransport modes relevant from a national perspective, i.e. road (HGV and LGV), rail and ve-
ssel. The same network as for the passenger model is used, enhanced with additional mode-
specific freight parameters and transhipmentinfrastructure forintermodal handling of goods.

3.1 Approach

The modal freight trip matrices are calculated with a commodity based multi-modal mo-

del using an enhanced 4-step approach. As a big advantage of this synthetic multi-modal

approach, the proposed methodology guarantees:

- the adequate consideration of commodity-specific affinities regarding different transport
modes,

- the ability to reflect multi-modal transport and inter-modal transport chains,

« a realistic calculation of future freight demand based on socio-economic changes and/ or
network modifications (e.g. new links or transhipment hubs),

« the consideration of all possible transportation modes for route choice.

Figure 1 shows the calculation steps, which are applied for the multi-modal freight model cal-
culations. These steps are calculated separately for each commodity to consider their speci-
fic characteristics regarding freight generation, distribution, mode choice and assignment.
The different commodity types, which are considered, range from agricultural goods (e.g. cere-
als, fruits, vegetables), raw materials (e.g. coal, raw wood, ores), oil products, industrial pro-
ducts (e.g. steel and metal products, chemical products) to construction materials and consu-
mer goods.
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Figure1 Freight Model Calculation Steps

Freight Generation

In practice, the reasons for the transport of goods are the different locations of production

and consumption of a certain good and the resulting need of exchange. Hence, as a first step

of the demand calculation, the generated volumes per traffic zone are determined for each

commodity. This is done both for the production side (also referred to as origin side) and the

consumption side (also referred to as destination side). In general, the determination of origin

and destination vectors is conducted in 2 steps:

1) Determine production and consumption volumes on national level for Croatia and the
countries of the region

2) Break down of these national volumes to traffic zone level

On national level, there is the constraint that the total generated volume of all origin zones
must equal the total generated volume of all destination zones. While the origin volumes
consist of local production volumes and import volumes, destination volumes are the sum of
local consumption and export.

ZFreightVolumesO :ZFreightVolumesD M
i j

Z(Local Production+Import) :Z(LocalConsumptionJrExport) 2

J

Where:

0; D - origin; destination;

i — index for origin traffic zone;

j - index for destination traffic zone.
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The production and consumption volumes on national level are broken down to traffic zone
level by the distribution of the decisive land uses for each commodity. Depending on the type
of commodity, decisive land uses can be for example population, employees by economic
sector as well output/ production capacities of production facilities. Thus, calculating the
local production and consumption per zone and adding the import/ export volumes, for each
commodity two vectors are generated. One includes the generated origin volumes per zone,
the other vector the attracted destination volumes.

Freight Distribution

Like traffic generation, distribution calculation is applied successively and separately for each

commodity. Using a gravity model, the generated origin and destination volumes per zone

are distributed, resulting in yearly ton flows between the traffic zones. The trip distribution

calculation is carried out in 2 steps:

1) Calculation of evaluation matrix based on a skim matrix including the impedances betwe-
en traffic zones

2) Calculation of trip matrix (yearly ton flows) based on the evaluation matrix and the origin
and destination volumes

A monetary impedance matrix calculated from the VISUM network model is used as skim
matrix. The matrix values in [€] are calculated with the following impedance function.

Wij :Zchandling +Z(Length'ckm)+Z(Time'ch) (3)
where:
w, — impedance between traffic zone i and traffic zone j [€];
Coanaing — Nandling costs [€];
Con — distance cost rate [€/km];
c, — time cost rate [€/h].

For all commodities, different impedances (costs) result from:
- different cost rates for required logistic system (e.g. bulk, container) and
- different requirements for transport speeds due to varying urgencies (loss of value)

Mode Choice

The route and mode choice are conducted simultaneously in an interim assignment step
for the ton flows. The ton flow matrices of each commodity are assigned to the multi-modal
network with an equilibrium assignment procedure.

The mode choice decision for a certain commodity and origin-destination relation is based
on the transport costs. It is always the most cost efficient route and transport mode that is
chosen. This can be either a direct transport with one transport system or a multimodal chain
with a combination of transport modes and transhipments in between. As illustrated in Figure
2, the total transport costs, which are the determining factors for the route and mode choice
during the assignment, consist of:

« Time costs (mode specific time costs + commodity specific loss in value)

« Distance costs (mode specific distance related transport costs)

«» Handling costs (costs for loading/ unloading and transhipment)

The modal transport costs are allocated to all network links. Different sets of transport costs
consider:

« The link attributes (permitted transport mode; transfer link) and

- The logistic system, the commodity is allocated to
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As noted before, the ton flow matrices of each commodity are assigned to the multi-modal
network with an iterative equilibrium assigning procedure, resulting in the most cost-efficient
route and mode choice for each OD relation. From the multi-modal ton flow assigment, ton
flow matrices by mode can be derived.

Conversion to vehicle trips and vehicle assignment

The modal ton flow matrices are converted to vehicle trip matrices by average loading factors
(depending on distance classes) and a factor for the unloaded drives. Finally, the generated
HGV and LGV trip matrices are assigned to the PTV Visum network together with the trip ma-
trices from the passenger demand model.

Figure 2 Composition of total transport costs

3.2 Input Data

The main input data of the freight demand model is listed below:

- Socio-economic data, i.e. population and employment data, disaggregated to traffic zone level,

« Data on national production (production volumes, location of major production facilities)
for each commodity,

- Import / export data from trade statistics, aggregated to about 50 freight model commodities,

- Transit data from UN COMTRADE statistics in, aggregated to the freight model commodities,

« Transport cost parameters (distance related; time related; transhipment costs) pertransport
mode for the route and mode choice calculation,

- Operational parameters (e.g. average loading factors and share of empty trips by commodity
and vehicle type),

» Growth rates and macro-economic parameters are required for forecasting internal and
external freight flows.

4 Results

The main results of the multi-modal freight model are summarized below:

« Generated and attracted volumes per commodity and traffic zone in tonnes per year (see
Figure 3),

« Yearly ton flow matrices by transport mode (rail, road, ship),

« Daily trip matrices (HGV, LGV),

« Link volumes in tonnes per year (see Figure 4) and HGV / LGV trips per day.
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4.1 Base Year Results

Figure 3 Production / attraction volumes per zone for each commodity

Figure 4 Linkvolumes by transport mode in tonnes per year

4.2 Model calibration and validation

reliability and credibility are the key characteristics of good and useful transport models.
The necessary precision of the model is achieved by the calibration, whilst the reliability and
credibility required are proven by the validation.
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Validation procedure for the verification of the adequacy of the national transport model of
Croatia (NTMCQ) is based on internationally recognized guidelines:

« JASPERS Appraisal Guidance (Transport) [1]

« Design Manual for Roads and Bridges, Volume 12 [2]

« Variable Demand Modelling — Convergence Realism and Sensitivity [3]

Critical opinions on these documents and examples of good practice have also been ta-
ken into account. Considering all above mentioned guidelines and recommendations the
following validation criteria have been settled:

*R2>0.9

* 65% of GEH <5

» 85% of GEH <10

For the freight model, the calibration and validation process comprises three levels:
- total national freight volumes by mode [tonnes]

« port and border crossing volumes [tonnes]

- freight vehicle volumes at 480 count locations

For all validation levels, a satisfying model quality is achieved. Figure 5 presents the corre-
lation between observed and modelled HGV volumes at the count locations. The correlation
factor R2 is 0.92 and 95 percent of the count locations have a GEH <5.

Figure 5 Correlation between observed and modelled HGV volumes

4.3 Forecast results

currently, the reference scenarios for the forecast horizon years 2020, 2030 and 2040 have
been finalized.

Forecasting political and (macro-) economic developments, in turn effecting production, con-
sumption and hence transport, were beyond the scope of the NTMC study. Therefore, esta-
blished growth factors published in several EU studies were used to calculate the expected
freight flows for the respective forecast horizons.

The do-something scenarios are under development. From the results of the reference scena-
rios, the total development of import, export and transit traffic by commodity groups can be
analysed as presented in Figure 6.
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Figure 6 Comparison of import, export and transit volumes by commodity group between base year 2013 and
forecast horizon years
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Abstract

The Croatian Ministry of Maritime Affairs, Transport and Infrastructure commissioned the
development of the National Transport Model to a Consortium combining local national
knowledge with international expertise. The scope of the project is to develop the National
Transport Model, collect all available data, carry out necessary surveys, develop networks
models and demand models for freight and passenger demand for the base year, calibrate
and validate the models, and develop forecast models for the time horizons of 2020, 2030
and 2040. This paper describes development of passenger demand model, including met-
hodology, data collection and validation. Passenger demand model is an integral part of
National Transport model that consists of common network with common zoning, passenger
and freight demand models and assignment.

Keywords: Transport Model, Household survey, Origin-Destination Groups, Synthetic model
1 About the project

The National traffic model for the Republic of Croatia is co-financed by the EU from the Euro-
pean Regional Development Fund under Transport Operational Programme 2007-2013 within
the project “Support for the preparation of the Republic of Croatia”s Transport Development
Strategy and designing of the national Traffic Model for the Republic of Croatia — National
Traffic Model for the Republic of Croatia”.

2 Introduction - role of passenger demand model within a national
transport model

There are several types and levels of transport models. Strategic are wider and more global,
particularly suitable for strategic studies. They include in particular a direct correlation betwe-
en urbanistic, socioeconomic and traffic conditions, and also between the elements of the
transport system itself. This applies to so-called synthetic transport models. They cover very
large, usually at least partially simplified, networks. National transport model for Republic of
Croatia consists of passenger and freight models and is of strategic nature. While the network
and zoning is equal, methodology differs between passenger and freight model. Basic mo-
del-based units are trip purposes for the passenger transport and types of vehicles as well
as types of cargo for the freight (commodities). The results are presented in the “average
workday traffic” unit in season and offseason, from which also the peak houris developed.
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Details of applications of national transport model and freight demand model are described

in the other two papers of this conference, namely

- The National Transport Model for the Republic of Croatia — Application and Use [1]

» The National Transport Model for the Republic of Croatia — Development of the Freight De-
mand Model [2]

3 Model development

Passenger demand model consist of first three steps in traditional four-step model (Figure 1):
« generation (production and attraction),

« distribution and

- modal split.

Figure1 Structure of passenger demand model

Production and attraction primarily depend on the gross domestic product, motorization rate
and spatial socioeconomic structure as well as of behaviour patterns, whilst attraction also
partly of the traffic supply. Distribution approximately equally depends on the spatial socioe-
conomic structure and behaviour patterns on one hand and on the traffic supply on the other.
Modal split particularly depends on the traffic supply and to a considerable extent also on the
spatial structure. Last step is assignment of demand on the multimodal network. Static stocha-
stic learning procedure (Lohse) is used. Public transport is assigned by the intermodal method
based on timetables. Both, internal and external transport, are assigned simultaneously.

3.1 Methodology

This approach enables that the forecast calculation considers changes in spatial structure,
gross domestic product, motorization rate, residents, jobs, etc., as well as transport supply
while calibrated parameters of the model remain unchanged.

Production and attraction were calculated by the method of origin-destination groups (13
origin-destination groups were considered for passenger transport). These 13 origin-destina-
tion groups actually represent 5 trip purposes (work, school, shopping, leisure and vacation,
other) in conjunction with the location of residence and combinations between them. The trip
purpose of business was specifically modelled.
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From the household survey (performed within the project itself and described in 3.3) it was
found that different parts of Croatia have different travel behaviour patterns. Therefore, the
model of passenger transport production and attraction on the average workday was speci-
ally developed for Continental and Adriatic regions of the country. For each of the thirteen
origin-destination groups a mobility rate (number of trips per day per person concerned) was
determined. In most of these groups, the person concerned is a resident. However, in groups
home-work, work-home, work-other and other-work, the concerned person is an employee, or
in school trips, the person concerned is a pupil, secondary school or university student. Based
on surveys across households in Republic of Croatia certain mobility rates were determined
for all origin-destination groups. Development of the seasonal traffic was based on the same
basis as the average workday model.

Thirteen origin-destination groups were taken into account to calculate the generation of
passenger traffic, but the destination groups home-school and school-home were replaced
by the destination groups home-vacation and vacation-home. Modified destination groups
include trips from home to holiday and private facilities intended for vacation use (home-va-
cation) and trips in the opposite direction (vacation-home); there are no school trips during
the holidays. Therefore, the purpose of (daily) leisure was extended for a special holiday
subcategory of leisure (vacation). Distribution and modal split were calculated simultaneo-
usly. That is to say, at the same time the destination and the transport mode by which the
trip is done were chosen. The calculation was carried out on the basis of the EVA probability
function, for the average workday traffic and for the traffic during the tourist season. Input
data for the distribution and modal split sub-model were:

« productions and attractions,

- generalized prices or generalized times for the road motorized and public transport,

» EVA model parameters.

Basic parameters of the model were set based on the stated researches, recommendations of
the software manufacturerand previous experiences in modelling of the national and regional
models. Based on these data and the EVA functions, within the multiple iterations, the trip
matrices for passenger car transport, public transport, cycling and walking were calculated.
Road assignment was carried out in several iterations. Based on the information obtained
in the previous iteration, users find a new optimal route in the next iteration. Therefore, in
the iterative process search for optimal route runs until the network equilibrium and the
appropriate impedance matrix convergence were reached. Network assignment was based
on the function of generalized price or generalized time. In seeking the optimal routes, also
the effects of traffic congestions and jams were taken into account, i.e., the effects of driving
speed reductions. BPR function was used for this, the most common volume-delay function,
which reflects the travel time, depending on the volume and road capacity. It was useful both
for modelling of non-urban and urban roads. Toll was incorporated through the function of
generalized time, where the monetary values were converted into the equivalent of time.
Different free flow speeds were considered for freight transport than for personal transport,
because also in free traffic flow the freight vehicles must not drive faster than allowed. Inter-
modal method for public transport assignment allowed the entire public transport network
to operate as an unified system that includes rail, bus and maritime lines of various levels.
The method, based on timetables, requires precise arrival and departure times of vehicles or
trains at stations and stops to be set for all public transport lines. The network was therefore
modelled in that way. For each origin-destination pair of zones a favourable connection was
found or calculated. It was assumed that passengers are aware of the timetable, and will take
the first available line of public transport offering a favourable route. Among various com-
binations of routes, more favourable routes were chosen. The most favourable routes were
determined on the basis of the whole chain of route segments, including ticket price, which
was included in the function of generalized time.
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3.2 Network and zoning

The network system was composed of road and rail systems, airports, maritime and inland
ports. The national and international connections were mainly established by primary road
network (motorways, trunk roads and state roads), railway network and ports, Figure 2. In
addition, roads in major urban areas have relevant functions for the national network and a
significant impact on connectivity and accessibility. These network elements also serve as
public transport routes and as alternative routes. Therefore, urban main roads were also inclu-
ded in road network. As result the following network elements were included in the model:

« Road network with all relevant levels (motorways; state, county, local and urban roads) with
design standard and condition characteristics;

« Railway lines of importance to international, regional and local transport with design stan-
dard, traction, gauge, interoperability, conditions — restrictions and reliability characteri-
stics, strategic national and international connections, capacity utilization, rolling stock,
operators and safety;

« Public transport routes for rail, boat (ferry), tram, city and intercity bus lines with itineraries
and rolling stock;

« Seaports (Rijeka, Zadar, Sibenik, Split, Plo¢e and Dubrovnik) with their characteristics, pur-
pose and capacities;

« Inland ports (Sisak, Slavonski Brod, Osijek and Vukovar) with their characteristics

« Airports (Zagreb, Split, Zadar, Dubrovnik, Pula, Rijeka and Osijek), for which the land-side
traffic will be modelled (by car, public transport and freight traffic);

- Intermodal facilities for passenger and freight transport.

Republic Croatia was divided into 985 traffic zones. Basic level for zoning were cities and muni-
cipalities. Traffic zones with population greater than 8.000 persons were brake down to lower
level of territorial unit, i.e. city and municipality to settlement, settlement to statistical circle.

Figure 2 Road and rail network
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3.3 Input data

The main input data of the passenger model is listed below:

« Transport network data for all modes (road, public transport),

- Socio-economic data, i.e. population and employment data, disaggregated to traffic zone level,
« Behavioural data from household survey (n=3.000),

« Transport cost parameters (distance related, time related, toll costs) per transport mode.

4 Model validation

In modern society the transport model represents one of the key bases for decision-making

on transport and spatial policy, on the investments in the infrastructure demanding time and

funds, on the form and dimensions of roads and railways, their impacts, etc. It is therefore

important that the model results are reliable.

Reliability and credibility are the key characteristics of good and useful transport models.

The necessary precision of the model is achieved by the calibration, whilst the reliability and

credibility required are proved by the validation.

The growing role of the transport policy has initiated that transport models are becoming

increasingly complex. Validation became an obligatory part of a model and the only way to

justify its quality. Increasing complexity of models also led to greater complexity of the vali-

dation procedures. Validation procedure for the verification of the adequacy of the National

traffic model for the Republic of Croatia (NTMC) was based on following documents:

+ JASPERS Appraisal Guidance (Transport) The Use of Transport Models in Transport Planning
and Project Appraisal, August 2014

» Design Manual for Roads and Bridges, Volume 12, 1997.

- Variable Demand Modelling — Convergence Realism and Sensitivity, TAG Unit 3.10.4, 2010.

Critical opinions on these documents and examples of good practice have also been taken
into account.

4.1 Demand validation

Validation criteria for demand is less standardized than for validation of the assignment.
Mostly due to lack of independent statistical data (as it is case with traffic counts and assi-
gnment). Nevertheless few quantitative and qualitative tests were done to prove the model.
First step was checking the input data for demand that are socioeconomic and behavioural
data. Socioeconomic data (number of population, workplaces, school places...) were taken
from the official databases where they have already been submitted to various checks and
should be reliable. There were some issues that required additional analyses (e.g. number of
workplaces assigned to company’s seat, no data available on shopping areas...).

Results of household survey were compared with existing data from previous studies and
practice. It was established that most important indicators lie within expected benchmark
values (e.g. between 2.5-3 daily trips per person, cca. 40% of work and school trips, charac-
teristic morning and afternoon peak hours, average trip length and duration...).

First actual calculation for validation was done for trip duration distribution. Although such
distribution is also input data, it serves also for checking results of the model. Modelled dis-
tribution is not only direct result from the survey, but also considers impedance (travel time,
length...) between all pairs of zones, Figure 3.

TRAFFIC PLANNING AND MODELLING
CETRA 2016 — 4™ International Conference on Road and Rail Infrastructure

95



Figure 3 Validation of travel times distributions

4.2 Transport flow validation

Most traditional type of validation is validation of transport flows, Figure 4. Considering men-
tioned guidelines and recommendations we suggested following criteria to be accepted by
the client for NTMC:

«R2>0,9

* 65% of GEH <5

» 85% of GEH <10

- difference in transport work < 3%

In the table 1and figure 5 goodness of fit is presented.

Figure 4 Validation of link volumes
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Table1 Goodness of fit

correlation GEH <5 GEH <10 difference [veh*km]
offseason weekday 0,94 67% 88% <1%
offseason peak hour 0,91 65% 91% <1%
season weekend 0,96 70% 82% <3%
season peak hour 0,92 61% 84% <1%

Figure 5 Correlation between observed and modelled car flows (weekday in offseason)

Only two indicators do not match expected criteria, but this is for season traffic, where input
data were less reliable (no household survey, data about overnight stays, count data).

With the use of matrix estimation for internal (Croatian) traffic numerical results would be
much better and would fit all criteria. We do not encourage it, as this would decrease quality
of forecasting models.

4.3 Realism test

If a model adequately reproduces the existing situation, it does not yet mean that it is appro-
priate for traffic forecasts. The demand model should also behave realistically. A change in
the traffic supply should lead to a realistic change in the demand. A change in the demand
should be consistent with general experiences. A change in travel time or trip price (cost in
one word) particularly affects the mode choice and trip distribution. This impact must be in
realistic limits. Acceptability of the model response is determined by the elasticity of demand.
The equation of arc elasticity is as follows:

e = (log (T1) - log (To)) / (log(C1) - log (Co)) m

where:
e — elasticity;

T1 - demand after change;
To - demand before change;
C1 - changed travel cost;
Co — original travel cost.
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Recommended elasticities for 20% changes in costs are presented in Table 2. According to
the WebTAG recommendations, the elasticity on travel time must be significantly greater than
on monetary costs, but not greater than -2.0. This means that a change in travel time has a
significantly greater impact on the demand than a change in monetary cost. However, also
the latter influences to some extent. But with the increasing value of time, travel time gains
importance, whilst the impact of direct monetary costs decreases.

Table 2 Recommended elasticities of demand to a change in supply

mode travel time change recommended result result [change in
elasticity [change in car] public transport]
car +20% 5 0 -0,29t0-0,38 0,58-0,66
<=2,
public transport +20% 0,28-0,35 -1,42 t0 -1,66

Sensitivity of the model must be within the recommended limits. For passenger cars the sen-
sitivity is tested to a 20-percent change in travel time. Sensitivity for cars is between 0,29 and
0,38.This is consistent with the WebTAG recommendations. For public transport the sensitivity
is also tested to a change in travel time. Sensitivity to the change in travel time is greater than
for passenger cars and is 1,42 to 1,66, but still well within benchmark. Elasticity is negative in
all cases. It means that the reduction of travel time results in more trips, whilst the extension of
travel time causes fewer trips. Based on the sensitivity analysis we concluded that the model
responds realistically on systemic and developmental changes and is therefore suitable to offer
realistic traffic predictions. This test demonstrates an ability for a real change in modal split.

5 Limitations, applications and further use

Advantages of having validated complex national transport model are explained in the paper
“The National Transport Model for the Republic of Croatia — Application and Use” [1] of this
Conference. It is only fair that the developers of such powerful tool point out also its limita-
tions. As it was mentioned in the second chapter, National traffic model for the Republic of
Croatia is strategic model and as such particularly suitable for strategic studies. This also
means that it is not automatically suitable for all kind of transport studies. Although there are
985 traffic zones in Croatia, such strategic zoning cannot provide accurate and reliable results
fore.g. municipal bypasses, local public transport, tertiary roads, specific junctions... Second
aspect of national model is that behavioural data observed with household survey are reliable
on the distinction between Continental and Adriatic Croatia (e.g. specific differences between
Istria and Dalmatia or between Karlovac and Osijek are not represented in the survey results).
Another consequence of probabilistic methods used in national transport model is that trips
with very low probability (established in surveys) are sometimes calculated as zero values.
This of course affect only specific (less frequented) sections and does not influence model
results on strategic level. All mentioned shortcomings can be vastly improved by further de-
velopment of the model where we would suggest:
- development of regional models where national model serves as methodological foundati-
ons and basis of interregional/international flows
- additional household surveys on level of regions, municipalities using same/similar met-
hodology (this would enable further refinement of next versions of national transport model
as well)
- specific modal survey especially on public transport in order to gain better insight in its
specifics.

Part of the projectis also development of maintenance process which should serve as starting
point for further activities wit national transport model.
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6 Conclusion

Passenger demand model is an integral part of the National traffic model for the Republic
of Croatia, commissioned by The Ministry of Maritime Affairs, Transport and Infrastructure.
During project duration socioeconomic data were collected and analysed, household survey
executed, model developed and in final step validated. The result is a powerful tool that needs
to be used according to professional rules.
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Abstract

Sustainable development, infrastructure integration and competitiveness improvement
efforts reflected through the EU transnational cooperation programmes have produced con-
siderable results over the past decades. That is one of the reasons why the Members of the
Adriatic lonian Council (AIC), are convinced that the EU Strategy for the Adriatic and lonian
Region (EUSAIR) will give new impetus to the benefit of all involved. Effective investment in
transport networks requires innovative approaches, linked to up-to-date research. One of
expected outputs from the 2nd EUSAIR thematic pillar: Connecting the Region is to improve
connectivity by creating reliable transport networks and intermodal connections with the hin-
terland. Multilevel and inter-sectorial working is the prerequisite to overcome not only huge
infrastructure disparities in the Adriatic-lonian (ADRION) region, but also to find solutions for
recognized administrative and sectorial bottlenecks. This paper gives rationale and explores
possibilities for development of Sustainable Multimodal Transport and Mobility Network in
the Region in scope of the INTERREG European Territorial Cooperation ADRION programme
2014-2020 (ADRION Programme), Priority Axis 3: Connected region.

Keywords: Sustainable mobility and multimodal transport planning
1 Introduction

“The overall ADRION Programme strategy is formulated in direct response to the EU2020
strategy of smart, sustainable and inclusive growth and its further revisions. Smart growth
means improving the EU’s performance in education, research/innovation and digital society.
Sustainable growth means building a more competitive low-carbon economy that makes effi-
cient, sustainable use of resources. Inclusive growth means raising Europe’s employment rate
—more and better jobs, especially forwomen, young people and older workers, helping peo-
ple of all ages to raise the employment rate.” [2] In the case of the ADRION Programme, it has
also to address the political dimension of the integration of the Western Balkans to the EU.
Knowing that transport is fundamentally international, EU White Paper on transport recogni-
zed challenges related to the development of transport beyond the EU borders — the external
dimension as one of strategic priorities. In that light, Commission will amongst others focus
on the following area of action: “Develop a cooperation framework to extend our transport
and infrastructure policy to our immediate neighbours, to deliver improved infrastructure
connections and closer market integration, including in the preparation of mobility continuity
plans, to deliver closer market integration”. [3]

Furthermore, one of the EUSAIR indicative actions aligned with the ADRION Programme is
“Developing the Western Balkans comprehensive network: Western Balkans need to prioritise
investments on the defined SEETO comprehensive network (railway, inland waterways, nodes
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and hubs, notably with the motorways of the sea), aimed at promoting sustainable transport
in the Region, and to prepare theirintegration in the Trans-European Network Transport (TEN-
T). Thisimplies elaborating integrated planning for infrastructure developments and defining
joint roadmaps for investments.” [1]

“Sustainable growth requires sustainable and accessible transport and energy infrastructure,
a competitive economic base and a resource efficient economy”. “Integration of the South
East Europe (SEE) transport system in the European remains a priority for the region over the
long term. Enforcement of market rules in transport, removal of cross-border bottlenecks and
transport non-physical barriers, as well as enhancing the rules and practices in the areas of
transport safety, are important issues for transport facilitation. The long-term aim of the SEE
2020 Strategy is to ensure transport services that are affordable, reliable and sustainable,
and at the same time building a more competitive economy, while making efficient use of
resources, protecting the environment and reducing emissions.” [4]

Key Strategy actions in Dimension | - ‘Transport’

« Develop and implement measures to Improving the utilization rate of transport infrastructu-
re on the SEETO Comprehensive Network by removal of physical and non-physical bottle-
necks and unnecessary technical cross border barriers,

« Develop co-modal solutions by optimization of individual transport modes and focus on
energy efficient and environmentally friendly transport modes,

« Introduce measures for reducing energy consumption and costs per unit of transport service,

- Put forward measures to improve the ratio of railway and waterborne transport, foster libe-
ralisation of railway services and open the rail transport market to competition,

« Increase the use of Intelligent Transport System in the transport sector.

(Source: South East Europe 2020 Strategy)
1.1 EUSAIR and INTERREG ADRION Programme

Members of the AIC, are convinced that the EUSAIR will give new impetus for cooperation
and investment to the benefit of all involved and to the peace and security of the entire area.
The EU’s Strategy builds on the Adriatic-lonian Initiative, which was launched in 2000 and
involved eight countries: four EU Member States (Croatia, Greece, Italy and Slovenia) and
four non-EU countries (Albania, Bosnia and Herzegovina, Montenegro and Serbia) with the
aim of strengthening regional cooperation, to promoting political and economic stability thus
creating a solid base for the European integration process. “The general objective of the Stra-
tegy is to promote sustainable economic and social prosperity in the Region through growth
and jobs creation, and by improving its attractiveness, competitiveness and connectivity,
while preserving the environment and ensuring healthy and balanced marine and coastal
ecosystems. This will be achieved through cooperation between countries with much shared
history and geography.” [5] The EUSAIR is built on four thematic pillars: Blue Growth; Connec-
ting the Region; Environmental quality; and Sustainable tourism. Moreover, Strengthening
R&D, Innovation and SMEs and Capacity building, including communication are two cross-
cutting aspects across each pillar. The EUSAIR will mobilise and align existing EU and national
funding instruments for each of the topics identified under the four pillars. In particular, the
European Structural and Investment Funds (ESIF) for 2014-2020, as well as the Instrument for
Pre-accession Assistance (IPA) for non-EU countries, provide significant financial resources.
The macro-regional approach has already been embedded in the new Regulations for the
programming period 2014-2020. The Western Balkan Investment Framework (WBIF) provi-
des finance and technical assistance for strategic investments, particularly in infrastructure,
energy efficiency and private sector development. The European Investment Bank (EIB) and
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otherinternational financial institutions can also mobilise financing and expertise in support
of suitable projects.

ADRION Programme intends to strengthen cooperation by means of actions conducive to in-
tegrated territorial development linked to the Union’s cohesion policy priorities. “The overall
objective of the Programme is to act as a policy driver and governance innovator fostering
European integration among Partner States, taking advantage from the rich natural, cultural
and human resources surrounding the Adriatic and lonian seas and enhancing economic,
social and territorial cohesion in the Programme area. The ADRION Programme includes a
wide transnational area with more than 70 million inhabitants, and has distinct physical,
environmental, socio-economic and cultural characteristics. Hence, it addresses all three di-
mensions of sustainability, including social, economic and environmental aspects but also
institutional elements. One of the main features characterizing the Programme’s area is the
imbalance in the development of infrastructures and modes of transport, both between the
two banks of the Adriatic Sea and among the Partner States, due to structural weaknesses,
low level of maintenance and little investments in infrastructures. As a transnational coopera-
tion programme, its main contribution will be to exchange and transfer experiences between
regions, support transnational interventions and capacity building, and ensure that results
are disseminated and used beyond project partners reaching a large number of end-users.
The programme will especially support the constitution of multilevel and inter-sectoral wor-
king teams and partnerships to overcome administrative and sectoral bottlenecks, with the
involvement of citizens, and local/regional/national /international bodies. At territorial level,
a key issue will be to reduce conflicts of land use that constitute one main aspect of susta-
inable development strategies (promotion of renewable energy, protection of natural and
cultural heritage, reduction of carbon emissions, etc.). Among the framework conditions for
the implementation of actions, stakeholders must bear in mind that projects are not aimed
to answer to the needs of a limited number of partners, but to contribute to better living con-
ditions in ADRION territories (economic activities, quality of the environment, safety, etc.),
thus focusing more on activities and results. From the action and output point of view, taking
into account its strategy, the ADRION Programme shall mainly support the delivery of the
following outputs:

» Networking structures;

- Joint management systems and cooperation agreements;

- Strategies and action plans;

» Methodologies and tools; and

« Pilot actions.

The ADRION Programme will neither support heavy investments, development of large infra-
structures nor scientific and technology research as such. Investments in small scales facili-
ties or infrastructures might be supported in duly justified cases in the case of pilot projects
and territorial experiences. The ADRION Programme shall support in particular intangible or
“soft” actions which could potentially have a long term effect and contribute to the visibility
to the Programme (studies and research, networking, dissemination of knowledge and data,
etc.). [2]

1.1.1 The EUSAIR Pillar 2: Connecting the region

Fragmentation in the Adriatic and lonian Region has resulted in infrastructure disparities
— particularly between the EU-Member States and the non-EU countries. Better transport
and energy connections are needed, and are pivotal for the Region’s economic and social
development. The ‘Connecting the Region’ pillar will improve transport and energy connec-
tivity by: strengthening maritime safety and security and developing a port system; creating
reliable transport networks and intermodal connections with the hinterland; establishing a
well-interconnected and well-functioning internal energy market. Intermodal connections to
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hinterlands must be upgraded to cope with increased maritime transport of goods. Together
with inland waterways, road and rail provide important international connections within
the Region. Ports of the Adriatic and lonian seas, as well as railway lines and airports, are
immediate entry points to the Region from abroad. An appropriate transport approach has
to take all of these into account, while also considering environmental aspects, economic
growth and social development. Cooperation is needed to reduce bottlenecks, and develop
infrastructure networks and regulatory frameworks. Improving the institutional and admini-
strative capacities of national and regional bodies responsible for transport will accelerate
the process. Communication and awareness raising is crucial for active participation in the
decision making process.

1.1.2 ADRION Programme Priority Axis 3: Connected region

“The ADRION Programme Priority Axis 3 on sustainable transport and mobility addresses
directly the EUSAIR Pillar 2 on connecting the Region and indirectly Pillar 3 through the pro-
motion of environmental friendly low carbon transport and also Pillar 4 as a prerequisite for
tourism (see Figure 1). Priority Axis 3 of the EUSAIR is containing a territorial dimension per
se by addressing connectivity in the context of the spatial disparities between West and East
but also across the dominating Adriatic and lonian seas in the core of the ADRION area. The
Programme is focusing on multimodality, logistics and environmental friendly and low carbon
transport and mobility, contributing thus to the conciliation of the different uses and needs
among regions and users.” [2]

Figure1 Links between the EUSAIR and the ADRION Programme

“For each Thematic Objective (TO), a set of specific Investment Priorities (IP) is pre-defined
reflecting the challenges ADRION regions are facing. The cornerstone for the selection of the
TOs and IPs are: The diagnosis and needs identified for the ADRION area; The lessons learnt
from the period 2007-2013; The application of thematic concentration on a small number of
priorities as stipulated in the ETC regulation; The complementarity with the EUSAIR and other
EU Macro-regional strategies, regional and thematic programmes; The specificities of transna-
tional cooperation programmes.” [2] ADRION Programme recognized as priority TO 7: Promo-
ting sustainable transport and removing bottlenecks in key network infrastructures by: IP 7c:
Developing and improving environmental-friendly (including low-noise) and low-carbon tran-
sport systems including inland waterways and maritime transport, ports, multimodal links
and airport infrastructure, in order to promote sustainable regional and local mobility and
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set specific objective 3.1 as one of targets in 1% call for proposals. SO 3.1: Enhance capacity
for integrated transport and mobility services and multimodality in the Adriatic-lonian area.

2 The SuMMoN Project

During last two decades IPSA INSTITUTE has significantly participated in rehabilitation of
Bosnia and Herzegovina infrastructure systems that were more or less damaged during the
1990s war. As the most of the projects had been financed through different EU programmes
(e.g. PHARE, CARDS, IPA etc.) through all those years IPSA gained valuable experience and
established itself as a reliable partner for the EU. Recently, in light of long waited progress
on the countries’ way towards the EU integration, IPSA has redefined its business strategy
towards a stronger commitment to the EU integration process by developing a sustainable
transport system based on regional cooperation and transfer of best practices. Having that in
mind, IPSA’s team of experts generated and refined idea presented hereinafter.

The idea to cooperate with partners through Initiative for development of Sustainable Multi-
modal Transport and Mobility Network in the Adriatic-lonian Region (SuMMoN) was generated
in spring 2015. Since the EUSAIR had been recognized as ideal framework for the SuMMoN
project refinement, by the end of 2015 IPSA had the project proposal outlines ready for the
expected ADRION Programme 1<t call for proposals. Finally, the SUMMOoN project idea was
validated by the ADRION Programme Joint Secretariat and submitted in time.

2.1 The project objectives and the main outputs

The SuMMOoN project overall objective is to overcome huge infrastructure disparities, as well
as administrative and sectorial bottlenecks through multilevel and inter-sectorial cooperation
for development of sustainable multimodal transport and mobility network in the ADRION re-
gion. This objective is not only fully aligned with the SO 3.1, but also with the following ADRION
programme overall objective: “to better identify development potential and bottlenecks in
specific sectors at transnational level, to support stakeholders promoting novel approaches
and sharing knowledge”. Establishing a quadruple helix partnership for development of su-
stainable multimodal transport and mobility network is not only essential to reach the said
objective but also exactly what the ADRION programme will support in order to overcome
administrative and sectoral bottlenecks, with the involvement of citizens and other stake-
holders.

Table1 Overview table on project outputs as defined in the work plan

Programme output indicators Project main output
0l_7c.1_1Number of supported transnational Networking Structure
cooperation networks in the field of environment-

friendly and low-carbon transport systems

0l_7c.1_2 Number of strategies and action Strategy and Action Plan for development
plans developed in the field of environment- of sustainable multimodal transport
friendly and low-carbon transport systems and mobility in the ADRION region

Moreover, to fulfil the specific objectives listed below, the SuMMoN project partners will
jointly prepare a strategic paper for development of sustainable multimodal transport and
mobility in the ADRION region accompanied with the action plan based on transfer of best
practice. Close cooperation with SEETO is foreseen to stimulate cooperation of stakeholders
tackling projects of regional importance and to adopt EU supported concepts. The Project
outcomes will generate wide range of impacts benefiting different target groups, especially
the public. Cost effective sustainable transport solutions by making the best use of existing

TRAFFIC PLANNING AND MODELLING
CETRA 2016 — 4™ International Conference on Road and Rail Infrastructure

105



106

resources and best practices from previous EU projects, contributing to a sustainable con-

cept of achieving set objectives with less expenses will be putin focus. The SuMMoN project

specific objectives are:

- To identify/address both administrative and sectorial challenges for development of susta-
inable multimodal transport and mobility in the region;

« To build/strengthen capacities for the implementation of joint solutions for previously
addressed challenges through the exchange of knowledge and transfer of best practice;

- To develop an integrated framework for regional cooperation defining how the good practi-
ces will be implemented in the strategy/policy papers of each participating region/country

2.2 Partnership

Seven organizations from five different countries of which six EU partners (two from Greece,
two from Italy one from Slovenia and one from Croatia) and one non-EU partner (IPSA INSTITU-
TE). SMEs from Greece and Slovenia and University from Italy will contribute to defined project
Work packages (WP) accordingly. Italian Public institution (Lead partner) is responsible for the
project management and coordination (WP 1), Croatian Cluster is responsible for networking
structure establishment (WP 2), SME from Bosnia and Herzegovina for Strategy and Action
plan drafting (WP 3), while NGO from Greece will be in charge for Communication and disse-
mination (WP 4). The ADRION Programme foresees the involvement of associated partners,
i.e. those bodies willing to be involved in a project with an observer or associated status
without financially contributing to the project. Eight institutions including SEETO expressed
theirinterest to participate in the SuMMOoN project as associated partners. Obligations of the
Lead partner and the Project partners forthe ADRION Programme are laid down in the Subsidy
Contract and in the Partnership Agreement respectively. The Subsidy Contract determines
the rights and responsibilities of the Lead Partner — according to the lead partner principle —
the conditions for the project implementation, requirements for reporting, financial controls,
litigation etc. The Partnership Agreement transfers rights and responsibilities from the Lead
Partner to the Project partners.

2.3 The Project approach

The SuMMoN project will stimulate regional cooperation of stakeholders in planning and
development of infrastructure works and improved operation of transport systems between
the countries in the Region. The project will summon institutional stakeholders, Universities,
SMEs and NGOs from the region through the systematic establishment and management of
communication, interaction, and coordination with a long-term aim to improve connectivity.
Established networking structure will upon detailed state-of-the-art analysis build on exi-
sting knowledge and experience from previous projects (e.g. MEDA, TRACECA, GIFT, TRANSIT,
SEETAC, ACROSSEE etc.) and from EU supported regional initiative — SEETO. The project will
establish a system based on shared joint management of topics of mutual concern to promote
the best practice transfer ensuring that results are disseminated and used beyond project
partners. All participants of the established networking structure shall sign a Memorandum
of Understanding for development of Sustainable Multimodal Transport and Mobility Network
in the ADRION region. The inclusion of the perspective of all stakeholders by applying the qua-
druple helix model preceding the Strategy and Action Plan drafting will provide governments
with a useful tool for adopting further transport strategies and planning resources, the tran-
sfer of knowledge between the industry and universities (with students gaining a hands-on
insight into trends in low-carbon and sustainable transport) will be expedited, SMEs which
are usually on the implementation side of transport strategies will be able to contribute with
their knowledge and benefit from gaining a fresh perspective on familiar issues through re-
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gional cooperation, and finally the public (including tourists) will benefit from an improved
transport network.

A strategic document that defines precisely how the good practices (e.g. implementation of
SUMPs or introduction of new multimodal transport and mobility services) will be implemen-
ted in the strategy/policy papers of each participating region/country will leverage future
initiatives and investments. The Steering Committee (SC) will ensure the strategy implemen-
tation not only by monitoring actions proposed in the action plan but also by updating indi-
cations on future evolutions in transports and mobility field. To ensure a stronger role, the SC
will be responsible for the annual verification of the application of the Covenant of Mayors in
field of mobility and drive IPA partners in joining the initiative. The project is expected to set
up the principles of cooperation (multi-country and inter-sectoral) as well as the goals to be
achieved and the appropriate strategy to ensure a sustainable transport network and mobility
development. In addition, transferring of the EU best practice will be promoted contributing
to the common needs and challenges of the ADRION region. Finally, the SuMMoN project will
contribute to the following ADRION Programme result indicator: Level of capacity of organisa-
tionsin the field of transport and mobility to transnationally plan and implement sustainable
and multimodal transport and mobility solutions.

3 Conclusions

“Initiative for Development of Sustainable Multimodal Transport and Mobility Network” repre-
sents an ultimate opportunity to enhance capacity for integrated multimodal transport and
mobility services in the Adriatic-lonian area. This should be a common interest essential for
achieving the general objective of the EUSAIR and it could be implemented within scope of the
ADRION Programme. The challenges posed by improving the connectivity within the Region
and between the Region and the rest of the EU can only be tackled through a cooperative and
coordinated approach. Networking structure based on Quadruple helix partnership principle
is of essence for balanced and integrated planning of environment friendly low carbon tran-
sport systems connecting the Region with the hinterland. Strategic paper accompanied with
an Action Plan for development of sustainable multimodal transport and mobility in the ADRI-
ON region are needed not only to identify methodologies and tools for removal of identified
sectorial and administrative bottlenecks but also to provide sustainable multimodal transport
and mobility solutions based on transfer of knowledge and best practices.
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Abstract

Besides the population growth, the level of motorization is an essential factor influencing
forecasts on transport demand carried out with transport models. Results of such models
are often used in transport planning for example to scale planned road infrastructure. Loo-
king at the development of the level of motorization in the past, it becomes apparent that
permanent transgressions of the prognoses have taken place. As a consequence the ever-
increasing levels of motorization were treated as “law of nature”, resulting in upward correc-
ted prognoses. In the last decade this trend seems to be reversed. We present that in many
countries worldwide the levels of motorization are stagnating or even decreasing. Especially
in cities this development is obvious, showing the influence of transport policies on vehicle
ownership. The common transport models did not predict this development. Additionally
the strong influence of the level of motorization on the forecasts of transport behaviour is
shown, based on two different scenarios. One of the scenarios is mapping the influence of
transport and land-use policies on the level of motorization. In the second scenario the assu-
med growth of the level of motorization is fed externally into the model, therefore not being
influenced by policy measures.

Keywords: level of motorization; transport demand models; prognoses
1 The level of motorization in transport demand modelling

Population growth and the level of motorization are both strong influencing factors in foreca-
sts of transport demand. The population is directly influencing trip generation (first step of a
classical four step approach) and the level of motorization is influencing trip distribution and
mode choice (step two and three) via vehicle availability and finally also influencing traffic
assignment. The level of motorization is often modelled or estimated by a Gompertz-function,
with an assumed saturation point following an “S”-shape. Figure 1 presents the used Gom-
pertz-curves in the Austrian transport prognosis 2025+.
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Figure1 Development of the level of motorization in the Austrian transport prognosis 2025+. Source: [1]

2 The interrelation between prognoses and actual development

Inthe 1950ies the prognosis for Germany predicted the culmination of mass motorization with
63 vehicles/1,000 inhabitants. The development tough overtook this prognosis after a short
period of time. Prognoses followed prognoses and the values for the level of motorization
had to be corrected upwards several times [2]. Applying a rational thought it must have been
obvious that the prognoses are not mapping the system correctly and appropriate measures
should have been taken. Instead politicians and transport planners have looked blank on this
momentum of development [3].

The Buchanan Report “Traffic in Towns”, which was produced in 1963 for the UK Ministry of
Transport, suggested that traffic would saturate early in the 215 century. Rode et al.[4] are
pointing out, that it has become increasingly difficult to operate with a traditional ‘predict-and-
provide’ model of urban transport planning. Most importantly, it should be noted that there is
a considerable risk of overestimating the growth of private vehicle stock and car use, as most
growth projections simply extrapolate historic trends without adequately incorporating evi-
dence on changing patterns of mobility and their relationship to income and economic growth
[5, 6]. Analysis of recent traffic forecasting in both the UK (Figure 2) and US (Figure 3) has indi-
cated that transport planners have consistently overestimated future car traffic growth in the
previous two decades, with significant distortive effects on transport planning investments.

Figure 2 Forecast an actual car traffic flow for the UK. Source: [5]
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Figure 3 Forecast an actual car traffic flow for the US. Source: [6]

What was the reason for the ever-increasing level of motorization? Why did the actual deve-
lopment overtook the levels in the prognoses and required a correction upwards? The reason
is, thatthe levels in the prognoses were the basis for the development of the road infrastructu-
re, Figure 4. Based on the future level of motorization the infrastructure for the individual
motorized transport was over dimensioned. With the permanent attempt to avoid congestion
and to keep the current system speeds, the increased demand was answered by an increased
supply (which again increased demand).

P D il e L B

Figure 4 Feedbackloop between level of motorization and the road infrastructure. Authors own representation

The structures were built alongside the developments in the prognoses. The changes in
structures led to changes in behaviour, which became visible through data. The isolated con-
sideration of car-data (level of motorization) and the orientation of transport planning led
to car-structures and car-behaviour, which resulted in car dependence and a lot of so called
transport problems, Figure 5.
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Figure 5 Data is reflecting the infrastructure in the transport system. Authors own representation

TRAFFIC PLANNING AND MODELLING
CETRA 2016 — 4™ International Conference on Road and Rail Infrastructure

m



12

3 Actual developments of the level of motorization

The thesis in the past was, that there is a causal relation between the GDP growth and the
development of the level of motorization. Till today the traditional transport planning assu-
mes that an increase in income correlates with an increase in the level of motorization [3].
Instead it becomes apparent that in cities with a good public transport system and dense
city structures even with high incomes the level of motorization is below the levels in rural
areas, which make the possession of car necessary. The development of the level of motori-
zation for cities like Hong Kong, Singapore or New York show a decoupling of GDP and level
of motorization [7, 8].

The idea of banning, or at least reducing, the use of automobiles in city centres has become
an increasingly hot topic among urban planners, especially in Europe and other industrialized
countries dealing with issues as diverse as congestion and smog. A number of major cities,
like Paris, London and even New York, have been exploring ways to reduce the number of
vehicles on their streets [9]. Also in Vienna, looking at the development from 2003 till now,
the level of motorization is decreasing, reaching 372 vehicles / 1000 inhabitants in 2015, a
value similar to the values in 1991/92., Figure 5.

Figure 6 The development of the level of motorization in Vienna. Calculated from [10, 11], authors own
representation.

Even if we assess the levels of motorization on a nationwide scale there are signs for “de-
motorization”. In 2004 “peak car use” happened in the US, UK, Germany, France, Australia
and Sweden and all saw the start of a decline in the number of kilometres the average person
travelled in a carthat continues till today. That year in Australia, car travel peaked in every city
in 2004 and has been falling since [12]. It is a similar picture in the UK, where per-capita car
travel is down 5 per cent since 2004.

4 Presentation of the use of the level of motorization in modelling

The lines of argument given above will be emphasised further by presenting the strong influ-
ence of the level of motorization on forecasts of transport behaviour, based on two different
scenarios. These scenarios were modelled with a transport interaction model called MARS
[13]. MARS was primary applied on a series of urban case studies. The MARS model was
further developed to use it for the whole territory of Austria and to model the impacts of tran-
sport and land-use policies on a national scale in a forecasting approach [14]. The presented
scenario results are taken from the thesis where starting from a “business as usual” scenario,

TRAFFIC PLANNING AND MODELLING
CETRA 2016 — 4" International Conference on Road and Rail Infrastructure



which depicts the development over time without any substantial changes, different policy
scenarios were developed.

One of the scenarios is mapping the influence of transport and land-use policies on the level
of motorization (450 ppm, ppm = parts per million). In the second scenario the assumed
growth of the level of motorization is fed externally into the model, therefore not being influ-
enced by policy measures (BAU).

Figures 7 and 8 present the results of the modelled scenarios as modal split for the years 2010,
2015 and 2050. In the BAU scenario the share of PMT is increasing till 2050 reaching 65 %. In
the 450 ppm scenarios the implemented policy measures in combination with the decreasing
level of motorization show a decrease of the PMT share to 53 % in 2050.

Figure 7 Modal splitin total for the scenario BAU, years 2010, 2015 and 2050, source [14, p. 145]

Figure 8 Modal splitin total for the scenario 450 ppm, years 2010, 2015 and 2050, source [14, p. 167]

As it can be seen the modal split for the mode car/e-car is smaller in the 450 ppm scenario
(where the influence of transport and land-use policies on the level of motorization is mo-
delled) asin the BAU scenario (where an increase in the level of motorization is stillassumed),
also the share of the level of motorization is increasing till 2050.
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5 Conclusions

The paper presents the influence of the level of motorization on forecasts and the usage of the
forecasts in transport planning. When looking at the past, permanent transgressions of the
prognoses have taken place, leading to ever increasing levels of motorization. The forecasts
are based on model results produced by model structures, which are not capturing feedbacks
between policy measures and the development of the level of motorization. Though we show
that this trend seems to be reversed looking at developments in many countries and cities
worldwide the common used transport models still don’t predict this development.

Taking the development of motorization into account we can summarize, “we get what we
expect”, the positive feedback between belief and behaviour is obvious in the man-made
exponential growth of motorization in the last decades. A break of this vicious circle is only
possible if external targets and guidelines outside the transport system are set.
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Abstract

Congestion related traffic flow management requires the thorough analysis of dynamics of
queues to develop effective control strategies. Traffic operation of signalized intersections is
often hindered by congestions. Queues cause an additional delay decreasing the capacity of
the intersection, because in dissipating queues the headways are longer than in saturated
flows. Thorough analysis of dynamics of queue development and dissipation is important,
because precise estimation of start-up lost times of dissipating queues can help to minimize
this capacity decrease due to the presence of queues. This paper analyzes the dynamics of
queue dissipation and its major influencing factors. Queue dynamics data were collected
in several locations in Budapest, Hungary using action cameras. We used exploratory data
analysis to determine the principal components behind headway increments in dissipating
queues and theirimportance. We identified those components which correlates to the traffic
flow characteristics and can be influenced by traffic management tools.

Keywords: headway, queue dissipation, queue discharge, image analysis, congestion
management

1 Introduction

Congestions in modern cities are the normal way of traffic operation nowadays. Congestions
and congesting traffic operation cannot be efficiently managed by the traditional tools of
traffic engineering, they require a different, a congestion related approach. The congestion
related approach accepts congestions, tries managing instead of avoiding them [1].

Congestion relating flow management requires the thorough analysis of dynamics of queues
to develop effective control strategies. Queues are inherent features of congestions, their for-
mation and dissipation takes more time than the normal operation of traffic. If the dynamics of
queue dissipation was fully understood it could be influenced by traffic control tools to increa-
se the efficiency of traffic operation and decrease the delay. Adequate queue discharge/delay
models are essential to the analysis and optimization of signal control strategies as well [2, 3].
Headway inside the dissipating queue is one of the dynamical features of interest, because
it directly related to delay. In the literature several studies can be found on headway, howe-
ver their findings are conflicting. Each of them confirms the start-up lost time at the first few
vehicles, but after that the paths diverge. One group of the studies finds no change in he-
adway values. HCM 2010 assumes a constant headway after the first few vehicles [4], which
assumption is confirmed by some studies [5, 6]. However other researchers reported com-
pressing headway along the dissipating queue [7-13]. They account this phenomenon for the
tailgating and hurrying drivers at the end of the queue. On the other hand other studies found
the headway would get longer after a certain point of time as the queue dissipating [14-17]
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These contradicting findings imply that some traffic operational parameters influence the
dynamics of queue dissipation, so more explanatory queue dissipation models are needed.
Rouhani analyzed the effect of these parameters, ignored in the usual queue dissipating mo-
dels and analysis, on the dissipation of queues in signalized intersections [18]. He concluded
that the dynamics does not depend solely on location but on other factors such as green time
and ratio of heavy vehicles as well.

Measuring headway is far from trivial. Traffic monitoring cameras and evaluating software do
exist, but they are usually immobile. In our research we developed a method for commonly
used action cameras, which is very suitable for determining traffic operation parameters ea-
sily, conveniently and effectively at almost any location.

This paper introduces an innovative solution to measure headways and tries to identify the
principal components which influence them. Queue dynamics data were collected in locati-
ons in Budapest, Hungary using action cameras. We used exploratory data analysis to de-
termine the principal components behind headway increments in dissipating queues and
their importance, and we identified those components which correlates to the traffic flow
characteristics and can be influenced by traffic management tools.

2 Methodology

In this research we examined the effect of certain factors on the headway in dissipating
queues formed during the red sign. The location, the lane configuration and the type of traffic
operation were included into the analyses. Locations and time of the analysis were chosen to
represent these factors. We examined the effect of lane configuration by comparing the traffic
operation of a one-lane direction to the traffic operation of the lanes of a two-lane direction.
We analyzed if there is any difference in queue dissipation between the case of the single
lane, of the right lane and of the left lane case. We also include a left turning lane and an
on-ramp to the analysis.

We set the measure period when the traffic operation was congested. We defined the traffic
operation congested if all the queuing vehicles could not go through the green light. The
influence of the parameters was evaluated by analysis of variance.

3 Data collection method

The data collection was made by recording videos about the discharging traffic queues then
the headways for different queue positions were determined by image analysis. Data collec-
tion time periods focused on the morning rush hours, under normal weather and traffic con-
ditions. The applied system was an SJ4000+ action camera made by SJCAM. The camera has
a lens of 2.99 mm focal length; the field of view is 170°. The camera is able to record videos
with a resolution of 2K (2048 x 1080 pixels), but actually we had it with full HD (1920 x 1080
pixels). This resolution has enough details if later analysis has to be done. The frame rate was
30 fps which is also adequate for recording traffic events in cities. The camera was set for
cyclic recording, which means the monitored period was automatically splitinto 5 minute par-
ts. This enabled easier processing hence the handling of the videos doesn’t require extreme
memory in the computers. The storage format was mp4 without sound recording. A 5-minute
part with these settings was about 560 MB. The camera was equipped with 64 GB microSD
card for storing the videos.

The first processing step was the format conversion from mp4 into avi because of the image
processing environment. The evaluation of the videos was in MathWorks Matlab supported
several codecs, but not the same having actually in the action camera. The conversion has
kept all essential parameters (resolution, frame rate, image quality). To ease the video proce-
ssing on an average laptop, the resolution was decreased to 360p format, meaning an image
size of 360x640 pixels.
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The processing algorithm is the following. The first 50 frames of the recorded video footage
were used to create a reference. The reference is a base, which has mostly the background,
the lanes, the trees, the non-moving vehicles and all “irrelevant” image content. The impor-
tant part of the image is the foreground aimed to contain only vehicles. Then the coming
frames were compared to the reference to extract the difference, in this case the vehicles.
All so detected vehicles are in form of a binary blob, where the center or the boundary box
are easily to calculate. These features enable to represent the vehicles in a simple way, then
passing a cross section has to be registered. The registration times can be used to compute
the follow-up times for a sophisticated traffic analysis.

4 Data

We chose two locations to collect data for our research. In both locations the traffic operati-
onal conditions were ideal for the analysis of queue dissipation dynamics: the queues can
discharge freely, no turning movements or side streets to influence the operation, frequent
congestions and no heavy trucks or buses. The first location, Egér road is a busy commuter
route on the verge of the western part of Budapest. The involved four-lane road section plays
an important role in the suburban road transport, in the analyzed direction the traffic is hea-
vily congested in the morning peak hours. The cycle length of the intersection is 120 s with 86
s green time for the analyzed direction. Figure 1 shows the layout of the location.

Figure1 Location 1: Egér at, Budapest

The second and third locations were the lower quay on Buda side, which is an all day busy
urban transport artery across the heart of Budapest (Figure 2). The involved two-lane road
section plays an important role in the long-distance urban road transport and the city logi-
stic. Two traffic direction were examined as it shown in Figure 2. The first one goes straight
to north, this is the main direction, the second one ingress the main stream in the analyzed
intersection. Both analyzed directions are heavily congested in the morning peak hours. The
speed limit is 50 km/h, the cycle length is 90 sec. The main direction has 51 sec green time,
the minor stream has 35 sec. 40 cycles of data were conducted in the morning peak hours in
the intersection.

The fourth and fifth measure spots located in the same intersection (Figure 3). The two-lane
road links the high prestige residential zone of Buda hill and the city center. We analyzed two
directions in the intersection. Figure 3 shows the layout of the location and the examined
directions. The first direction goes straight to the city center, the second direction turns left.
Both analyzed directions are congested in the morning peak hours, the congestions in the left
turning stream are more excessive. The speed limit is 50 km/h, the cycle length of the inter-
section is 90 sec. The first direction has 50 sec green time, the second direction has 20 sec.
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The data collections were conducted in the morning peak hours. We collected 6-13 cycles of
data for the analysed traffic flows, depending on the cycle time of signalization.

Figure 2 Location 2: M{iegyetem rakpart, Budapest

Figure 3 Location 3: Hlivosvélgyi Gt (t, Budapest

5 Data analysis

The headway data are presented graphically in Figure 4-6. The results do not justify any of
the three assumptions mentioned in the literature: the headway values are not constant, not
compressing nor get longer. According to our findings the lanes of two-lane directions are
usedin an unbalanced way. This is due to the continuous lane changing to overtake the slower
vehicles, so the left lane has significantly lower values than the right one. Another case of
interest is the smaller headway values in the left turning lane. Again the difference is signifi-
cant, this phenomenon originates from the lower speeds of turning movements. The variance
analysis did not show any other significant difference due to location or lane configuration.
However the analysis of queue positions shows a very interesting repeating pattern. The he-
adway values characteristically decreasing to the seventh-ninth position, and there comes a
significant raise of headway values, which descends back to the lower levels from the thirte-
enth-sixteenth position. At the end of the green time aggressive tailgating can be observed,
which results significantly lower headway values everywhere.
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Figure 4 Average headway by queue position at Egér Gt (Location 1)

Figure 5 Average headway by queue position at Rakpart (Location 2)

Figure 6 Average headway by queue position at Hlivosvélgyi dt (Location 3)

Analysis of variance test was conducted using SPSS to determine the significance of the loca-
tion, position and lane configuration. The results showed that position (sig value 0.056) and
position (0.132) do not influenced headway significantly, but lane configuration (0.000) does
a significant effect. However the r-squared value for this three factors is 0.239, so there are
other influencing factors in the background.
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6 Conclusions

The headway characteristics of dissipating queues were examined in Budapest, Hungary. The
discharge headways did not demonstrate a constant, a compressing or an elongation trend.
The data showed a regular pattern, compressing at the beginning of the queue, elongation in
the middle, then compressing again. This indicates that by managing queue length at signa-
lized intersections the delays might be decreased. The location parameters did not explain
the variance in the data. The lane configuration has a significant effect on the headway in
dissipating queues, so it should be taken into account in further analysis. The analyzed pa-
rameters explain only 24% of the total variance. Further research should explore these traffic
parameters.
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Abstract

Managing tickets reservation process in passenger rail transport is complex task. For solving
this kind of task, we develop a hybrid algorithm based on Artificial Neural Network and Payoff
table as a decision support tool. The aim of the proposed algorithm is to suggest real time
decisions about seat inventory allocations taking into account information from the past.
The paper considers the revenue management application in passenger rail transport with
variable capacity of sleeping cars. Uncertainty of available capacity is embedded in deve-
loped algorithm by Payoff table, while Artificial Neural Network is used as a tool for making
real time decisions. We consider nested reservation system, and the algorithm is tested on
hypothetical data.

Keywords: Revenue management, Rail transport with variable capacity, Artificial Neural
Network, Payoff table

1 Introduction

The main objective of Revenue Management (RM) concept is selling the right product/service
to the right customer at the right time for the right price. This concept can be applied in mo-
dels with following characteristics: a fixed amount of resources available for selling; the sold
resources are perishable (time limitation of selling the resources, after which they don’t have
value); different customers are willing to pay a different price for the same product/service.
RM is widely used in the transport industry, primarily in airline sector. In railway practice,
Amtrak, intercity passenger rail company in United States, is a pioneer in the application of
RM. This company introduced RM almost 25 years ago. Many other railway companies also
apply RM concept, such se: SNCF (Société Nationale des Chemins de fer Francais) in France;
GNER (Great North Eastern Railway) in Britain; DB (Deutsche Bahn) in Germany; VR Group in
Finland.

The hybrid algorithm for ticket reservation process management in passenger rail transport
(sleeping cars) is developed in this paper. We consider nested reservation system with varia-
ble capacity. Railway operators in transition countries, including Western Balkans, that does
not know in advance the available rail capacity, since very often rail cars are not ready for use
due to repairs. The uncertainty of rail car preparedness in this paper is treated by Payoff table.
The main contribution of the paper is developed decision support tool which is designed for
making real time decisions concerning a new passenger’s request, i.e. whether to accept or
refuse it.
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2 Hybrid algorithm description
2.1 Important assumptions

In this Subsection we provide basic assumptions relevant for our algorithm:

- The reservation of the highest tariff class berths is always possible if there are available
berths on the train.

 Requests for lower tariff classes will be accepted only if rail operator expects lower demand
for higher classes.

- Capacity is treated as a variable with several possible discrete values. This is an important
part of the model due to the fact that the rail operators often do not know in advance a
number of available sleeping cars or railcars. The probability of engaging new sleeping cars
and penalties for a wrong estimation are involved in the model.

Decisions whether to accept a new request or not in real time are made by hybrid algorithm
based on Artificial Neural Network (ANN) and Payoff table. First, we use a simulation for data
base of realized sleeping car reservation process from the past. This data base contains infor-
mation of time when the request is received and the type of requested tariff class. Having in
mind the total number of requests per tariffs, we can offline apply linear integer programming
in order to obtain an optimal revenue for one train from point A to point B. This means that
one optimal solution, which indicates the way of managing reservation process in order to
maximize revenue, is assigned to every realization of train trip. These data are then used for
the ANN training. ANN is designed to give an answer whether to accept a new passenger’s
request or not in real time, with available capacity at the moment. Since there is uncertainty
about available sleeping cars, we embedded probability of new rail car engagement through
Payoff table. If ANN suggests rejecting a new request in the case of initial capacity (C), the
algorithm consults Payoff table about capacity expanding. If decision maker expects capacity
increasing, then the final decision is to accept new request and capacity value is changed
from initial to new value. Otherwise, the request has to be rejected and reservation process
terminates (Figure 1).

Figure1 Hybrid algorithm
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2.2 Simulation data
Table 1 contains cumulative numbers of the received requests for i-th tariff class in p-th re-
alization of the reservation process obtained by simulation, and appropriate decision on

accepting requests.

Table1 Vectors of input and output values for p-th realization of reservation process

Time until Cumulative numbers of received requests per classes Decision Decision Decision
closure reserva-  (|ass1 Class 2 Class n for for for

tion process Class 1 Class 2 Classn
t.(1) DP(t (1) D(t, (1) De(t, (1) Accept Accept Reject
t.(2) Dr(t,(2) Do (t,(2) Dx(t,(2) Accept Reject Reject
t.03) DP(t,(3) De(t,(3)) Dr(t,(3)) Accept Reject Reject

t (Mp) Dt (Mp))  D2(t (Mp)) DP(t,(Mp))  Accept  Reject Reject

2.3 Model for obtaining optimal solution

Let us assume that it is possible to predict time of seat reservation request, as well as pre-
ferred tariff class. This idea can be valuable only for already realized rail trips. The problem
of determining the maximal revenue in the case of sleeping cars with several tariff classes on
non-stop leg can be optimally solved by linear integer programming:

(max)F = iRixi M
=
K
Subject to: c=)» C 2
k=t
" <C 3)
=
X, <DPi=12,...,n (4)
x>0, i=12,..,n ©)
x, — integer variable (6)
R, >R ,i=12,..,n-1 @
Where:
p - realization of the reservation process (trip)

D — total number of received requests for i-th tariff class at the moment reservation
process is closed (DP = DP (t))

R — i-th tariff value

x. — number of accepted requests (sold berths) for i-th tariff class at the moment
reservation process is closed

C, — capacity of k-th rail car

C - total available capacity.
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Each summand in the objective function F (Eq. 1) represents revenue from berth sale in i-th
tariff class. Total revenue for particular trip p can be obtained by summing revenue per all tariff
classes. The available capacity is a sum of the engaged railcars capacities (Eq. 2). The number of
the sold berths maximum can be equal to the capacity of the train (Eq. 3). The number of the sold
berths in i-th tariff class cannot be larger than the number of requests (Eq. 4) for this particular
tariff class at the end of the reservation process. The variables x are nonnegative and integer.
Solving linear integer programming for each realized transport can ensure the determination of
the maximal revenue and adequate number of berths per tariff class. In practice there are two
possibilities: the number of requests is smaller or equal to the available capacity and the num-
ber of requests is larger than available capacity. In our paper we focus on more complicated,
i.e. the second case (Pavkovic, 2000):

S0 >C ®

In this case some passengers will not be able to buy tickets because the number of the received
requests is larger than the available sleeping cars capacity. The optimal number of the tickets
sold per each tariff for one trip, p, can be calculated in the following way (Pavkovi¢, 2000):

xizmax{min{Df,CiDE},O} i=1,2,...,n )

k=1

According to Eq. (9) it is possible to determine critical class, ip*.
X, =D}, x. =C=>"D} x. =0...x, =0 (10)

For each already completed trip, the maximal revenue can be obtained by accepting all reque-
sts for berths up to ip*—1 th (1,2,..., ip*—1) tariff class, and some requests for critical class ip*,
while requests for other lower tariff classes (ip*+1, ip*+2, ..., N) must be rejected. Critical time,
tp*, which starts with rejection of new requests (for tariff class ip*), can be easily determined
using database for trips already completed.

2.4 Real time decisions — Artificial Neural Network

Each realization of a rail trip has set of input and output values as shown in Table 1. In total,

there are P tables (P trip realizations). These sets of input values (obtained by simulation

process) and optimal output value (obtained offline by linear integer programming) are further

used as training database for the ANN. ANN is used as a tool for decision making in relation

to a new request in real time. ANN is technique that relies on a simplified brain model which

basically learns from experience. The processing tasks are distributed over numerous neurons

(nodes, units or processing elements). Even though individual nodes are capable of simple

data processing, the main power of a neural network is the result of connectivity and collective

behavior among the nodes (Teodorovi¢ and Selmié, 2012). The inputs to the ANN consist of 6

relevant information e.g. input nodes:

« type of tariff class (first, second or third),

« discrete time interval when request is received (starts from 60 days before journey to one
day before journey with increment of 10),

« number of requests per first tariff class (from the past),

» number of requests per second tariff class (from the past),
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» number of requests per third tariff class (from the past),
« available capacity (from 6 to 12 sleeping cars, with increment of 2).

For certain inputs related to reservation process, ANN classify new request as accepted or
rejected. The input layer has 6 nodes, and output has one nodes. The first layer is input layer,
where the data are presented to the neural network. The values of the input variables are nu-
merical values. The intermediate layer is the hidden layer. The third layer is the output layer,
representing the network response to the corresponding input. The neural network can then
be trained through a training algorithm. Currently, there are a number of training algorithms
available for artificial neural network models, and the back-propagation rule, which is one of
the most widely used training algorithms, is adopted in this paper.

2.5 Payoff table for variable capacity problem

The objective of the decision making process is to determine which decision should be cho-
sen based on the payofftable. Payoff table (or Regret table) generates the payoffs for all com-
binations of decision alternatives and state of natures. Payoffs can be expressed in terms of
profit, cost, time, distance or any other measure. The main goal is the reduction of regretting,
so the optimal alternative is the one with the minimum regret.

In a payoff table the conditional opportunity loss (COL) and the expected opportunity loss
(EOL) for all alternatives are presented. Expected opportunity loss or expected value of regrets
represents the amount by which maximum possible profit will be reduced under various po-
ssible strategies. EOL is calculated by multiplying the COL’s by associated probabilities and
then adding the values. The optimal alternative is the one with the lowest EOL.

Inthe proposed model, there are two alternatives: a, - to increase train capacity, and a, — not
to increase train capacity. New sleeping cars can be ready (with probability z) or not (with pro-
bability q (q=1-2)) for train departure. We made an assumption that increasing train capacity
implies two new wagons more in the composition.

If we choose alternative a, (to increase train capacity) there are two outcomes: for the outcome
1(the new sleeping cars are ready for train departure) there is no regret (COL=0); for the outco-
me 2 (the new sleeping cars are not ready for train departure) there is certain regret (COL1).
For obtaining COL1, we assume that the passengers are entitled to refund for a cancelled train
trip. If we choose alternative a, (not to increase train capacity) there are two outcomes (Table
2): for the outcome 1 (the new sleeping cars are ready for train departure) there is certain re-
gret (COL2); for the outcome 2 (the new sleeping cars are not ready for train departure) there
is no regret (COL=0). COL2 presents the company regrets for non realized profit (lost profit).
In the considered example, optimal strategy should be defined as follow a, = min(EOL1, EOL2).

Table 2 Payoff table

coL EOL

a1 aZ a1 aZ
Outcome 1 with z probability 0 coL2 0 z*COL2
Outcome 2 with q probability coL 0 g*CoL1 0
Sum: EOL1=0+q*COL1 EOL2=z*COL2+0

3 Results and discussion

The proposed model is tested on the hypothetical data. Demands for berths reservation are
described by normal distribution, while times of reception of the requests are simulated by
uniform distribution.
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In this paper we assumed that passenger has three possibilities (three different tariff classes)

for traveling by sleeping cars: Tourist ticket (passenger buys one regular rail ticket and one

berth), Double (one regular rail ticket and two berths) or Single (one regular rail ticket and

three berths). Obviously, Tourist ticket represents the cheapest tariff class, while Single is the

most expensive one, i.e. the first class. The basic characteristics embedded in the model are:

« All berths are available for all tariff classes, and hence a number of sold tickets in each tariff
class are known only after the reservation process being over.

- Demand for seats in all tariff classes is usually a random process.

- Demand is always larger than available capacity.

« In the reservation process, a number of available sleeping cars is not known in advance.

- The first-class tickets are always sold, i.e. all the requests for the first tariff class will be
realized.

To estimate the ANN model, there are a number of software packages ready to perform the
back-propagation algorithm, and MATLAB was chosen for this study. For the neural network
used in this paper, three types of patterns have been taken into consideration (for the neural
network training, validation and testing).

We have simulated data for 100 realizations. In total it is 8400 input and output data for ANN.
For each realization we form table with 84 rows. During the training phase, the ANN has opti-
mally classified a new passenger request as accepted or rejected in 99% of cases. When the
test data were processed, an accurate matching was also 99% in all cases. The regression in
the case of training, test, validation and all data is shown in Figure 2 where the x-axis shows
the target values, while the y-axis shows the output values.

Figure 2 The matching of the output data to the target results (relation between the output data and the target
results)

During reservation process rail operator could face with lack of available train capacity. Then it
is necessary to make the decision about new sleeping car’s engagement. To make appropriate
decision conditional values — COL should be multiplied by certain probabilities, and then
obtained expected values should be summarized and compared. By comparison of these two
values, the optimal alternative is defined.

4 Conclusion
This paper presents the application of Revenue Management concept for capacity allocation
in railway industry. The proposed model is a decision support model developed for making

real time decisions about accepting or rejecting new passenger request in rail transport. It
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is applicable for the issues with variable capacity. The proposed model, based on Artificial
Neural Network and Payoff table, takes into account variable capacity of trains, and the un-
certainty of rail car preparedness. The algorithm is tested on hypothetical data. The obtained
results show great applicability of the model. Future research will consider rail network with
multi-leg itinerary.
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Abstract

This paper presents functional connecting of the railway bypass around Ni$ and the railway
junction NiS. Railway infrastructure in the city of Ni3 consists of two main railway lines Belgra-
de - Ni3 - Pre3evo — state border (E-85 and E-70) and Ni3 — Dimitrovgrad — state border (E-70)
and one regional railway line (Ni$) — Crveni Krst — Zajecar — Prahovo Pristaniste. Within the
junction, connections are made by railway lines which are the parts of main directions E-85
and E-70: Crveni Krst — Ni§ Marshalling, (Crveni Krst) — (Cele Kula), Trupale — Ni§ Marshalling
— Medjurovo, Ni$ — (Ni3 Marshalling). The traffic issue is for the city of Ni5 on one hand — the
limiting factor, and on the other hand — stimulating factor of development. Functionality
of railway traffic in the city, in addition its’ basic function, need to have a positive effect to
meet the needs of citizens’ mobility. Reduction of collision points “city — railways” should
correspond to the strategy of the city development, previously planned and defined. In the
city centre, a huge problem of level crossings exists. In the present situation, running of freight
trains through the central zone of the city produces increased levels of pollution and noise,
and increases risk of environmental pollution, due to the passing of dangerous goods through
the town. Construction of the railway bypass is one of the phases of solving traffic problems
in Nis, and by its construction following will be achieved:
« The separation of the railway line and roads in the city area, the separation of passengerand
freight traffic in the urban area and the separation of transit from local traffic;
» Harmonization of transport infrastructure development with city’s development and deve-
lopment of the airport “Constantine the Great” in NiS;
» Development of railway facilities without disruption of transit traffic on Corridor X by local
works.

Keywords: railway junction, traffic organization, functionality of the station, traffic flows,
technological effects

1 Introduction

For designing of the railway bypass, existing century-old railway corridors and railway land,
previously planned corridors for the railway, and railway capacities on existing locations and
theirintegration in a new technical — technological solution, all according to urban and spatial
plans, were maximally used. Construction of the railway bypass is planned in the Alignment
of the Corridor X. On the international railway network, Ni$ is the common connection point
of two international traffic directions, actually main railway lines according to AGC Agreement.
Main railway line E-85 is Budapest — Subotica — Belgrade — NiS — Skopje — Athens and main
railway line E-70 is Paris — Turin — SeZana — Ljubljana — Zagreb — Belgrade — Ni$ — Sofia. It is
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about the construction electrified, single-track railway bypass around Nis for the speed up to
160 km/h, in length of approximately 20 km.

Due to the equal participation of Serbian railway traffic on the single European market, it is
necessary to harmonization of all elements of conventional railways in our country with the
standards and regulations of the European Union. To facilitate the flow of goods and pass-
engers it is necessary to establish mutual connection, harmonization of technical standards,
the characteristics of the infrastructure and rolling stock, efficient connection between infor-
mation and communication systems, the application of interoperability in national railway
networks. Accession to membership of UIC and CER, and the decision of the state to initiate
activities as planned accession to the EU, implies a clear defined obligations concerning the
harmonization of national regulations and standards with those in force for the EU member
states and member of railway organizations UIC and CER.

2 Overview of the existing railway framework

The starting point in the approach to solving the railway bypass is the retention of the enti-
re existing circular ring of NiS railway junction. Referent model was defined on the existing
railway network, without previous reconfiguration of railway junction. The referent model of
junction includes common elements from existing railway junction and constructive elements
for the construction of railway bypass, and it is shown on the Figure 1.

Figure1 Referent model of the junction Ni3.

3 Main technological requirements for the railway bypass
and establishments

The railway bypass should be designed according to AGC, AGTC, European Technical specifi-

cation for Interoperability TSI and SEECP Agreement in common rail-road Corridor X.

- Separation of freight and passenger trains on the approaches to the city, and relieve the
central city zone of the freight traffic.

- Direct traffic of passenger trains on the main lines through the station Nis without changing
the operational direction of the trains and head of trains, and no change of type of traction.
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- Functional and rational solution of the railway bypass, the railway station on the bypass and
connections between new bypass line and existing infrastructure capacities. Keeping the
existing and planned connections between the industry and railways.

» Maximum speed on railway bypass is adapted to the terrain conditions and urbanized city
area.

- Safe traffic of all types of trains which are operating with different speeds.

« Providing the Centralized Traffic Control (CTC), Automatic Train Control (ATC) and Automatic
Train Protection (ATP); Installation of the ETCS Level 1 system as an overlay to the basic
interlocking system.

» New open line sections will be equipped with electronic centralized single-track automatic
line block system with axle counters for occupancy control of block sections.

« Installation of the GSM-R network, which would be at this stage used for the transmission of
voice, with the possibility of later modification for signalling data transmission. Planning all te-
lecommunication systems to guarantee interoperability and all links for interlocking systems.

« Traffic management could be provided by manned establishments and also by tele control
centre at NiS. Foreseen capacities that will provide the inclusion of stations on the railway
bypass into the tele control system.

« The stations shall be designed in compliance with European standards (AGC/TSI standards),
with track connections which allowed reception and departure of trains of all station tracks;
Usable length of relief tracks is 650- 750 m.

« Platforms and underpasses shall be designed in accordance to TSI PMR.

« Station buildings are designed to provide all necessary premises for traffic services, as well
as premises for official staff and equipment.

4 Identification of the functional characteristics of the railway bypass
and the functional tasks of the establishments for the new junction
configuration

The main existing junction stations Ni3 Marshalling, Ni3 and Crveni Krst retain their operati-
onal function for passenger railway traffic and for servising of industrial tracks. Connections
of the Junction NiS with the new railway bypass are realized at the station NiS Marshalling,
Crveni Krst and Trupale. Connection of the railway bypass with existing, but reconstructed
railway lines, will be performed at: new station NiS Sever, new station Pantelej, new junction
point “Prosek”.

« Station Ni$ is the main passenger station in the junction, and also a diverge station. It is
opened to provide all services in international and domestic passenger traffic

« Station NiS Marshalling is the main shunting station in the junction, and also a diverge
station for freight trains.

- Station Crveni Krst: The main technological task of the station Crveni Krst is regulation of
railway traffic on main lines E-85 and E-70 and separation of railway line for urban transport.

- Station Trupale: The main technological task of the station Trupale is regulation of railway
traffic and separation of passenger and freight traffic towards Skopje.

» New station Ni3 Sever: The station Ni$ Sever is the intermediate (transit) station, where
three railway lines are branched and intersected. Vicinity of the airport and marshalling yard,
and the further development of industrial zones of this area, place the station NiS Severin a
position to be established and transformed into a cargo transportation centre. Its neighbou-
ring stations are Trupale, NiS Marshalling, Crveni Krst and Pantelej. The main technological
task of the station NiS Sever is regulation of railway traffic on lines: Belgrade — Mladenovac
— Ni$ — PreSevo — state border (section Trupale — Crveni Krst) and Ni$ Marshalling - Crveni
Krst, and on railway bypass (section Ni5 Marshalling — Pantelej). The entrance to station
Ni$ Sever from one side is provided for two directions: Ni$ Marshalling and Trupale (for exi-
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sting track and future second track of railway line Belgrade — Ni$), and from the other side
for three directions: Crveni Krst — Trupale, Crveni Krst — Ni$ Marshalling and from Pantelej
(Dimitrovgrad). For passenger trains Ni$ Sever will be opened for suburban, local and urban
passenger services for direction NiS — Belgrade. International passenger trains and domestic
trains from Dimitrovgrad and Zajecar would not pass through this station.

New station Pantelej: The station Pantelej is the intermediate station in terms of traffic,
where two railway lines are separated and intersected. Its neighbouring stations are Ni3
Sever, Crveni Krst, Matejevac and VreZina. The main technological task of the station Pante-
lej is regulation of railway traffic on lines: Ni§ — Dimitrovgrad — state border (section Crveni
Krst — VreZina) and (Ni8) — Crveni Krst — Zajecar — Prahovo Pristani3te (section Crveni Krst
— Matejevac). The separation of direction for Dimitrovgrad and Zajecar will be performed
at the station Pantelej. The entrance to station Pantelej from one side is provided for two
directions: from Ni$ Sever and Crveni Krst for railway line (Ni$) — Crveni Krst — Zajecar — Pra-
hovo PristaniSte, and from the other side for two directions: from Matejevac and VreZina. For
passenger trains Pantelej will be opened for suburban, local and urban passenger services.
Station would not be open for work with goods (freight). Station Pantelej is passing station
for international passenger trains and for all freight trains.

New station VreZina: The new station VreZina on the bypass line will have primary the tur-
nout function, due to increase of the railway bypass line capacity. Its neighbouring stations
are Pantelej and Si¢evo. The main technological task of the station VreZina is regulation
of the train traffic on main line NiS — Dimitrovgrad — state border. The entrance to station
VreZina from one side is provided direction Pantelej, and from the other side for direction
Sicevo (Dimitrovgrad). For passenger trains VreZina will be opened for suburban, local and
urban passenger services. Would not be open for work with goods.

New establishment (junction point) Prosek: In order to connect the new railway bypass and
existing railway line Ni$ — Dimitrovgrad — state border, there is planned a construction of
new establishment Junction Point “Prosek”. Control safety and handling of devices will be
performed from the station VreZina. Connection of railway bypass with the railway line Nis —
Dimitrovgrad will be temporary performed by the junction “Prosek”, and it will be removed
after the completion of the modernization of the railway line Ni$ — Dimitrovgrad.

Figure 2 Proposed location and layout of the railway bypass line.
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5 Assessment of traffic flows distribution for the new junction
configuration

The construction and functioning of the railway bypass are directly related to the reconstruc-

tion and functionality of five existing railway lines in the junction.

Functional connection of railway bypass and the railway junction Nis will establish new traffic

flows in the node. The greatest effects of bypass construction will be reflected in the transit

freight traffic through the increased speed of the trains, reducing travelling time and shorte-
ning the time of execution of technological operations. Traffic organization in conditions of
the newly built bypass and electrified railway line Ni$ — Dimitrovgrad will allow direct transit
traffic through the node without changing the direction of movement and traction, reducing
the number of shunting movements and reducing the number of technological operations
that are performed on certain types of trains, thus reducing the harmful effects of pollution
and noise, increasing road safety and eliminating number of level crossings in the city centre.

New railway traffic organization, after bypass construction, is based on following:

« All predicted technological operations with passenger and freight trains, based on defined
technological tasks of station, are performed with optimal usage of existing capacities at
stations Ni3, NiS§ Marshalling and Crveni Krst

» Shunting work is concentrated at the station Ni3 Marshalling, into which all connecting ra-
ilway lines enter, and where all flows of wagons in the node are processed. NiS Marshalling
is the terminus station for freight trains which are not transit the node.

- Station Ni3 is the main passenger terminal together with the bus station for the City of NiS,
for remote and suburban passenger traffic. All categories of passenger trains have to stop
at the station Nis

- All existing industrial tracks, which are the connection of railways and industry, are retained
at the station Crveni Krst, where the servicing of these tracks is organized and performed.

- Establishments, railway lines and connections of tracks allow direct train traffic from Belgra-
de towards Sofia and Skopje without changing the head of train. For suburban traffic, the
traffic of trains from all directions is allowed through the junction.

New organization of traffic flows through the junction, in conditions of the railway bypass
built is shown on the Figure 3.

Figure 3 Passenger and freight flows in conditions of the railway bypass built.
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All foreseen technological tasks will be performed with existing capacities at stations: Nis,
Ni$ Marshalling, Crveni Krst, Trupale and Si¢evo. Capacities of stations on the new railway
bypass in the first phase of the railway bypass construction, were entered and checked in the
simulation software package — Open Track.

Figure 4 Display of capacities in new station on the railway bypass.

6 Technological effects of the railway bypass construction
6.1 Travelling time

Different categories of trains can operate:
- on the whole train path via the railway bypass,
- Through one of its parts in combination with other railway lines, depending on a given routing.

Over the whole railway bypass freight trains operate with Vmax=70 — 100 km/h. Travelling
time for those trains is t'=19 min in direction Ni$ Marshalling — Ni$ Sever - Pantelej - VreZi-
na - Sicevo, and t?=20 min in the opposite direction. Dealing with freight trains in stations
depends on the type of freight train and anticipated technological operations on them.
Passenger trains operate with Vmax=70 — 160 km/h via the section Pantelej — Sicevo. Tra-
velling time for international trains is t=9 min in both directions, and for domestic trains
t%'=11min in direction (Ni§ — Crveni Krst) — Pantelej — VreZina - Si¢evo and t*?>=12 min in the
opposite direction.

6.2 Analysis of transport capacity

Two scenarios were considered for evaluation of transportation capacity of the railway bypass.
In both scenarios observation of the capacity utilization was performed. Scenario 1 considers
the situation on the basis of the Time table 2014/15. Scenario 2 considers presumed level of
service in passenger traffic. Scenario 2 offers certain services in international and domestic
passenger traffic, and after the determination of passenger routes, the railway bypass would
be loaded with much more cargo traffic, in order to comprehend the restrictions in stations and
on the open line. Following station capacities on the railway bypass are used in the analysis:
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« NiS Sever —tracks No: 2, 3, 4 and 5,
« Pantelej — tracks No: 1, 2, 3 and 4,
« VrezZina — tracks No: 1and 2.

Scenario 1

Routing for all passenger and freight trains, that are planned in Time table 2014/15, was chan-
ged and routed the new ones, via the railway bypass. In simulation, departure time of trains
from key stations in the junction Nis (Nis, Nis Marshalling and Crveni Krst) is retained, as well
as transit time of trains through “border junction” station (Trupale, Medjurovo Matejevac and
Sicevo). The obtained results are presented in graphs timetable.

Figure 5 Time table for railway section Ni$ Marshalling — Si¢evo: Scenario 1.

Figure 6 Time table for railway section Ni$ — Sicevo: Scenario 1.
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Scenario 2

The regime of passenger traffic proposed is based on the assumption of timetable with the

same time gaps for departures of trains from stations NiS and arrivals at the station Ni3, and

on the following:

 The passenger traffic in period from 05:00 h to 23:00 h,

« Fordirection Belgrade — Dimitrovgrad: 6 pairs of trains, 1 pair every 3 hours, and for direction
Belgrade — PreSevo: 5 pairs of trains, 1 pair every 4 hours,

- Domestic passenger traffic, one pair of trains every hour in peak period and off-peak period
one pair of trains every 2 hours in all directions (12 pairs of trains).

For directions Belgrade — Dimitrovgrad and Ni$ Marshalling — Dimitrovgrad, train paths for
freight trains are planned at an interval of half an hour, and for direction Dimitrovgrad — Pre-
Sevo at an interval of one hour.

In order to avoid disruptions in passenger traffic, individual train paths of freight trains have
been “removed”, and the total number of freight train paths in the simulation model is 96.
The obtained results are presented in graphs timetable.

Figure 7 Time table for railway section Ni§ Marshalling — Si¢evo: Scenario 2.

Figure 8 Time table for railway section Ni$ — Sicevo: Scenario 2.
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6.3 Line capacity for the railway bypass

Theoretical line capacity was calculated on the basis of following conditions and parameters:

« Scenario 1 based on the Time table 2014/2015, Scenario 2 based on assumed volume of
traffic and proposed passenger service,

- Train categories are: | — international passenger trains, Il freight trains, Il — local passenger
trains,

« Number of influence of interstation distance is 5,

« Ruling section is VreZina — Sicevo.

Results of the theoretical line capacity:

- Average headway of trains on the ruling section is 8,6 min.

« For period 24 h / 1440 min, 93 trains with capacity utilisation of 58,84%,

« For period 22 h / 1320 min, 86 trains with capacity utilisation 64,19%,

- Capacity utilisation in Scenario 2 is very high, close to 100%, and indicates the necessary
changes in traffic organization.

« Realised traffic in Scenario 2 for 1440 min is 142 trains.

The observed scenarios are some of possible, and it can surely give a good representation of
what can be expected when performing traffic over the railway bypass. For the real usage of
the line capacity, for designers of the Timetable is essential to determine the additional time
in order to ensure the quality of the Timetable execution. The theoretical calculation leaves
the door for traffic on the railway bypass according to the scenarios that are considered, but
does not apply to the whole railway line Nis-Dimitrovgrad, which has its own ruling section,
which was not the subject of this project.

7 Conclusion and further recommendations

Proposed measures to further optimization of existing capacities and traffic organization after

the construction of railway bypass are:

- Providing of at least one transit track at the station Nis Marshalling for international pass-
enger trains running on direction Belgrade — Dimitrovgrad;

- Further development of the station NiS Sever in terms of freight station, which provides
conditions forthe relocation of the loading — unloading from the stations at the Ni$ junction

« Connection of industrial tracks at the station Crveni Krst with the station NiS Sever as the
future freight station;

» On the section Ni$ - Sicevo of existing railway line Ni$ — Dimitrovgrad, after construction of
bypass, conditions will be met for the elimination of 16 level crossings. The alignment from
the station Ni to the station Cele Kula could be used in function of urban passenger traffic.
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Abstract

The expression “Intelligent Infrastructure” presents devices and systems which are used with
intelligent transport systems and systems for management of traffic. Intelligent Infrastructure
presents purposeful organizational and informational — communicative upgrading of classical
traffic systems, vehicles and transport entities. Basic role of Intelligent Infrastructure is reflec-
ted in information gathering, elaboration and analysis of current status, and on that bases
orders are issued in order to provide simple activities flow for all traffic participants in a traffic
process. Due to the complexity and the compactness of the term intelligent infrastructure it
is necessary to base the division on the devices and objects of Intelligent Infrastructure. The
Intelligent Infrastructure devices includes: sensors, detectors and variable traffic signs, while
the objects of Intelligent Infrastructure imply the toll booth, intelligent vehicles and intelligent
infrastructure in the tunnels. The sensors and detectors are the main technical components
of Intelligent Infrastructure that are providing collection of data from “system sources” which
includes capability to collect and elaborate data’s of Intelligent Infrastructure environment.
Variable traffic signs are signs that can change their content due to the different needs, but
due to the traffic flow on first place. The application of these complex assets is applicable in
the entire transportation system and its application has led to greater safety and security of
all traffic participants, a better traffic flow on the roads, reducing congestion and traffic jams,
more efficient monitoring and control system.

Keywords: Intelligent infrastructure, monitoring, regulation, road traffic
1 Intelligent Infrastructure communication system in road traffic

Nowadays there are more data transfer technology that is characterized by different parame-
ters such as transmission speed, reliability, flexibility, security and quality of service. Some
of these technologies have their place in both fixed as well as mobile and satellite networks.
Highways are equipped with information and communication systems. In parallel with the
intensive construction of modern, ie, intelligent infrastructure is being built as a information
and communication systems which are provided for the control and management on roads
[1]. The systems that are used for collecting traffic data, measurements, adaptive control, and
traffic signalization are seen as part of intelligent infrastructure on highways. The telecommu-
nications system enables the exchange of data, speech and video between users and centers
for traffic management. Globalization and the rapid development of information technology,
contributes to the increasing volume and it is needed by the users for broadband data, voice
and video services. With advantages such as rapid network construction and fast return on
investment, broadband wireless access systems, represent one of the most acceptable solu-
tion operators to build a MAN (Metropolitan Area Network). To achieve maximum effect in the
monitoring, management and thus improving the overall traffic on the roads it is necessary
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to enable communication between vehicles and intelligent infrastructures. The importance of
communication within vehicle-to-infrastrucure is reflected in the fact that the vehicle receiving
information about changes in the position of neighboring vehicles (accidents, overtaking
and other maneuvers on the road) are able to adequately respond to the same, in terms of
avoiding new traffic accidents [2].

1.1 The importance and the role of intelligent infrastructure in the management and safety
systems in road traffic environment

Solving the problem of traffic using the information — communication technology has pro-
ven to be a very effective way to increase the flow, stabilizing traffic flow, increase safety
and driver awareness. Traffic lights with pre-coordinated time for a long period has been a
solution that has worked successfully. Enormous increase in motorization and uneven load
of road congestion, traffic queue and traffic jams are still present. In the regulation of traffic
systems we have involved certain amount of speed and movement detectors of road vehicles,
especially sensors, which can analyze the situation on the roads and measure the speed of
individual vehicles on the basis to regulate the of speed traffic flows. Traffic flow is displayed
in three basic sizes as follows: the flow of vehicles, current density and high space velocity.
The values of this parameter indicates what type of traffic flow is in question (free, normal,
saturated and forced).The fundamental equations of the theory of traffic flow is:

g=g-v, (veh/h) m

Where:

g - the flow of vehicles [veh/h];
g - density flow [train/km];

v, — average spatial speed [km/h].

The principle operation of detector traffic signalization lights is to electronically register frequ-
encies of traffic and controlled regulation of green light to allow better flow of vehicles. The
main advantage of the new management system is the greater flexibility of programmed signal
interval, which means less time losses for vehicles waiting for a green signal. There are three
types of such traffic lights, which are programmed depending on the type of intersection
that is managed. In addition the detectors and sensors without analyzers and process units
have no purpose. Processor control is realized through three concepts [4]. The first concept
is based on the detection of vehicles to give absolute priority, where the vehicle with priority
passage, such as emergency vehicles or trams, gets a solid green light, and the other partici-
pants red signal. The second concept is the intersection of the main and sub lines, the main
line has a much higher traffic load and if obtained information that there is no vehicle from
the side direction of getting the green light. The third concept occurs in the case when both
directions around burdened number of vehicles. At these intersections are installed detectors
in order to extend the duration of the green light. Work is based on the principle that every
three seconds there is a control if a vehicle is arriving. If the camera detects a vehicle from a
lateral direction interruption phase intended for the passage of vehicles.The benefit of radar
devices is that messages can change the content and warn road users about the weather, the
state of road, accidents, road works and the permitted speed of the vehicle.

They are used both in the urban and the rural roads and the roads of the highest rank, ie.
highways. The problem of these devices is that the detectors and sensors are sensitive devi-
ces that are susceptible to interference and external influences. Additionally still require si-
gnificant financial resources for the purchase and maintenance. The efficacy, safety, reliability
are the keywords today for assessment of traffic transport managment systems. Increasing
mobility and the degree of motorization led to imbalances or the state of increasing demands
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on network capacites. The result of the congestion in the network to which itis now estimated
that the relationship of 2 to 4% of GDP peryear in Europe [9]. As a result, one of the impera-
tives is better, and safer traffic management in the network of existing roads [5].

Figure1 Display of the basic services that ITS provides in the managment of road traffic [4]

The results so far in the application and estimates suggest that intelligent infrastructure will
be one of the main tools in achieving better, more efficient, safer traffic conditions on the road
networks. Keywords such as efficiency, safety, environment, lower maintenance costs are
almost always present in the presentation of certain system of intelligent infrastructure but
some doubt remains when one takes into account the structure of algorithms which provide
certain management decisions. Progress in terms of utilization of the opportunities provided
by Intelligent Infrastructure in practice are very small. Dynamic traffic management is almost
not applied in practice. The study of user behavior, accepting or not the information that his
offered, acceptable intervals tracking, user behavior in conditions of congestion, travel time-
haul flow and others. Research in these areas are very modest and therefore the results. For
example relation flow-rate as a function of the characteristics of urban roads are usually taken
from existing manuals or instructions that are made in other conditions and in other times. A
large degree of safety of road transport today is the goal of many countries. Developed coun-
tries are investing heavily in infrastructure and sophisticated equipment. Countries in tran-
sition, however, due to lack of investment in existing facilities, and in fact usually clenched
increase in the number of vehicles (mostly elderly), complicate the problem of road traffic. The
solution probably lies in greater involvement and commitment to traffic not only participants
in traffic, but also the whole society. Therefore, road traffic daily corrects and marginalize
various regulations and laws. Devices of Intelligent Infrastructure largely correct the use that
can affect the change of the safety state of road traffic systems. Although their safety of road
transport is not fundamental role in ultimately having a significant contribution to increase
the level of safety in road traffic systems. A precondition for this is the connection with the
center that aims to rationally manage the traffic and its control. Management of traffic trying to
avoid traffic jams, congestion, the appearance of the column of vehicles and other elements
that disrupt traffic stability and security. General-known rule says that constant control causes
cautionary behavior to drivers and the participants in the traffic so that these appliances such
as speed control can contribute to the greater safety of road traffic. An example of application
and use of sensors is possible in almost all engineering and many other fields, Figure 2.
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Based on the size of the X sensor generates a signal Swhich can be manipulated in a manner:
1) Display on a visual unit,

2) To carry out treatment,

3) Transfer to certain distance.
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Figure 2 A simple model of instrumentation sensors [4]

Calibration or static characteristics of the sensor is a relation between physical value X and
the measurement signal S. The sensor can be calibrated by bringing his input the elements
who are a set of known values in the physical value and recording the response to it. In case
of additional sensor inputs, interfering input response of the sensor represents a linear com-
bination of the interference input and the measured physical value, shown mathematically
and graphically on the chart below, Figure 3.
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Figure 3 Schematic sensor with modifying entrance [4]

From the point where the sensor is placed it depends his efficiency and maintenance costs.
The sensors (the same applies to the detectors) placed on or in the street, are more suscep-
tible to defects than those set above the road. On the choice of where the impact properties
of roads, technical limitations and the type of management on the crossroads. There is no
country in the world that does not have the problem of traffic safety. But when it comes to
our country B&H it should be noted that we are leading in Europe by the number of accidents
and fatalities.Despite the planned measures and new stricter legal provisions still did not
achieve the desired effect.

2 Application of intelligent infrastructure in the actual surrounding
Intelligent Infrastructure together with ITS is a new discipline that certainly provides a more
efficient and safer traffic, and the better use of existing infrastructure, but not always.Today’s
use of intelligence in road traffic is very tight and difficult to fully digest.

2.1 City traffic control

The population is steadily increasing worldwide resulting in intractable traffic congestion in
dense urban areas. Consequently the demand for mobility is increasing, resulting in severe

traffic congestion in urban areas. Traffic congestion leads to undesirable impacts on mobility,
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accessibility and socio-economic activities, as well as the environment. Another important
form of monitoring of traffic is video surveillance. Currently, video surveillance is used manu-
ally by the operator in the control center that collects information automatically coming from
the detector.There is great interest in automated data collection.

2.2 The system that controls the managment of traffic

Adaptive Traffic Signal Control (ATSC) has the potential to effectively alleviate urban traffic
congestion by adjusting the signal timing plans in real time in response to traffic fluctuations
to achieve the desired objectives (e.g. minimising delay). For small and medium flows, the
system compares the advantages and disadvantages of the change in the next phase and
does change when it is needed the most. Reinforcement Learning (RL) has shown promising
potential for self-learning ATSC due to its ability to perpetually learn and improve the service
(traffic conditions) overtime. In RL, a traffic signal represents a control agent that interacts with
the traffic environment in a closed-loop system to achieve the optimal mapping between the
environment’s traffic state and the corresponding optimal control action, offering an optimal
control policy. The agent iteratively receives feedback reward for the actions taken and adjusts
the policy until it converges to the optimal control policy. Once the optimal policy is learned,
the mapping of the observed system states to the optimal control actions is very fast. For a
network with multiple signalised intersections, efficient and robust controllers can be desi-
gned using a multi-agent reinforcement learning (MARL) approach. This system provides a high
degree of flexibility because it is oriented to the group (not on stage), and contains several new
features that make heavy traffic safer, reduce congestion and give priority to public transport.

Figure 4 Stochastic control problem [9]
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In order to solve the ATSC problem in general, and to particularly facilitate the understanding
of the proposed approach in this paper, the problem first has to be properly classified and
formulated. Due to the stochastic nature of the traffic environment, ATSC can be classified as
a stochastic control problem, Figure 4. This paper provides the relevant theoretical founda-
tion for this type of control problem from single agent and multi-agent perspectives. It also
provides a review of RL as a promising solution algorithm for the stochastic control problem.
The problem of coordinated ATSC is a challenging due to the exponential growth in the num-
ber of joint timing plans to be explored as the network size grows. This thesis focused on the
development of self-learning-based approaches to coordinate the behaviour of control agents
in a multi-agent traffic control system with an emphasis on decentralised and scalable met-
hods for large-scale urban traffic networks. Achieving coordination between agents in GT is
proven to be unfeasible for a large number of players (agents) because the state-action space
increases exponentially and the learning speed decreases dramatically with the number of
agents in the system, which is known as the curse of dimensionality problem.

2.3 Highways control

This refers to traffic control and tunnels, outside urban areas and includes the detection of
accidents, monitoring the load, entry and exit from the highway and follow collective tra-
vel guide. The changing display messages “Variable Message Signs’ (VMS) can be used to
determine the speed and direction (as in” Dutch Motorway Control and Signaling System
“(MCSS), so that warns drivers about the state ahead of them or to make recommendations
on the selection of direction (as in the Rhein / Main motorway network). It is important to
distinguish between “access” control (mandatory access control) and “line” control (required
control speed and direction). For sizing station toll is possible to use analytical formula. If
these formulas and / or methods do not provide an appropriate solution must not come to a
state of supersaturation. Simulation methods are required to analyze the existing station for
toll collection (simple and complex — in terms of sizing), in which the combined bidding toll
(e + manually) [10]. Classical systems charge fees for the use of road infrastructure are very
difficult to apply in countries with a high volume of vehicles, because they require interruption
of traffic flow, which results in:

1) Loss of time,

2) Reduced comfort and productivity of transportation,

3) Creating congestion and delays.

To avoid such consequences, the drawing up of the system where the traffic flow is not in-
terrupted, but are billed automated application of the latest achievements of information and
telecommunication technologies.

2.4 Detection of accidents and congestion level monitoring

Detection of accidents is very important in tunnels and other high-risk locations. The system
of detection of accidents depends on the size of the accident and the level of traffic flow.Car
accident detection is based on the measurement of speed and measurement retention, as
evidenced by the inductive loop. The early algorithms, such as the California algorithm, they
tried to detect the shock wave resulting from an accident by following the spatial and temporal
discontinuity of flow and its retention (time for which the loop is occupied and density of the
loop). Experience has shown that of all the parameters that are measured at the inductive
loops, the change of speed best indicates the presence of an accident. So far, automatic vi-
deo analysis could find vehicles that are not moving or are slow moving. But in general video
surveillance is used manually only as a supplement to other forms of detectors accident.
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2.5 Integration with dynamic travel guide

Each intersection controller can basically follow the travel time directly, or indirectly through
the detector data in the vehicle. News of the density of traffic on the network can be exchan-
ged allowing it to be made modifications and recommended routes. Driver assistance systems
have radar sensors that take into account the traffic from the side and behind the vehicle
and constantly inform drivers about potential dangers: when changing lanes, following in-
coming vehicles that the driver can not see, and warned him not to open the door if you are
approaching cyclists. Based on the analysis, the global market for systems that help the driver
to the 2015 cost about 1.9 billion euros, for the Member States of the European Union([5]. Since
2010, passengers have access to constant predictions of the traffic situation on their mobile
phones, radio and the Internet.

3 Conclusion

Smart infrastructure is a intelligent infrastructure which is fully aware of its functioning and
is capable of managing its functioning with a control system. The realization of the need for
rational traffic system that is economically efficient and environmentally justified, requires
a new way of looking at and solving traffic problems. The implementation of these demands
requires a whole new philosophy of formation, functioning and management of all compo-
nents within the transport system, through the effective application of modern management,
computer and communications technology in transport. The development of intelligent infra-
structure has to deal with society as a whole, given that the benefits achieved its application
of higher social interest. In conclusion, the Intelligent infrastructure framework developed
in this papers outperforms prior methods and techniques by introducing a more robust and
scalable solution, especially for highly-saturated, diverse, and increasingly larger networks.
Therefore, this paper offers a major contribution to the complete management road traffic
system. The resulting system is also promising for other control applications beyond ATSC that
contributes the most to the Intelligent infrastructure as an adaptive solution. In this context,
the Intelligent Infrastructure needs to be developed in an integrated way, in order to provide
a significant contribution to the economy, environment, social needs and objectives of social
development during the next period.
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Abstract

In the capacity analysis of roundabouts, correctly determining of the degree of saturation
and control delay is of the highest importance, because these parameters are the main indi-
cators of traffic flow quality. This paper briefly describes models of compute control delay on
roundabouts that are currently most widely used in practice, such as: HCM, Akcelik, Brilon.
In conclusion, will be recommended the guidelines for calibration process of these methods.

Keywords: roundabout, control delay, calibration
1 Introduction

Correct determination of capacity-to-volume ratio and delays, which are basic indicators for
quality of traffic movements at intersections, is crucial for roundabout analysis. In practice,
there are many methods for determination of level of service at roundabouts, with high dissi-
pation in results. Differences in results are occur because of different approaches in capacity
and delay methodologies. In this paper, we give briefly description of capacity and delay
models according to Highway Capacity Manual 2010 (HCM 2010), Akcelik (Sidra Intersection)
and Brilon, which are the most used methodologies for this purpose.

2 Capacity and delay prediction models

Driver delay consists of a many factors relating to traffic control, roundabout geometry, traffic
flow and accidents occurancy. Total delay is the difference between travel time in real condi-
tions and travel time when there is no traffic control, geometric restrictions or any accidents.
Delay controlincludes time that driver spent during deceleration, time when caris completely
stopped and acceleration time. This kind of delay interpretation is presented on Figure 1.
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Figure 1  Definition of control delay, geometric delay, stop — line delay and stopped delay (Source: Sidra
Intersection — User Guide) [3]

2.1 HCM 2010 metodology

Highway Capacity Manual 2010 is based on many years researches of roundabouts in the
United States of America. Capacity for single-lane roundabouts, according to this method,
can be calculated with following equations:

Copee =1130-C 10710 Vese M
Where:
C.pe — lane capacity, adjusted for heavy vehicles [pce/h], and
\Y - conflicting flow rate [pce/h].

c,pce

Analytical model for delay control prediction is:

[3600].)(

3600 e .
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Where:

d - average control delay [s/veh],
x  — volume-to-capacity ratio of t he subject lane [veh/h],
¢ — capacity of the subject lane [veh/h],

T - time period [h] (T=0,25h for a 15-min analysis).

2.2 Akcelik metodology (Sidra Intersection 5.1)

In this paper, we only consider Akcelik M3D model. Equation (3) is used for the capacity cal-
culation based on Rahmi Akcelik researches in Australia:

Q. =229 (1= a0 ) + (0,50 -q)) e ) ®
Where:
3 - follow up headway [seconds/vehicle],
a — critical gap [seconds/vehicle],
A_ — intrabunch headway [seconds/vehicle],
g, - circulating flow at entry [pce/hour],

— proportion of unbunched vehicles in the circulating stream,
parameter in the exponential arrival headway,
— capacity of a single entry lane [pce/hour].

o > &
|

@

Two elements of this equation, ®_and A , are fixed parameters. ®_represents the proportion
of unbunched vehicles in the circulating stream. Used as a calculated variable in Akcelik’s ca-
pacity equation, this will be a fixed parameter with the value of 0,55 for this formulation. This
is done to maintain simplicity in this paper. In Sidra Intersection User Guide exact equation
for ®_can be found, although it does not have a big influence on final result [2].

Akcelik gives avalue of two seconds for A_parameters, for circulatory roadway with one lane.
The remaining element for this equation is X. This is a parameter in the exponential arrival
headway, that according to Tanner (1962, 1967) can be assumed to be equal to the circulating
flow [2]. Method for delay calculation according to Akcelik in Sidra Intersection, is the same
like in HCM 2010. The main difference is that this method directly takes geometric characteri-
stics into account, while HCM 2010 considers roundabout geometry through regression part
of equation (1). Adjusted delay equation by Akcelik is:

0,5
3600 2 8K, -x
D="—"-"4900-T | x—1+|(x—1) +—2L=

N | @
Where:
D - averageyield line delay [seconds],
Q, - capacity of a single entry lane [pce/h],
T. - duration of the analysis [hours],
x  — degree of saturation and
K, - overflow parameter [K, =1].

2.3 Brilon metodology

The capacity of roundabouts in Germany is studied for many years by numerous researches.
For all types of roundabouts, except mini roundabouts, entry capacity is not under influence
of vehicle flow at other entries. Following equation is used for capacity calculation by German
research Werner Brilon:
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o= q " n 7q7k'[ts’i*1mm]
C=3600.1——min""k | e o 3600(% 2 -

n.-3600] t,
Where:
C - basic capacity of one entry [veh/hl],
q, - traffic volume on the circle [veh/h],
n. - numberof circulating lanes [-],
n, - numberofentry lanes [,
t. - critical gap [s],
t. - follow-up time [s], and
t . — minimum gap between succeeding vehicles on the circle [s].

As can be seen from this equation, entry capacity depends on number of circulating lanes
and number of entry lanes. Other geometric parameters did not show a significantimpact on
capacity. The values for parameters t , t.and t . depends on type of roundabout and can be
calculate using following equations (Table 1).

Table1 Parameters for capacity calculation in Brilon metology [4]

Type of Number of lanes  Parameters
roundabout 4 n t t, t
e c g min
7 ! ! 8,27 2,07 18,6
26 <d < 40m t, :3,86+’T t,=2,84+ ’3 tmin:1,57+T’

Roundabout diameter used in this example is 29 m. The formula developed by Brilon for
average delay estimation at roundabout entry is:

Dz?’iﬂJrgcﬂ-[\/mf(RJrTﬂ)] ©)

Where:

d - average delay (queueing delay) [veh/s],
C - capacity [veh/h],

T - duration of the peak period [h],

R - reserved capacity [veh/h],

g - totalvolume [demand] [veh/h].

3 Basic differences in described models

Methodologies presented here have been applied to single-lane roundabout with different

values for circulating flow at entry (from 100 to 600 veh/h), while critical gap and follow up

headway are taken in accordance with recommendations for each methodology (Table 2). We

take three different cases for Akcelik calculation:

1) Akcelik - defaultvalues for critical gap and follow up headway which can be found in Sidra
Intersection software,

2) Akcelik* — Akcelik methodology with recommended values for critical gap and follow up
headway by HCM 2010,

3) Akcelik** — critical gap and follow up headway values recommended by [2].
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For Brilon methodology, critical gap and follow up headway are calculated using equations
from Table 1 and given roundabout diameter. Comparing different equations for delay, it is
clear that differences between them are negligible. Equations for capacity are also based on
similar approach, and in all of them critical gap, follow up headway and circulating flow are
key parameters. The results are presented in the following Figures 2 and 3.

Table 2 Different values for critical gap and follow up headway

Akcelik M3D Akcelik M3D* Akcelik M3D**  Brilon
Critical gap (sec) 4 4,3 3,5 4,145
Follow up headway (sec) 2 2,85 3 2,91

Figure 2 Comparison of roundabout capacity for different metodologies

Figure 3 Comparison of average delay for different metodolgies
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4 Conclusion

The main conclusions according to obtained results and presented figures are:

« Differences between delay models are negligible (HCM 2010 provides some higher results
because of additional part of delay).

« Akcelik’s diagram for delay (Figure 1) completely explained methodology for delay calcu-
lation and it can be used like a methodology for practical determination of delay in real
conditions, on the field.

« Figure 2 shows that the highest values for capacity gives Akcelik and they much depends
on critical gap and follow up headway. Hence, it is easiest to make a mistake using this
methodology, specially using Sidra Intersection software where capacity is very sensitive
to “environment factor”.

« HCM 2010 method uses fixed values for gap acceptance parameters, while Sidra standard
model gap acceptance parameters depend on the geometry and flow rate.

« The capacity has much bigger impact on level of service analyses, because delay models
are equal. The most important parameters for capacity determining in all methodologies are
critical gap and follow up headway. Recommended values for these parameters are different
for all methodologies, so their determination is crucial for quality and correct analysis.

Further researches must be focused on correct calibration process all of these methodologies.
Only then, results will match real conditions.
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Abstract

The service life of pavement surface courses is highly dependent on the construction process.
A large number of parameters have to be controlled and kept at optimum during the laying
and compaction process. The compactability of asphalt mix is the most important feature at
the time of paving. Proper compaction of asphalt layer ensures that the pavement can achieve
the planned service life, the bearing capacity and the resistance to low and high temperatu-
res. In this study, the compactability determined by the gyratory and impact compactor was
investigated. The standardized model as described in the European standard EN 12697-10 for
the compaction propagation was evaluated with the data obtained from the tests performed
on five different asphalt mixtures. Past research showed that the ‘standardized model’ that
is currently used for the impact compactor does not describe the compaction process appro-
priately. In a published article three new solutions were proposed. With present study we
tried to find out if the new proposed models can be used to properly describe compactability
of asphalt specimen determined with gyratory compactor.

Keywords: compactability, gyratory compactor, impact compactor, model
1 Introduction

Produced asphalt is non compacted mixture of stone aggregate in a binder matrix. Asphalt
mix must be compacted according to certain standards to construct a sustainable pavement.
Compaction means reduction in the volume of the mixture of hot asphalt binder, aggregates,
and filler materials to form the required dense mass. Construction of asphalt pavements takes
advantage of the direct and indirect compacting forces, exerted by rollers passing over the
loose mix to produce dense layers of structurally durable material [1]. It was published that
more than 80 % of premature failures of asphalt pavements are related to insufficient com-
paction [2, 3]. With decreasing of voids in the matrix, the material becomes less susceptible
to moisture penetration [4, 5].

Compactability of the asphalt pavement can be defined as the ease with which the material
can be compacted [4]. The most important factors thatinfluence on the process of compaction
are: materials used in the asphalt mixture, environmental variables (temperature, wind, and
humidity), method for compaction, compaction temperature [6, 7].

Many studies were preformed to evaluate correlation between compaction and asphalt pro-
perties [8-12].

In this study we followed the procedures described in European standard EN 12697 - 10 [13]
where three laboratory test methods for obtaining compactability are described: impact com-
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paction, gyrator compaction and vibratory compaction. From previous studies it was found
out that the model for impact compaction in the standard can be improved [14, 15]. It was
proposed that ‘standardized model’ presented with eqn (1) should be replaced with ‘supple-
mented model’ presented with eqn (2):

i:i, i,l *a T Q)
tE) t. [t t
1 _1 egh L puah
——=——|———|*e¢" +F*e>? 2

Where:
t(E) - thickness of the specimen compacted at compaction energy E;
t_ - isthe calculated minimum achievable thickness of the specimen;
t, - isthe calculated initial thickness of the specimen;
E - isthe compaction energy;
T - isthe compaction resistance.

It was proposed that in the case when we are not able to use the appropriate software to calcu-
late more demanding mathematical models, exclusion of first 30 data, is a proper choice [15].

2 Experimental details

Encouraged with the results of our previous studies [14, 15], we tried to find out if standardized
model describing gyrator compaction can also be improved. We investigated if the proposed
mathematical model forimpact compaction was acceptable for the obtained experimental data.
At gyrator compaction bituminous mixture is contained within a cylindrical mould limited by
inserts and kept at a constant temperature within specified tolerances throughout the whole
duration of the test [16].

Compaction is achieved by the simultaneous action of a low static compression, and of the
shearing action resulting from the motion of the axis of the sample which generates a conical
surface of revolution, of apex O and of 2 ¢ angle at the apex, while the ends of the test piece
should ideally remain perpendicular to the axis of the conical surface as shown in Figure 1[16].

[ T .-..l

Figure1 Sample motion diagram at gyrator compaction

2.1 Materials

Five different asphalt mixtures were collected from asphalt producers. Three different asphalt
concrete samples (AC 8 surf, AC 16 surfand AC 32 base containing B 50/70 bitumen) and two
different stone mastic samples (SMA 8 surf and SMA 8 surf containing PmB as binder and
steel slag as stone aggregate) were tested.
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2.2 Experimental design and conditions

Each sample was compacted in two moulds with diameters 150.0 mm and 100.0 mm. For
each mould two different quantities of material were prepared: one for expected final height
of specimen 100 mm and second for expected final height of specimen 150 mm. So for each
type of asphalt 4 different dimensions of specimen were prepared. The following compaction
conditions were set: target gyrations (100), speed: 30 rev/min, angle: 0,820 degrees and
stress: 600 kPa. For comparison Marshal specimen with impact compactor were prepared.
The compaction temperatures were for all samples set according to EN 12697-35.

2.3 Experimental results

Samples were compacted in random order. After cooling we measured final height and density
for each specimen. Final densities of samples are presented in Table 1.

Table1 Densities of samples after 100 gyrations, where h is expected height of specimen and fi is diameter

of the mould.
Dimension of sample SMA 11 SMA 8 AC16 AC8 AC32
[mm] [Mg/m’] [Mg/m’] Mg/m’] [Mg/m’] [Mg/m’]
fi100, h=150 2.916 2.801 2.460 2.472 2.474
fi150, h=150 2.891 2.825 2.527 2.450 2.518
fi100, h=100 2.878 2.838 2.547 2.532 2.546
fi150, h=100 2.893 2.840 2.551 2.534 2.563
Marshall specimen 2.836 2.839 2.503 2.497 2.502

From Table 1it can be seen that for almost all types of asphalt the densest was sample with
diameter 150 mm and final thickness 100 mm. Only exception was SMA 11 where the densest
was sample with diameter 100 mm and final thickness 150 mm, but varieties between densi-
ties of samples for both SMA mixtures are small.

3 Results
3.1 Compactability according to the standard

First compactability according to the standard EN 12697-10 was calculated. The ‘standardized
model’ is presented with eqn 3.

v(ng):v(1)7<K~lnng) (3)
Where:
v (ng) — void content for a number of gyration ng, expressed in percent (%);
v (1) - isthe calculated void content for one gyration;
K - is the compactability (method using a gyratory compactor);
ng — is the number of gyrations.

From Table 2 it can be seen that calculated compactabilities K have very stochastic values. It
can be seen that the standard deviation over different types of asphalt mixtures compacted in
the same mould is on average smaller than standard deviation for a particular asphalt mixture
compacted in the moulds of different dimensions. From results in Table 2 it can be concluded
that compactabilities K calculated according to the standard EN 12697-10 cannot be used to
distinguish between different types of asphalt.
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Table 2 Compactability K according to the standard EN 12697-10.

Dimension of sample SMA M SMA 8 AC16 AC8 AC32 Standard deviation
[mm] over different types
K K K K K of asphalt mixture

fi100, h=150 4.00 3.83 3.12 3.73 3.22 0.39

fi150, h=150 3.66 3.58 3.39 3.82 3.32 0.20

fi100, h=100 4.14 4.35 4.22 4.02 4.25 0.12

fi150, h=100 3.86 3.59 3.74 3.40 3.85 0.19

Standard deviation over 0.21 0.36 0.47 0.26 0.48

different mould dimensions

3.2 Alternative model

Due to the fact that height of the specimen is automatically obtained from apparatus during
compaction process the first ‘simple’ model containing height of specimen as factor was
tested. According to standard the height of specimen after 5, 10, 15, 20, 25, 30, 35, 40, 45,
50, 55, 60, 65, 70, 75, 80, 85, 90, 95, and 100 gyrations shall be obtained from apparatus.
With altogether 20 experimental points variety of models can be built. First simple alternative
model was tested (eqn 4).

lnt:A—(B-lnng) %)
Where:
t - height of the specimen for a number of gyration ng, expressed in mm;
A - factorrelated to height of the specimen for one gyration;
B - alternative compactability;

ng — number of gyrations.

For comparison between the ‘standardized model’ and the ‘alternative model’ correlation co-
efficients were gathered in Tables 3 and 4. From Tables 3 and 4 it can be seen that both models
are good and correlation coefficients are almost equal. Small difference can be found only for
both SMA mixtures, where ‘alternative model’ works a bit better. Both models gave the lowest
correlation coefficients for AC, however for this mixture standard model works a bit better.

Table 3 Correlation coefficients between directly measured heights of specimen and heights of specimen
calculated according to ‘standardized model’ (eqn 3).

Dimension of sample SMA 11 SMA 8 AC16 AC8 AC32 Average for different
[mm] 2 - 2 o - types of asphalt
fi100, h=150 0.9989 0.9983 0.9995 0.9988 0.9992 0.9990

fi150, h=150 0.9981 0.9983 0.9985 0.9998 0.9991 0.9987

fi100, h=100 0.9992 0.9993 0.9996 0.9942 0.9992 0.9983

fi150, h=100 0.9964 0.9986 0.9995 0.9950 0.9995 0.9978

Average for different 0.9981 0.9986 0.9993 0.9969 0.9993

mould dimensions
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Table 4 Correlation coefficients between directly measured heights of specimen and heights of specimen
calculated according to ‘alternative model’ (eqn 4).

Dimension of sample SMA 11 SMA 8 AC16 AC8 AC32 Average for different
[mm] o 2 2 2 o types of asphalt
fi100, h=150 0.9997 0.9994 0.9996 0.9978 0.9987 0.9990

fi150, h=150 0.9990 0.9993 0.9992 0.9996 0.9998 0.9994

fi100, h=100 0.9998 0.9992 0.9990 0.9915 0.9993 0.9978

fi150, h=100 0.9979 0.9992 0.9989 0.9936 0.9993 0.9978

Average for different 0.9991 0.9993 0.9992 0.9956 0.9993

dimensions

3.3 Model proposed for impact compactor

It was found out that the ‘standardized model’ forimpact compactor (eqn 1) is not appropriate
even for impact compactor [14, 15], when all data is used. Consequently in this study a stan-
dardized model proposed forimpact compactorwas used (eqn 1), but according to experience
from previous studies [14, 15], the data of the first 30 records on the specimen height were
excluded from the calculation. Correlation coefficients between directly measured heights
and heights of specimen calculated according to the model (eqn 1) are gathered in Table 5.

Table 5 Correlation coefficients between directly measured heights of specimen and calculated heights of
specimen according to model for impact compactor (eqn 1) with exclusion of the first 30 records.

Dimension of sample SMA 11 SMA 8 AC16 AC8 AC32 Average for different
[mm] o 2 2 2 o types of asphalt
fi100. h=150 0.9995 1.0000 0.9994 0.9994 0.9994 0.9995

fi150. h=150 0.9998 0.9994 0.9991 0.9997 0.9996 0.9995

fi100. h=100 0.9993 0.9990 0.9995 0.9985 0.9992 0.9991

fi150. h=100 0.9995 0.9988 0.9996 0.9971 0.9993 0.9988

Average for different 0.9995 0.9993 0.9994 0.9987 0.9994

dimensions

From Table 5 it can be seen that model proposed for impact compactor works well also for
gyratory compactor. Correlation coefficients are even higher than for ‘standardized model’
(Table 3). In Table 6 compactabilities T calculated according to the model forimpact compactor
(egn 1) with exclusion of the first 30 records [15] are presented. From Table 6 it can be seen that
calculated compactabilities T have less stochastic values than compactabilities Kin Table 2.

Table 6 Compactability T calculated according to the model for impact compactor (eqn 1) with exclusion of
the first 30 records.

Dimension of sample SMA 11 SMA 8 AC16 AC8 AC32 Standard deviation
[mm] T T T T T over different types
of asphalt mixture

fi100. h=150 56.05 60.06 59.42 44.05 42.86 8.39

fi150. h=150 54.59 59.25 55.66 53.62 66.50 5.25

fi100. h=100 65.22 48.96 47.63 36.51 54.83 10.51

fi150. h=100 48.40 51.34 50.56 31.04 54.54 9.29

Standard deviation be- 6.95 5.58 5.25 9.79 9.65

tween different dimensions
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4 Conclusions

In the European standard EN 12697 — 10 are described methods to determine the compacta-
bility of the asphalt mixtures. In previous studies the compaction by impact compaction was
evaluated [15] and some improvements were proposed. With this study compaction by gyra-
tory compactor was evaluated.

Five different asphalt concrete mixtures were tested. From obtained result for different types
of asphalt we found out that Compactabilities K calculated according to the standard EN
12697-10 cannot be used to distinguish between different types of asphalt. One solution for
this problem is to exactly prescribe dimension of sample in the standard EN 12697-10. We
propose that diameter of mould should be specified and final height of specimen should be
in clearly defined range similarly as it is prescribed forimpact compactor. The other solution
is to use alternative model. It was found out that even simple model (eqn 4) could be more
suitable for some asphalt mixtures than standardized model. The most logical results were
obtained with model proposed for impact compactor [15].
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Abstract

Rubber derived from grinding of recycled cars and trucks tyres may be successfully used as
a binder modifier or supplementary component of the asphalt mix. Number of researches
reported sufficient characteristics of rubber modified asphalt binders or modified asphalt
mixes in terms of improved permanent deformation and fatigue cracking. The behavior of
asphalt binders or asphalt mixes modified with recycled crumb rubber depends on several
factors, such as modification method, rubber content and size, modification temperature,
mixing speed and time applied during the digestion process. This paper summarizes findings
from literature review on the existing technologies and specifications related to the asphalt
binders and asphalt mixes modification process with crumb rubber. Moreover, this article
summarizes the effect of modified asphalt binder behavior in high and low temperatures.
After analysis of the best practise, the algorithm of rubber modified binder and asphalt mix
design model was introduced.

Keywords: tyre recycled rubber, modified binder, rubber modified asphalt mix, permanent
deformation, fatigue

1 Introduction

The increasing number of vehicles on the roads generates millions of used tyres every year.
Used tyres due to the amount and durability are the most problematic sources of waste. Tho-
se, same characteristics make waste tyres on of the most re-used waste materials, as rubber
is very resilient and can be reused in other products. One of the most successful application
is the use waste tyres in road pavements [1]. Asphalt is known as brittle and hard in cold
environments and soft in hot environments. As a pavement material, it is characterized with
a number of failures represented by the low temperature cracking, fatigue cracking, and the
permanent deformations at high temperature [2]. Scientists suggests failures preventing so-
lutions as the use of high modulus asphalt mixes with polymer modified binder, pavement
structure design models with main objectives: field of application, input data (environmen-
tal/climate conditions, structural conditions, design materials and loading conditions) and
analysis procedure (pavement response to load, pavement response to frost heave and per-
formance (design) criteria). Moreover, there is suggested to apply continuously monitoring
of different pavement structures performance and to elaborate on the most suitable and
economically effective pavement structures [3-5]. Modification of asphalt binder is a very
common practice these days in order to improve its physical properties and performance.
Modification of asphalt decreases its temperature susceptibility and this enables asphalt
to withstand more load and more severe environments [6]. Incorporation of used tires in
asphalt mixtures has been a major advancement in the using recycled materials in asphalt
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pavements. Tires contain some of the polymeric components that have been used to modify
the asphalt binders for decades, but in a solid form [7]. The use of crumb rubber in asphalt
pavements has shown promising beneficial results in previous studies.

The aim of this study is to evaluate previous researches and existing specifications on crumb
rubber modified binder and asphalt mixtures and provide recommendations based on the
best experience.

2 Review of existing modifying technologies and specifications

Afterthe collection of end of life tyres, the next stage of the tyre recycling process is shredding
and milling of scrap tyres. Ambient grinding and cryogenic grinding are the most common
processes [8]. The use of tyre rubberin bituminous paving materials generally has two distinct
approaches: wet process and dry process. Moreover, according to Caltrans [9], the wet proce-
ss is divided into two families: wet process-high viscosity (asphalt rubber) and high process-
no agitation (terminal blend). Detailed description of all this technologies and specifications
are given in the following paragraphs.

2.1 Analysis of the dry method

The idea of adding the rubber particles is to substitute a small portion of aggregates with
rubber, for the rubber to function just like the aggregates but with additional benefit of po-
ssessing elastic properties as illustrated in Figure 1 [10]. The crumb rubber, as a mixture
component, at the ambient temperature is added into a blend of heated aggregates prior to
introducing binder into the process.

Figure1  Rubber particles distribution within a gap-graded mixture [10]

Previous studies have specified that in the dry process coarser rubber is used and with this
modification, the coarse rubber particles (0.4—10 mm) act as elastic aggregates to increase
the mixture’s flexibility under loading. Reaction between binder and crumb rubber is consi-
dered negligible because the mixtures are fabricated without any significant interaction time
between binderand crumb rubber [9, 11, 12]. Higher binder content (1%-2% higher) is needed
for the rubberised mixture compared to the conventional mixture for the same aggregate
type and gradation [13]. Because of demonstrated variable results, there was a certain lack
of confidence in the dry process. However, the most recent researches have recommended
to use 0.5-1.5 % of smaller rubber particles (e.g. < 0.6 mm) [14-15]. The dry process can be
used in all types of asphalt mixtures. Currently, there is no official guidelines or regulations
for dry method modification.

2.2 Analysis of specifications for the wet process-high viscosity method
According to Caltrans [9], the rubber modified binder that maintain or exceed the minimum
rotational viscosity threshold of 1.5 Paxs at 177 °C (or 190 °C) over the interaction period

should be described as asphalt rubber binder. These materials require continue agitation,
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with special equipment, to keep the rubber particles uniformly distributed. Current Caltrans
specifications forasphalt rubber binder call for 20 + 2 % crumb rubber content by total binder
mass [16]. The crumb rubber must include 25 + 2 % by mass of high natural rubber and 75 =
2 % scrap tire crumb rubber. The crumb rubber consists primarily of 2 mm to 0.6 mm sized
particles. An asphalt modifier, of resinous, high flash point aromatic hydrocarbon compounds
(extender oils), is added at a rate of 2.5 to 6.0 % by mass of the asphalt binder. Requirements
for the asphalt rubber (after 45 min interacting) are given in the Table 1.

Table1 Requirements for the asphalt rubber after 45 minutes interacting [16]

Quality characteristic Test method Requirement
Cone penetration at 25 °C (mm™) ASTM D217 25-70
Resilience at 25 °C (min, %) ASTM D5329 18

Softening point (°C) ASTM D36/36M 52-74
Viscosity at 190 °C (Paxs)? ASTM D7741/D7741M 1.5-4.0

Prepare sample for viscosity test under California Test 388.

During interacting period, the asphalt rubber binder mixture must be stored at 190-218 °C tem-
perature [16]. The asphalt rubber is typically used in gap or open-graded mixes. Asphalt rubber
is not best suited for use in dense-graded HMA because there is no enough void space in the
dense-graded aggregate matrix to accommodate sufficient asphalt rubber binder content to
enhance performance of dense-graded mixes enough to justify the added cost of the binder.

2.3 Analysis of the specifications for the wet process-no-agitation

This is the most recent modifying technology, where crumb rubber is blended with hot binder
atthe refinery or at a binder storage and distribution terminal and transported to the asphalt
plant/job site for use. This technology allows the crumb rubber using as an alternative modi-
fier to polymers, because in this process modifying conditions are similar to polymer modi-
fied binder.The crumb rubber is fully digested into the asphalt and polymer without leaving
visible, discrete rubber particles [1] (Fig. 2). The terminal blend generally contains 5 % to over
20% crumb rubber, depending on the manufacturer [11]. Polymers and other additives may
also be included. In the past, rubber contents for such blends have generally been < 10% by
weight of binder, but some products now include 15% or more crumb rubber [1]. According to
Ambaiowei et al.(2014), terminal blends involves 5-12 % crumb rubber particles (< 0.6 mm)
[17]. The most recent specifications for terminal blends are given in the Caltrans 2015, where
modified asphalt binder is defined as asphalt binder modified with polymers, crumb rubber,
or both. Requirements for this binder are the same as for polymer modified binders [16].
Considering this facts, viscosity at 135 °C must <3.0 Paxs whereas asphalt rubber’s viscosity
at 190 °C must be 1,5-4,0 Paxs. Moreover, solubility of the rubber particles must be = 97.5 %.
A minimum of 10 % of crumb rubber by mass of binder is required.

Figure 2 Asphalt rubber (on the left) and terminal blend (on the right) [1]

In the European countries, there is poor literature in this field — only Germany, Poland and
Czech Respublic have requirements for terminal blends. In Polish standard PN-EN 14023:2011/
Ap1(2014) is noticed, that binder, modified with crumb rubber, should be marked with sym-
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bol CR (e.g. PMB 25/55-60 CR) [18]. That means, that requirements for terminal blends are
the same as for polymer modified binder. In German recommendations “Recommendations
for rubber-modified binder and asphalts (E GmBA 12), there is given modifying temperature
is 2180 °C and the recommended amount of the crumb rubber is 10-20 % (<1.0 mm) crumb
rubber [19]. There is no requirements for modified binder viscosity. Asphalt mixtures (SMA,
AC, PA) with modified binder (e.g. GmB 25/55-65 and GmBT 25/55-65, respectively wet pro-
cess and dry process) can be used even for all the highest traffic road pavements. In Czech
Respublic technical specifications “Technical Recommendation of the Ministry of Transport No
148 Asphalt Rubber pavement courses” for modified binder is given main requirements: rumb
rubber amount 5-15 %, viscosity at 150 °C 0.5-1.0 Paxs and minimum softening point 55 °C,
penetration 25-75 mm-1[20]. Generally, the terminal blends must meet the standard EN 14023
requirements.Terminal blends can be used in all paving and maintenance ap-plications.

3 The effect of asphalt binder and asphalt mixtures modifying on high
and low temperatures behaviour

3.1 Dry process

The majority of mechanical testing was undertaken to evaluate mixtures performance in terms
of stiffness modulus, permanent deformation and fatigue resistance [13]. Researchers in pre-
vious studies have identified the most important variables, which influences performance of
the crumb rubber modified asphalt mixtures: rubber gradation and content, aggregate grada-
tion, mixing temperature and curing time prior to compaction (for rubber- binder interactions).
The main importance of adding crumb rubber to binder is that the rubber imparts stiffness
and elasticity to the binders, which helps increase pavement fatigue life or fatigue resistan-
ce, as well as reduces reflective cracking and susceptibility to low-temperature cracking [21].
Kim et al. (2014) have found that fatigue resistances of crumb rubber modified mixtures were
significantly improved, compared with the reference mixture without crumb rubber, but the
moisture resistance after freeze/thaw treatment was found to be very poor [22]. Dias et al.
noticed that crumb rubber modified mixes are less sensitive to high temperatures (above
30 °C) and are more resistant to fatigue than the reference mix [12]. Moreover, crumb rubber
modified mixes have shown better resistance to permanent deformations [12, 14]. Chen et
al. (2015) pointed out that the use of crumb rubber as mineral filler in an asphalt mixture is
helpful in improving the thermal stability of the asphalt mixture, but it slightly reduced the
moisture resistance [23].

3.2 Wet process

Considering the facts that wet process-high viscosity process requires additional equipment
and it is very complicated technology, this paragraph is focused only on the wet process-no
agitation process. A lot of scientists evaluated crumb rubber influence on modified binder
behaviour at low and high temperatures and obtained promising results. Ghavibazoo et al.
have suggested optimal conditions of modification process: 190 °C temperature, modifying
process duration 240 min and speed 50 Hz, 10 % crumb rubber [6]. Another Ghavibazoo et al.
(2014) research has indicated that the addition of crumb rubber to asphalt can enhance (de-
crease) the stiffness of the asphalt at very low temperatures and this enhancement intensifies
by increasing the crumb rubber dissolution in binder [24]. Kok and Colak (2011) indicated that
to achieve the same performance, as with SBS-modification, the CR-content must be used at
much higherthan SBS [25]. 8% crumb rubber modification was determined as the most suita-
ble content by determining the permanent and fatigue characteristics and stiffness modulus
tests of the control and modified asphalt mixtures. Sybilski et al. (2014) indicated that high
modulus asphalt mixtures with crumb rubber modified binder PMB 25/55-60 CR after long
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term ageing have shown better resistance to fatigue than mixtures with binder PMB 25/55-60
[26]. Opposite to this, non-aged asphalt mixtures with binder PMB 25/55-60 CR have shown
worse resistance to fatigue. Moreover, asphalt mixtures with binder PMB 25/55-60 CR have
shown better resistance to low temperatures. The addition of crumb rubber into binder can
improve temperature susceptibility, rutting and fatigue characteristics, durability pavements
and resistance to oxidative ageing [27]. Poland company “Lotos” noticed that their crumb
rubber modified binder PMB 25/55-60 CR and PMB 45/80-55 CR meets with requirements of
binder PG 82-22 [28].

4 Rubber modified binder and asphalt mixture design algorithm

From the analysis of existing specifications and scientific researches results, there is drawn a
flowchart of rubber modified binder and asphalt mixture design algorithm (Fig. 3).

Figure 3  Algorithm of modifying binder and asphalt mixes with crumb rubber
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5 Conclusions

The best practise of crumb rubber usage for binder and asphalt mixtures modification has
provided better understanding of modifying technologies. Both asphalt modification methods
(wet and dry processes) are reasonable for rutting resistance, fatigue and low temperature
cracking improvement. The main variables in the dry process are rubber gradation and content,
aggregate gradation, mixing temperature and curing time prior to compaction: it is recommen-
ded to use 0.5-1.5 % crumb rubber (<0.6 mm) by total mass of mixture for gap and dense gra-
ded asphalt mixtures, mixing temperature should be higher 10-20°C than traditional asphalt
mixtures. Additionally, it is recommended to apply 60-120 min curing period after mixing.

As wet process-high viscosity is quite sophisticated technology with need of additional in-
stallation and asphalt rubber is suitable just for open and gap-graded asphalt mixtures, the
widespread use is questionable. As wet process-no agitation technology is very similar to
polymer modification technology and asphalt performance results shows very good results it
is the most recommended technology for asphalt modification with crumb rubber. Terminal
blends can be used in all paving applications and even for the highest traffic road pavements.
Itis recommended to use that modifying conditions: crumb rubber content 8-14 % by mass of
binder, modifying temperature 200 °C and speed 50 Hz.

There is strongly recommended to perform modified binder solubility, viscosity and storage
stability tests. Moreover, modified binder and asphalt mixes must be tested before and after
long-term ageing procedure. Crumb rubber modified binders must comply with requirements
for polymer modified binders and can be classified in the performance graded (PG) system.
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Abstract

The current Hungarian overlay design manual was developed in the 1990s and no major
review has been conducted since then. Therefore the technological and material advances
e.g. modified binders and mixes, high modulus mixes, use of reclaimed asphalt pavements,
asphalt grids and nets, compromises with local resources, changes in traffic loading and
volume, cannot be incorporated in the calculations and the design method is considered
outdated in many ways. The current methodology enables two options for the asphalt overlay
design, the deflection and the pavement condition criteria. There are cases when the overlay
is necessary primarily due to the condition of the asphalt layer(s), and not due to the lack of
structural capacity. In such cases, i.e. when a thick existing asphalt layeris to be strengthened
— primarily at highways and heavily trafficked roads — the difference between the two methods
may be considerable, implying there is an errorin either method, orthe special circumstances
require special considerations.

In this paper a researcher group at the Budapest University of Technology and Economics
presents a new, mechanistic approach for overlay design. The proposed method is based
on statistical analysis of Falling Weight Deflectograph (FWD) measurements, followed by the
determination of the analytical input parameters either by laboratory tests or back-calcula-
tion of FWD data. Then the strains at the bottom of the asphalt layers are calculated using
Odemark’s transformation and the method of equivalent thicknesses. The required asphalt
overlay thickness is calculated based on the allowable strains and the strains calculated for
varying thicknesses.

The proposed method is presented using FWD measurements, core test results and traffic
loads of a motorway in service. The method, followed by field calibration, may be an answer
to the problems presented, as analytically incorporating the parameters of each material, and
taking into account the remaining life of the existing pavement.

Keywords: deflections, strains, overlay, method of equivalent thicknesses
1 Introduction

The current Hungarian pavement and overlay design methods date back to a professionally
advanced period of the Hungarian pavement engineering. Despite the former world-class
state of the Hungarian practice, besides some minor updates the design guides have not
been further developed since the 1990s. As there were intensive developments regarding the
primary road network in the past decades in Hungary, in the near future the nearly completed
network is expected to face a dramatically growing need for rehabilitation on a significant
length of the network.
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The road construction industry, facing a constant lack of funds, finds itself in an environment
where both new and strengthened roads must face increasing traffic and climatic loads and
the need for a proper, mechanically based design method which enables the efficient utiliza-
tion of financial and material resources is inevitable. The design method of new pavements
and overlays should be able to incorporate innovative technologies and new materials deve-
loped since the development of the guide. These new technologies, though they are readily
available, cannot be taken into consideration at the design stage. There have been attempts
to renew the current design methods ([1-4]); however, the pavement design guides have not
been revised yet.

In this paper the authors present a mechanistic approach of the overlay design, being under
development at the Budapest University of Technology and Economics, as an alternative to
the current guide. The method proposed has been previously tested on actual pavement
design tasks and is constantly being refined to achieve a thorough design procedure.

2 Critical review of the current overlay design method
2.1 Overlay design based on deflections

The Hungarian standard e-UT 06.03.13 (2005) imposes overlay design primarily based on
static deflections measured on the existing pavement surface. The deflections should be
corrected according to the pavement temperature and a seasonal factor which considers the
probable moisture content of subbases for various soil types. Dynamic deflectographs may
be used; hovewer, in this case the “d” dynamic deflections should be converted to “s” static
deflections according to the rather simple Eq (1). Unfortunately only deflections measued at

the loading point are considered instead of the whole deflection bowl.
s[mm]=1,2-d-0,08 m

Issues regarding the accuracy of the various correctional factors, and the method of conver-
sion to static deflections are not discussed in this paper. Based on deflections the analysed
road section is divided into homogenous segments using the cumulative sum method [5].
Such segments are assumed to have statistically similarin terms of load bearing capacity and
thus the calculated overlay thickness and technology will be constant within a segment. Desi-
gn deflection “s_” is calculated for each homogenous section considering reliability factors.
Design traffic is calculated in 100 kN ESALs for a design life of 10 (low volume roads) to 20 ye-
ars (highways). Based on fatigue curves determined for extremely flexible, flexible and semi-
rigid pavements the allowed deflections may be determined. The required (minimal) overlay
thickness is determined using graphs based on the measured and the allowed deflections.

2.2 The comparative method

There are cases where the measured deflections are so low that the method discussed in
Section 2.1 gives uniterpretable results. In these cases, provided the design traffic exceeds 1
million ESALs, the comparative method may be applied. The method considers a “v” reduc-
tion factor between 0,40-1,00 (based on the visual assessment of the pavement surface) for
the “hap” thickness of the existing pavement as well as the thickness of milling “h_”. In this
case the “Ah_” overlay thickness is calcualted according to Eq.(2):

Ah [mm]=h_ -h_+ hap -V @)

In Eg. (2) the method uses the ashalt thickness from the pavement design catlogue for new
pavements according to the design traffic calculated for the required design life of the overlay.
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The pavement catalogue and the deflection curves presented in the standard were developed
in the 1990's and are practically the same today apart form minor updates. As seen the cu-
rrent methods are quite conservative with respect to the technological and modelling power
available today.

The methods assume that the bond between the old and the new asphalt layers will weaken
shortly after construction thus the critical strains that determine fatigue life of the stren-
gthened pavement will occur at the bottom of the overlay. In this case the existing structure
will only marginally lower strains as compared to a full friction between the old and the new
layers. Such loss of bond is not obvious, especially when analysing pavements with thick
asphalt layers and good load bearing capacity. In addition, the pavement catalogue and the
deflection curves are statically provided, meaning there is no possibility to assess the effect
of modern asphalt mixes and special technologies, nor material parameters of special asphalt
mixes made with various additives that are however commonly used.

3 Background and outlines of the proposed method
3.1 Mechanical model

The proposed mechanical model is based on the Odemark-Ullidtz method of equivalent
thicknesses (MET) [6]. A rather important assumption of the authors counter to the current
theory is that the bond between the overlay and the existing structure will be adequate for
the layers to interact. This is likely in cases where a thick existing asphalt layer is available
and the bearing capacity of the existing structure is relatively high (e.g. typically the primary
road network). Accordingly, the presented method itself is proposed for such cases. Accor-
ding to the assumption the critical strains that cause fatigue failure will occur at the bottom
of the existing asphalt layer (Figure 1 C), and will be significantly reduced as compared to the
modelling applied in the current standard (Figure 1A).

Figure1 Position of critical strains: (A) Current standard method (B) Odemark transformation (C) Proposed
method

The model consists of 3 layers, namely the asphalt layers, the subbase and the subgrade . The
required material parameters are the stiffness moduli, the Poisson's ratio and the thickness of
each layer (the subgrade is of infinite thickness). The existing asphalt layers and the overlay
are cumulated using Odemark's transformation [7] based on the equality of the E*] flexural
momentum of the layers (Figure 1B). The calculation of the virtual thickness “h_ " of a given
layer having an actual thickness “h” and moduli “E;”, to a virtual moduli of“En”’is according
to Eq. (3).

h,,=f-3 f:hf - [:] €)
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3.2 Critical strains

Applying MET, strains occuring at the bottom of the asphalt layers can be calculated foraran-
ge of asphalt thicknesses which consist of the existing layers and a varied overlay thickness,
cumulated using Odemark's transformation. As a result the thickness-strain curves based
on actual material properties are determined. Stains occuring at a given “z” depth in a given
asphalt layer are calculated according to Eq. (4), based on the stiffness moduli “E” and the
Poisson number “v” of the layer, the radius of the loadin plate “a”:

z
. :(1+v)-co‘ a
z E >
/1+[5J
a

In terms of critical strains to cause fatigue failure, paramter “z” is equal to the thickness of
the asphalt layers.

c(1-2v). | —24— @)

3.3 Allowed strains

Allowed strains for a given design traffic (the number of 100 kN ESALs) can be calculated
based on laboratory fatigue tests for a given asphalt mix, or according to known prediction
formulas, e.g. the SHELL fatigue equations [8]. Previous research [9] at the Department invol-
ving fatigue tests of core samples showed that the SHELL equations slightly underestimate
the real fatigue performance of old asphalt layers. Due to its approximation to the benefit of
reliability, the SHELL formula, based on the “V,” binder volume, the “E” stiffness of the mix
and “N” design traffic in ESALs is used according to Eq. 5.

e, = (0,856 -V, +1,08) - E, 0% . N-02 )

The required binder volume and stiffness values are determined via laboratory tests. As a
result the allowed strains or each homogenous segment may be calculated in microstrains.

4 Calculations

The proposed mechanical overlay design method is presented below step-by-step for a
highway section in Hungary based on actual measurements.

4.1 Evaluation of FWD data

For the proposed method, unlike the standardised method, the whole deflection bowl will
be assessed. The deflection bowl obtained using KUAB FWD measurements consists of an
overall 7 points. Measurements were taken in both directions in the most heavily trafficked
slow lane every 50 meters. As there are some disputes about the current seasonal and tem-
perature corrections of dynamic deflections used in Hungary [10], the data is corrected using
factors developed by Wagberg [11]. Both directions are divided into homogenous segments
using the same method as in the standard. Figure 2 shows the cumulative sum values for
both directions.

Homogenous segments are determined via calculation, according to the changes in the trends
of the CUSUM curves. As shown three segments can be determined for each directions.
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Figure 2 Cumulative sum values for both directions

4.2 Characterisation of a section

Within each homogenous segment the significantly weak sections, based on deflections, are
identified using the area parameter developed by Adorjanyi [12]. The parameter is calculated
using the deflection bowl, and the higher its value, the higher the ratio of the pavement is
involved in carrying the loading. The calculation of the area parameter “TP”, using deflections
measured at given “d” sensors placed at “i” distances from the loading plate, is according
to Eq. (4).

1
TP :E' do +1’25'd300 +2'25'd600 +1!5'(d200 +d450 +2'd900 +d1200)] (4)

The area parameter is calculated for every beflection bowl. The representatively weakest sec-
tion within a homogenous segment is assumed to have the 95% frequency of occurence of the
highest area parameter. Using this method it is possible to detect a section being weak in a
general sense, as compared to the central deflections, which primarily indicate the condition
of the asphalt layers.

4.3 Core samples and material parameters

Core samples were taken at the representative cross-section determined for each homogeno-
us segment. The samples provided actual thickness data and optionally material parameters
may be determined via laboratory tests. Required material parameters for the mechanistic
model may be also determined using back-calculation of FWD data as presented in [13]. In
this paperthe material properties of the asphalt layers were determined using indirect tensile
strength test (IT-CY) according to EN 12697-26 (method C), the moduli of the subbase and
the subgrade were determined by back-calculation of the deflection data using EVERCALC
software. Layer thicknesses and properties are shown in Table 1.

According to previously discussed boundary conditions of the proposed method in this case
the wearing course is assumed to be milled out and is not considered in the modelling. Ba-
sed on Odemark’s transformation the binder and base asphalt layers are transformed into a
virtual layer with the moduli of the base course. The model of the existing structure consists
of the three highlighted layers shown in Table 1.
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Table1 Thicknesses and material properties of existing layers

Left track Right track
Homogenous segment  L/1 L/2 L/3 R/1 R/2 R/3
Representative section  21+000 274174 31+750 18+750 28+600 33+550
Wearing course 32mm 41 mm 38 mm 59 mm 43 mm 50 mm
Binder course 77 mm 84 mm 70 mm 80 mm 82mm 82mm
3563 MPa 3631 MPa 3104 MPa 4341 MPa 4209 MPa 3265 MPa
Base course 125 mm 109 mm 118 mm 110 mm 78 mm 96 mm
4214 MPa 6561 MPa 3881 MPa 5145 MPa 6806 MPa 3170 MPa
Asphalt layers 198 mm 178 mm 183 mm 186 mm 148 mm 179 mm
(Odemark; binder 4214 MPa  6561MPa  3881MPa  5145MPa 6806 MPa 3170 MPa
and base course)
Subbase 250 mm 250 mm 250 mm 250 mm 250 mm 250 mm
1996 MPa 1117 MPa 1115 MPa 856 MPa 1173 MPa 265 MPa
Subgrade 178 MPa 166 MPa 159 MPa 179 MPa 209 MPa 155 MPa

5 Results and discussion

Using the calculated thickness-strain curves for each homogenous segment and the allowed
strains based on the calculated design traffic the required overlay thickness can be easily
determined, as shown on Figure 3. The design was conducted according to the current stan-
dards for comparison, however, as the measured deflections are low, the method based on
deflections resulted in uninterpretable results.

Figure 3 Determination of required overlay thickness

The required overlay thicknesses for each homogenous segment, assuming AC1150/70 we-
aring course with a moduli of approximately 4500 MPa, and using the model described, are
shown in Table 2. As expected, calculations based on the actual parameters of the existing
structure and the overlaying asphalt mix result in a significantly lower overlay thickness in
all cases.

The proposed method is under fine tuning and has been tested on various pavement types ba-
sed on actual measurements and laboratory tests. Further calibration of the method is howe-
ver required, such as the corrections of the measured deflections especially in light of the
changing climatic factors [14], orthe correct calculation of the design traffic and integration of
WIM data into the parameters used. The method itself has shown in previous and this actual
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research that due to its simplicity it is a viable alternative to the currently used methods.
Further research will be conducted to establish the limitations of the system and to develop
a framework for an eventual transition period between the current and the proposed method.

Table 2 Overlay thicknesses calculated for each homogenous segment

Left track Right track
Homogenous segment  L/1 L/2 L/3 R/1 R/2 R/3
Representative section ~ 21+000 274174 31+750 18+750 28+600 33+550
Design traffic 18306566 25881098 14108131 18306566 25881098 14108 131
[100 kN ESALs]
Allowed strain 65 mstrain 60 mstrain 68 mstrain 65 mstrain 60 mstrain 68 mstrain
(SHELL formula)
Overlay (mechanistic) 21 mm 86 mm 26 mm 57 mm 97 mm 32 mm
Overlay (comparative) 95 mm 139 mm 93 mm 116 mm 144 mm 93 mm
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Abstract

Most European countries, including Hungary have already practically completed the deve-
lopment of highway network (excluding the construction of new motor-way sections and bypa-
sses). Instead, the real challenge is the condition pre-servation of existing road network,
among others, by properly planned, designed and executed pavement rehabilitation. This
is the reason why the knowledge on the actual efficiency of various road rehabilitation tech-
niques can be considered of utmost importance. 60 trial sections selected of Hungarian nati-
onal highway network in 1991 have been yearly monitored since then. (Condition parameters
systematically characterized are: bearing capacity, longitudinal and transversal unevenness,
micro and macro texture, surface defects). However, the main aim of the already 25-year-old
pavement monitoring is the development of ever im-proving pavement performance models
for several road management purposes (done by KTl Institute for Transport Sciences Non-
Profit Ltd., Budapest in a continuous research work) the condition data time series obtained
can be utilized also for the evaluation of the actual road pavement rehabilitation techniques
in Hungary. During such a long (25-year) monitoring period, it is obvious that almost every
trial section ought to be rehabilitated (using surface dressing, thin asphalt layer, pavement
strengthening) at least once. Since the monitoring of re-habilitated sections have continued
after their condition improving intervention, the following information types could have been
collected: actual condition level at intervention, actual condition improving effect for various
condition parameters and deterioration trend in the pavement life cycle after rehabilitati-
on compared to the previous one(s). KTl has carried out this kind of analysis, and can give
information on the actual efficiency of various road pavement rehabilitation in Hungary for
14 combinations of pavement structure type (flexible, super-flexible, semi-rigid), traffic size
(heavy, medium and light) and subgrade soil type (granular, intermediate, cohesive) based
on the case studies performed.

Keywords: road rehabilitation, efficiency of road rehabilitation, trial section monitoring,
pavement condition parameter, pavement life cycle

1 Introduction

Most European countries, including Hungary have already practically completed the deve-
lopment of their highway networks (excluding the construction of new expressway sections
and bypasses). Instead, the real challenge is the condition preservation of existing road
network, among others, by properly planned, de-signed and executed pavement rehabili-
tation. This is the reason why, the know-ledge on the actual efficiency of various road reha-
bilitation techniques can be considered of utmost importance. 60 trial sections of 500 m
length selected of Hungarian national highway network in 1991 have been yearly monitored
since then [1]. During such a long (25-year) monitoring period, it is obvious that almost every
tri-al section ought to be rehabilitated. Since the monitoring of rehabilitated sections have
continued after the condition improving intervention, the following informa-tion types could
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have been collected: actual condition level at intervention, actual condition improving effect
for various condition parameters and deterioration trend in the pavement life cycle after re-
habilitation compared to the previous one(s) [2]. The results of this research effort will be
subsequently summarized, and discussed.

2 Trial section monitoring in Hungary

In Hungary, 60 sections of the public road network of “normal” traffic have been systema-
tically monitored since 1991. The time data series of several condition parameters obtained
from the test sections, made it possible to develop highway performance models for several
pavement structural, traffic and environmental variants [3]. Semi rigid, flexible and super-
flexible (macadam-type, unbound base) structure categories, three traffic categories (max
2,000 pcu/day, 2,001-5,000 pcu/day, min 5,001 pcu/day) and three environmental (subsoil
type or bearing capacity) classes were considered. The realistic variants (combinations) of
the parameters mentioned were represented by 4-6 test sections. The following con-dition
parameters of the 500-m long trial sections have been evaluated, and ana- lysed:

« Longitudinal unevenness (IRl using laser RST)

« Rut depth (using laser RST)

« Macro texture (using laser RST)

« Micro texture (using laser RST)

« Bearing capacity (using KUAB falling weight deflectometer)

« Surface defects (visual evaluation aided by keyboard apparatus Road Master).

Besides, the traffic parameters of, and the major maintenance (rehabilitation) ac-tions on all
sections have been collected. The major goal of trial section monitoring is the development
of pavement per-formance models, the average (typical) deterioration curves in a structu-
re-traffic-subsoil type combination. The performance models of the road categories can be
attained by putting regression curves on the points representing condition para-meter levels
as a function of time. (Similar curves are determined as a function of the traffic passed). The
function types applied in the development of the HDM-IIl model organised by the World Bank
[4] were selected for the condition para-meters. (Exponential functions were chosen for une-
venness and rut depth, while linear functions for the other condition parameters monitored).
The performance models for each road category and each condition parameter have been de-
termined, every monitoring year, utilising also the latest condition information. Box-Whiskers
testis applied to select and to exclude the outliers of the data series analysed [1].

No determined trends could be found for bearing capacity parameters (deflection value or
stiffness modulus) yet as a function of time or traffic passed. The seasonal and the yearly
strength fluctuations due to environmental reasons seem to be more pronounced than the
fatigue of pavement structures.

3 Pavement rehabilitations on trial sections

The trial section monitoring in Hungary has been performed since 1991. During this 25-year
period, a considerable share of the sections deteriorated to such an extent that some kind of
rehabilitation (surface dressing, resurfacing or streng-thening) was needed. It was decided to
go on with the regular condition evalua-tion since the additional survey could provide other
kinds of useful information. The condition parameter levels in the years before and after the
intervention can be utilised for the determination of the actual condition improving effect of
various major maintenance techniques. Furthermore, the continuation of trial section moni-
toring for several more years can provide information about the deterioration trends after the
intervention which can be compared to the tendencies during the former life cycle(s).
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Between 1991and 2015, 55 pavement sections (that is 92 % of the 60 trial sec-tions) were re-
habilitated. Altogether 37 projects with pavement strengthening, 9 thin asphalt layers and 20
double bituminous emulsion surface dressings were built. (11 sections had two interventions
during the period mentioned).

In group “pavement strengthening”, the overlaying above 40 mm asphalt layer thickness is
taken into consideration. The effects of strengthening on surface defects, unevenness, rut
depth, macro texture and micro texture were analysed.

In the group “resurfacing using thin asphalt layers”, the consequences of the same condition
parameters were evaluated as in pavement strengthening group. For the surface dressed trial
sections, mainly the changing in surface defects, macro and micro textures were evaluated;
however, its influence to rutting and IRI-values was not disregarded, either.

4 Condition level before rehabilitation

Pavement management systems usually utilize intervention levels that are the given conditi-
on parametervalues below which pavement operation is not econo-mical any more [5]. These
levels are, of course, different in various road types (e.g. 2.5 m/km IRI-value on motorways).
Since the actual values of intervention levels constitute a basic PMS information, their va-
lidation is of utmost importance. The long-term monitoring of trial sections offered a good
opportunity for this validation.

There is here another important fact to be considered: the deterioration speeds of various
pavement condition parameters are usually not identical. When the “most rapid” of them,
the critical parameter reaches its intervention level — and thereby necessitates pavement
rehabilitation — other parameters are still at a relatively appropriate level, at which the condi-
tion improving rehabilitation actions are not needed yet. (However, the typical rehabilitation
techniques improve the actual condition of all parameters including the ones that are still at
an acceptable level [4]). The analysis of trial section performance data makes it also possible
to gather information on the critical condition parameters of different road types that can be
considered as a basic knowledge for the further development of national pavement design
theory and practice. Similarly, the actual levels of critical parameters before the condition
improving actions coming from trial section monitoring are important piece of knowledge.
The ages of trial section wearing courses before strengthening were between 4 and 31years.
The most frequent pavement age happened be in the range of 11-15 years; however, 6 cases
with 6-10 years, 4 cases with 16-20 years and 5 cases between 20-24 years were registered.
(The pavement ages less than 6 years and above 24 years happened to be just exceptional).
The longitudinal unevenness, IRI-values of trial section pavements to be rehabili-tated were
usually in the range of 1.1-2.6 m/km. (The only exception was an asphalt macadam pavement
with 7.1 m/km IRI-value).

In case of thin asphalt layers, old wearing course ages and IRI-values were simil-ar to those
of pavement strengthening. Rut depth range of trial sections before pavement strengthening
took place bet-ween 1.5 and 14.8 mm. It is obvious that, in the cases with 1.5-5.0 mm rut depth,
some other pavement condition parameter was the critical one necessitating re-habilitati-
on. The condition data time series of trial sections have validated the pre-vious expectation
according to which no thin asphalt layer can be effective if rut depth of old pavement surface
exceeds 10 mm.

The initial longitudinal unevenness of trial section before surface dressing happened to be
1.8-3.6 m/km IRI-value on main roads and 4.0-6.0 m/km on secondary roads. The initial ave-
rage rut depth amounted to 2.0-4.5 mm on main roads and 2.0-9.0 mm on secondary roads.
The rather wide range of the macro texture of “old” pavement surface amounted to between
0.20 and 0.65. The mass of micro textures proved to be more homogeneous, with 0.13 and
0.38 extreme values.
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5 Actual condition improving effect of pavement rehabilitation

Figure 1 shows the effect of pavement strengthening on the visual condition state (charac-
terisation of surface defects). It can be seen that the originally medium-poor condition level
(grades 3-5) changes into excellent (grade 1) or good (grade 2) one. The five points in Figure 1

actually represent information about 16 sec-tions, since the variant 4--*1occurs seven times,
and 5--31three times, while the variants 4--32, 3--31and 5--2 twice. So, the results are close
to the expected ones: 75 % grade 1and 25 % grade 2. (The not fully perfect condition state, a

single year after the construction, refers to quality problem during the execution).
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Figure 1 Effect of strengthening on surface defects (visual condition state)

Before and after surface dressing, all of the condition parameters mentioned be-fore were
collected, and evaluated. The changing of texture parameters was considered of high impor-
tance [6]. The following consequences could be drawn:

- surface dressing is usually able to improve macro texture to a higher degree than surface
micro texture (both parameters were characterized by dimensionless parameters measured
by laser RST),

- usually an improvement by 0.10-0.20 could have been attained in macro roughness, howe-
ver, in two cases, much higher (0.43-0.78) increases were reached,

« on one of the trial sections, a slight worsening of macro texture was observed, although,
this case, the initial surface macro texture had been rather high (0.46),

« typically, 0.05-0.13 micro texture improvement could be detected after surface dressing;
however, an increase of 0.22 and another one of 0.41 were observed (in this latter case,
there has been an extreme improve-ment in macro texture, as well),

« it is worthwhile to mention that, on the trial section where macrotexture worsened after
surface dressing, micro texture also decreased slightly (by 0.01).

6 Deterioration trends before and after rehabilitation

The deterioration of pavements after rehabilitation, e.g. strengthening without mill-ing old
layer(s) depends on various, partly controversial factors, among others, thickness and quality
of new asphalt layer(s), the quality of remaining, old pave-ment layers and the traffic progre-
ssion factors. The actual deterioration (and duration of new life cycle) is originated from the
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combination of influencing para-meters. The deterioration features of two typical trial secti-

ons — as case studies — are compared before and after the condition improving intervention

(pavement strengthening or surface dressing).

Figure 2 presents the deterioration curve of a trial section showing the trends before and after

a pavement strengthening done in 2002. The trends of surface defects (“Rbal”), rut depth

(“Knyom™) and IRI are shown on the figure [1]. The following statements can be made when

comparing the deterioration curve “parts” of various condition parameters before and after

the intervention in 2002:

- surface defects characterized by Road Master aided, 5-graded visual inspection reached the
worst (5) score in the “before” life cycle already at the age of 11 years (the trial section had
been constructed in 1989), while the deterioration during “after” life cycle is considerably
slower showing still a medium condition level (grade 3) after 12 years in 2014;

- the average rut depth of the section in 2 years before the pavement strengthening — at the
age of 11-13 years — was around 8 mm, the same level was attained after 10 years in the
“after” life cycle proving the similarity of the two rut depth progression trends;

- trend of IRl values is practically not influenced by the pavement rehabili-tation, since it is
continuously around 2 m/km proving that longitudinal unevenness constitutes very rarely the
critical condition parameter of Hungarian main roads with relatively thick pavement structure.

Figure 2 Deterioration curve of a trial section before and after a pavement strengthening in 2002

Figure 3 Deterioration curve of a trial section before and after a surface dressing in 2001

Figure 3 shows the deterioration curve of a trial section before and after a surface dressing

in 2001. (A former surface dressing was carried out in 1992). The trends of surface defects

(“Rbal”), rut depth (“Knyom™), IRI, micro roughness and macro roughness are shown [1]. The

following statements can be made when compar-ing the deterioration curve “parts” of various

condition parameters before and after the intervention in 2001:

« during the “before” life cycle, the worst (5) grade of surface defects had been reached in
2000, at the age of 8 years, while, in the “after the sur-face dressing in 2001” life cycle,
the same poor condition level surface was attained at the age of 7 years (2008), that is the
deterioration trends of surface defects during the two life cycles are similar to each other;

- 8-9 mm rut depth could be measured at the age of 8-9 years, at the end of the “before” life
cycle, similarly, 7-8 years were needed in the “after” life cycle to attain the same level (it
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should be also emphasized that the surface dressing could reach, not surprisingly, just a
reduction of 3 mm in the average rut depth);

the second period of “after” life cycle was characterized by a rather high (8 m/km) average
IRI-value, the pavement rehabilitation by surface dressing can reduce IRl by 2 m/km, and,
a bit surprisingly, this 6 m/km value was measured, almost unchanged, during the first 13
years of the “after” life cycle; in such a way, a significant improvement can be seen in the
second life cycle (the reason can be the effective and durable waterproofing effect of the
double surface dressing);

the dimensionless micro texture parameter measured by laser RST had reached the rather
poor (0.2) level at the age of 6-8 years, at the end of the “before” life cycle, surface dressing
had improved its value to the level of 0.4 that have deteriorated to 0.2 in 4-5 years, and even
to an extremely poor level of 0.1in 7-8 years proving that surface dressing could not fulfil
one of its main tasks, the durable improvement of surface micro texture;

the dimensionless macro texture parameter measured by laser RST had reached the level
of 0.4 at the age of 6-8 years, at the end of the “be-fore” life cycle, surface dressing had
improved its value to the reason-able level of 0.6 that have deteriorated to 0.4 in 2-3 years
and to a poor level of 0.2 in 7-8 years, and even to an extremely poor level of 0.1in 12-13
years proving that surface dressing could not fulfil one of its main tasks, the durable impro-
vement of surface macro texture.

7 Conclusion

Based on the results of the two trial section case studies (Figures 2 and 3), the following

general statements can be made:

« the typical condition parameters of Hungarian asphalt pavements (the very poor levels of
which necessitate rehabilitation actions) are surface defects and/or rut depth;

- the actual condition state of a critical parameter at the time of reha-bilitation is usually
below the “official” intervention level specified in relevant standards or technical directives
due to the typical shortage of financial means available in road sector;

- the actual condition improvement in various parameters covers a rather wide range de-
pending mainly on the quality level of old structure, design and construction features; the
“rehabilitated” condition very rarely reaches that of the original, newly built pavement;

- deterioration trends before and after pavement rehabilitation are typ-ically similar; however,
local extreme traffic, design, construction, main-tenance and/or climatic conditions can
induce basic differences between them.
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IN-SITU ASSESSMENT OF LOW NOISE ASPHALT
PAVEMENTS ACOUSTICAL PERFORMANCE
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Abstract

Paper presents Lithuanian low noise test road that consists of 9 different short sections con-
structed from recently developed low noise asphalt pavements for regional climate conditi-
ons (SMA5 TM, SMA 8 TM, TMOA 5), traditional asphalt mixtures (AC 11 VS, AC 8 PAS-H, SMA
8 S, SMA 11 S), porous asphalt mixture (PA 8) and special low noise asphalt product. After
6 months of exploitation, wide spectrum of measurements and tests were performed in-si-
tu. Paper presents analysis and comparison of research results, collected after noise level
measurements with Close Proximity (CPX) method. Despite the fact, that in every short sec-
tion of test road both lanes were constructed of the same asphalt mixture, large noise level
differences between the lanes were identified and could be associated with the installation
heterogeneity. Analysis include CPX noise level values comparison for different low noise
asphalt pavements with relation to surface texture pattern and properties, driving speed and
vehicle/tire types.

Keywords: Low noise pavements; test road; CPX measurements
1 Introduction

In a recent decade, road transport noise problem and its negative impacts received huge
attention from Road Authorities, City Municipalities and various organisations whose res-
ponsibilities more or less related with the noise abatement and mitigation. At the same time,
increased attention fostered development and implementation of efficient road transport
noise management solutions.

According to the EC calculations [1] annual EU socio-economic costs because of traffic noise
are approximately 40 billion EUR and expected to increase 50 % by the 2050. It should be
noted that these costs are mainly caused by the traffic of light and heavy duty vehicles. Ne-
gative impacts of road transport noise can be classified to three main groups [2, 3]: human
related (sleep disturbance, annoyance, psychological stress, cardiovascular, mental state,
hearing system, central nervous system, autonomous nervous system, learning/understan-
ding/communication performance, work efficiency and other disorders or diseases); animal
related (reproduction and migration of some animal species); economic related (real estate
depreciation).

Vehicle generated noise can be divided into three noise sources (propulsion noise, tyre/
road noise and aerodynamic noise) which are mostly dependent on the driving speed [4, 5].
At low speeds (up to 40 km/h) propulsion noise is a main contributor to overall vehicle noise
while at the higher speeds (40-100 km/h) tyre and road interaction mechanisms contributes
to approximately 90% of emitted acoustics energy and becomes dominant componentin the
vehicle noise context. At very high speeds, aerodynamic noise starts to be the main vehicle
noise source.
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Tyre/road noise is a dominant vehicle noise source in the cities or urban areas where nega-
tive noise impact is the highest. One of the most effective ways to reduce tyre/road noise
is application of low noise asphalt mixtures [4-6]. Use of low noise pavement can be also
substantiated by the fact that traditional noise mitigation solutions like noise walls/barriers,
despite their good efficiency in noise reduction, are quite expensive to build and to maintain
as well as the application in cities is not always possible due to various restrictions.

Low noise pavements has been used for a long time in Europe and huge efforts were made
for the low noise asphalt mixtures development [4, 7, 8]. However, most of the experience
is related with the porous asphalt mixtures which application in colder climate conditions is
limited [9]. Therefore, the transferability of effective low noise pavement solutions from warm
climate countries are questionable and not always efficient. For such reason, large research
programme were initiated in Lithuania, with the main aim to develop low noise asphalt mixtu-
res for regional climate conditions (approx. 60-80 annual frost-thaw cycles).

Development was started in the Road Research Institute (RRI) of Vilnius Gediminas Technical
University (VGTU). Conventional SMA and AC mixtures were modified for noise reduction by
optimising their surface texture (smaller max. aggregate size, concave texture) for tyre vibra-
tions reduction and increasing air void content for better sound absorption [10]. Optimised
low noise asphalt mixtures SMA 5 TM, SMA 8 TM and TMOA 5 were tested and compared with
conventional asphalt mixtures SMA 8 S, SMA 11 S, AC 8 VS, AC 11 VS, AC 8 PAS-H, porous
asphalt PA 8 and special patented noise reduction pavement [11]. Laboratory testing included
determination of physical and mechanical properties, noise reduction properties (texture,
sound absorption), durability properties and resistance to climate conditions. Positive and
promising laboratory results led to the second research stage — pilot implementation and
further low noise asphalt mixture assessment under real traffic and climate conditions.

2 Test road of low noise pavements

As it was indicated above, according to the laboratory testing results and estimations that
developed low noise asphalt mixtures for regional climate conditions should reduce noise by
2-4 dBA, it was decided to construct test sections and perform further research of low noise
pavements. The aim is to increase the level of living quality of population by testing low noise
pavements in real traffic and environmental conditions, evaluating noise reduction characte-
ristics dependent on asphalt mixture type and duration and level of exploitation.

Test Road of Low Noise Pavements was constructed in September, 2015 on a highway of na-
tional significance. Highway A2 Vilnius-PanevéZys is a two lane dual carriageway road which
connects two large cities — Vilnius and PanevéZys. Test Road was constructed on a right side
of the highway in the direction to PanevéZys at 56.07-57.57 km. Average annual daily traffic
(AADT) in different parts of this highway varies from 7000 to 10000 vehicles per day. Speed
limit is 110 km/h.

Test Road is 1.5 km in length and consists of 9 short sections where asphalt wearing layer
was constructed using different asphalt mixtures. Those mixtures include 3 noise reducing
asphalt mixtures (TMOA 5, SMA 5 TM, SMA 8 TM) developed by VGTU RRI for Lithuanian clima-
te conditions, 1 porous asphalt mixture (PA 8), 1 special pavement and 4 traditional asphalt
mixtures (SMA 8 S, SMA 11 S, AC 11VS, AC 8 PAS-H). Main characteristics of the sections are
presented in Table 1.

Such scope in variation of different pavement types is needed to perform long-term com-
parative monitoring of road surface characteristics, noise reduction properties, functional
properties, resistance to climate conditions and durability between the different pavement
types under real traffic and climate conditions.
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Table1 Main characteristics of the Test Road of Low Noise Pavements

Pavement type Layer thickness [cm] Section length [m] Pavement width [m]
PA 8 4.0 100 11,25-11,60

SMA8S 3.0 175 8,55-8,75

SMA11S 3.0 175 8,55-8,75

AC1MVS 3.0 175 8,55-8,75

AC 8 PAS-H 2.5 175 8,55-8,75

TMOA 5 2.5 175 8,55-8,75
SMA8TM 2.5 175 11,25-11,60
SMA5TM 2.5 175 11,25-11,60

Special pavement 2.5 175 11,25-11,60

3 Monitoring and testing of low noise pavements
3.1 Full measurements plan

Large set of periodic measurements in the Test Road of Low Noise Pavements are planned
for the next 3 years: noise level measurements of passing vehicles using Statistical Pass-By
(SPB) method (EN 1SO 11819-1); tyre/road noise measurements using Close-ProXimity (CPX)
method (ISO/DIS 11819-2); mean texture depth (MTD) measurements using volumetric patch
method (EN 13036-1); mean profile depth (MPD) measurements using laser texture measure-
ment devices, including measurements of RMS and skewness parameters; sound absorption
measurements in impedance tube using standing wave ratio (EN ISO 10534-1); air void content
and layer thickness measurements in laboratory (from the drilled cores); visual assessment.
Measurements are performed annually: twice in spring (when average daily temperature is
higher than 50C and when average daily temperature is 10-15°C) and once in autumn (before
the winter season). Before noise measurements, every section of the Test Road are being
visually inspected to evaluate road pavement condition, identify pavement deterioration and
all distresses.

3.2 CPX noise level measurements
Tyre/road noise measurements in Test Road are performed using CPX method (1ISO/DIS 11819-

2). This method is based on test tyre rolling on the road or the test track surface with measu-
ring microphones located close to the tyre surface.

Figure1 Fragment from CPX noise level measurements
Measurements are performed using CPX trailer (Figure 1) towed by a light vehicle. Trailer has
two measurement wheels which are covered with the trailer case to isolate microphones from
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unwanted outside sound sources, wind or traffic influence. Parallel to the CPX measurements,
driving speed, road section length, GPS coordinates, air and road surface temperature are
measured too.

CPX noise level measurements on both traffic lanes are performed at four different speeds:
40, 50, 80 and 100 km/h. Such measurement speeds are selected with a purpose to accu-
rately determine road surface influence on noise generation mechanisms depending on the
driving speed.

Two sets of measurement tyres to represent passenger cars and heavy duty vehicles were
used. For passenger car representation standard reference test tyres (SRTT) are used and for
heavy duty vehicle representation — Avon Supervan AV4 tyres (AAV4).

4 Analysis of the results

CPX noise level measurements were performed 1 month after Test Road of Low Noise Pave-
ments construction. Measurement results for all short sections on both lanes at different
driving speeds and with different sets of tyres are shown on Figure 2, 3, 4 and 5.

When comparing measurement results on 1t and on 2" traffic lanes, it was found that diffe-
rences between CPX noise level values of the same asphalt mixtures were not very high (less
than 1.5 dBA) for almost all of the short sections. However, 1.5 dBA and higher differences
between the traffic lanes were determined for the low noise asphalt mixtures PA 8, SMA 5
TM and SMA 8 TM. At very high speeds, differences were determined up to 2.5 dBA. Such big
differences might be explained as a construction error (heterogeneity) — during wearing layer
construction, mixtures on both lanes were compacted differently. Differences between the
level of compaction on 1st and 2nd traffic lanes were 3-4%. As the noise reduction properties
are strongly related with the air void content, over compaction of the mixtures with designed
higher air void content, led to the large deviations in CPX noise levels.

Analysis of the CPX noise levels depending on the speed showed, that optimised low noise
asphalt mixtures SMA 8 TM, SMA 5 TM and TMOA 5 and porous asphalt PA 8 have lowest CPX
noise levels at all speeds and for both tyres (SRTT and AAV4). The highest noise levels were
determined for SMA11S, SMA 8 S, AC11VS and special pavement.

Difference between the asphalt mixtures with highest and lowest CPX noise levels varies
from 3 to 6 dBA, depending on the driving speed — higher the speed, higher the difference
between the pavements.

Typically noise levels caused by the heavy duty vehicles are higher than passenger vehicles.
Specific analysis of noise levels with both SRTT and AAV4 tyres were performed to investigate
which asphalt mixtures are better for heavy duty vehicles noise reduction and which for pass-
enger vehicles. Such analysis also was important to check if optimisation of SMA 5 TM, SMA
8 TM and TMOA 5 mixtures were done right - SMA 5 TM and TMOA 5 mixtures were designed
with max. aggregate size of 5 mm (specifically for passenger vehicles noise reduction) and
SMA 8 TM were designed with max aggregate size of 8 mm (for heavy duty vehicles noise
reduction). Measured CPX noise levels confirmed the hypothesis — SMA 5 TM and TMOA 5
noise levels for SMA 5 TM and TMOA 5 with SRTT tyres approx. 2 dBA are lower than noise
levels with AAV4 tyres.

From a surface texture point of view, according to the measured CPX noise levels, it can be
stated that noise reduction for SMA 8 TM, SMA 5 TM and TMOA 5 mixtures is based not only
on better sound absorption (higher air void content) as it is for porous asphalt PA 8, but also
reduction of tyre vibrations (concave and smooth texture).
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Figure 2 CPX noise level on both lanes

at 40 km/h speed

Figure 3 CPX noise level on both lanes

at 5o km/h speed

Figure 4 CPX noise level on both lanes

at 8o km/h speed
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Figure 5 CPX noise level on both lanes at 100 km/h speed

5 Conclusions

Increasing road transport noise problem requires effective and efficient noise abatement and
mitigation solutions. Low noise pavements is a very good solution for urban areas or cities,
where driving speed is not so high and the dominant vehicle noise source is tyre and road
interaction. Effective low noise pavement solutions such as porous asphalt are not very well
suitable for colder climate countries due to large number of annual frost-thaw cycles. There-
fore, thin layers with optimised surface texture and increased air void content seem to be a
compromised solution for both noise reduction and sufficient durability.

Low noise SMA 5 TM, SMA 8 TM and TMOA 5 asphalt mixtures for severe climate conditions
were developed in VGTU RRI and were constructed on operating road in Lithuania for further
testing under real traffic and climate conditions.

CPX measurements showed that there are quite large differences between 1st and 2nd traffic
lanes, in sections constructed of PA 8, SMA 8 TM and SMA 5 TM, differences at higher speeds
are even 2.5 dBA. These deviations were mainly caused by the inhomogeneous asphalt layer
compaction. This issue revealed the necessity to develop guidelines/requirements for low
noise pavement construction.

Since the Test Road of Low Noise Pavements is newly built, the CPX noise level results are
preliminary and cannot give accurate expectation of how developed low noise pavements will
deteriorate in terms of noise reduction. This will be investigated and analysed after 3 years of
periodic CPX, SPB, texture, acoustic absorption and other relevant measurements.
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EFFECTIVENESS OF THE STEEL MESH TRACK
IN STRENGTHENING CRACKED ASPHALT PAVEMENTS
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Cracow University of Technology, Poland

Abstract

In recentyears many works have been done in Poland on application of geotextiles and related
products to strengthen existing, cracked asphalt pavement structures. Relatively frequently,
besides glass, glass-coal and polyester nets, the pavement reinforcing with steel mesh track
(to simplify called later as the steel net) is also met, specially on national roads, trafficked
with heavy vehicles. The purpose of the paper is to present the selected experiences gained
while renewing and strengthening the national roads in the South of Poland. To these works,
the steel mesh track of tensile strength 40/50 kN/m was applied. In the paper some design
data were given, among others the subgrade analyses, existing layers system, as well as
results of the elastic deflections and modulus, measured with FWD apparatus, on the pave-
ment before and after its strengthening. The concept of the reconstruction works comprised
the milling of the upper bituminous layer of 4 cm in thickness, laying the profiling course,
installing the steel mesh track and bonding it with slurry seal course to the lower surface. As
the overlay, two bituminous layers: 4 cm SMA + 8 + 10 cm AC in thickness were placed. After
3 + 5 years of the service, the measuring of pavement deflection bowl with the FWD was con-
ducted and on the base of it, the estimation of its bearing capacity was carried out. Finally,
due to the back analyses using the mechanical-empirical calculations, the profit of applying
the steel mesh as the reinforcing interlayer in the system of asphalt layers was proved.

Keywords: Bearing capacity of pavement, Reinforcement with geotextiles, Steel mesh track,
FWD deflections, interlayer system

1 Introduction

Problem of strengthening the asphalt layers with using steel grid (mesh track) as well as using
the synthetic or glass geogrid interlayer has been recognized from early 90-ties, at the be-
ginning mainly from the practical point of view; lately, the theoretical approach to designing
of the pavement structure with geosynthetics has been developed. At first, those interlayers
were considered as the stress relieving, i.e. anticracking material, laid over the cracked semi-
rigid asphalt pavement, to repair the reflective cracking on the pavement surface. This method
regarded as very encouraging, became popular in Poland.

The first comparative tests carried out in the Belgian Road Research Centre in Brussels [1]
in early 90-ties on the efficiency of geosynthetics (for nonsynthethic raw material it is also
called geotextile) have brought promising results (Figure 1). Those tests revealed, that the
steel mesh placed in the asphalt layers submitted to the tensile stress, has got the most ad-
vantageous influence on reducing the propagation of crack, reflected from the discontinuity
in lower layer. Testing of the above interlayers on real road sections [2] confirmed the best
performance in delaying reflective cracking by glass fibre grid and steel mesh track, other
types of intermediate layers have proved less effective. Similar results were achieved in Por-
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tuguese research [3], where steel mesh with slurry seal had the best performance, and the
bitumen impregnated geotextile sections were second best.
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Figure1 The early comparative tests on the efficiency of the stress relieving interlayer, delaying the reflective
cracking propagation in the semirigid asphalt pavements [1]Styles dialogue in Microsoft Word 97-
2003.

In all cases de-bonding has to be avoided, otherwise fatigue cracking may appear after finis-
hing these works very quickly. The problem of the conditions required to ensure the effec-
tiveness of geotextile interlayers in the system of asphalt layers was tested in works [4, 5].
In the last years some new research works were taken up, focussed on using the steel grid
or glass-carbon grid in asphalt layers as the real reinforcement, diminishing the pavement
deflection values, in this way increasing the pavement bearing capacity. Due to which, the
fatigue life of the asphalt pavement can be prolonged, or the thickness of the asphalt layers
decreased. As the research examples, it can be referred to the research in Belgian Road Re-
search Centre [6], and in Cracow University of Technology [7, 8].

The present paper is devoted to the practical effects (diminishing of deflections) of applying
the steel mesh track (the steel net), measured and estimated for the site condition on the
asphalt pavement, constructed in the South region of Poland on national roads sections. FWD
test results, before and after the reconstruction, have been provided by General Directorate
for National Roads and Motorways (GDDKiA), Branch Krakow.

2 Selection of testing sections

The road sections selected for the reinforcement and tests did not have proper bearing capa-
city and were seriously damaged: many longitudinal, transversal (reflective crackings), single
and alligator cracks were observed, as well as uneven areas, viscoplastic/structural ruts and
patches. The example of the previous pavement condition is done at Figure 2.

All selected sections before reinforcement were submitted to the diagnostic tests of their
conditions, according to the Polish System of Pavements Condition Evaluation with the mea-
surement of the deflection bowl and using the Falling Weight Deflection apparatus.
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Figure 2 View of damaged pavement on national road 44

Besides, test holes were made to identify the existing pavements structure and subgrade
conditions as well as some laboratory tests on drilled cores were carried out. Those were as
follows: the creep test of asphalt samples, the gradation and sand equivalent of aggregates
from the base, and soils plasticity test. The list of the analysed road sections together with
layers thicknesses measured on pavement cores and layers modulus determined from the
back analysis are given in Table 1.

Table1 Summary of the analyzed road sections.

Road number Localization (km) Asphalt layers Aggregate subbase Subgrade
94 — roadway right 285+488 + 286+300 H=28cm H=17cm H = infinity
(Section1) E = 4111 MPa E =165 MPa E=92 MPa
286+300 + 287+450 H=28cm H=31cm H = infinity
E =3855 MPa E =370 MPa E=71MPa
287+450 +288+320 H=26cm H=51cm H = infinity
E=3349 MPa E =159 MPa E=73 MPa
94 — roadway left 285+488 + 286+650 H=22cm H=40cm H = infinity
(Section 2) E=3580 MPa E=308 MPa E =84 MPa
286+650 + 287+870 H=22cm H=47cm H = infinity
E=2726 MPa E =249 MPa E=76 MPa
287+870 +288+320 H=25cm H=47cm H = infinity
E= 6594 MPa E =240 MPa E =132 MPa
94 305+100 +307+100 H=21cm H=29cm H = infinity
(Section 3) E=2661MPa E=281MPa E=57 MPa
7 632+200 + 634+200 H=19cm H=66cm H = infinity
(Section 4) E=1903 MPa E =295 MPa E=66 MPa
44 101+900 +102+900 H=17cm H=40cm H = infinity
(Section 5) E=1500 MPa E =200 MPa E =50 MPa
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3 Designed reinforcing structures and there field evaluation

Design activities of the reinforcement included the surface milling to profile the existing
structure, laying the steel net and fitting it to the lower layer with slurry seal, next placing
the new binding and wearing bituminous layers of total thickness 12 + 14 cm. Details of the
designed structures on each road sections are given in Table 2.

Table 2 Designed structures of pavement reinforcement for the analysed sections of roads.

Road number Localization (km) Milling depth Interlayer New asphalt layers
94 — roadway right 285+488 + 288+320 2+5cm Steel mesh track with 8 + 9 cm HM AC
(section 1) 1cm of slurry seal +4 cm SMA

94 — roadway left 285+488 +288+320 3 +5cm Steel mesh track with 8 cm HM AC
(section 2) 1cm of slurry seal + 4cm SMA

94 305+100 +307+100 4 cm Steel mesh track with 8 cm HM AC
(section 3) 1cm of slurry seal + 4 cm SMA

7 632+200 + 634+200 6cm Steel mesh track with 10 cm AC
(section 4) 1cm of slurry seal + 4 cm SMA

44 1014900 + 102+900  5cm Steel mesh track with 8 cm HM AC
(section 5) 1cm of slurry seal + 4 c¢cm SMA

Designed reinforcing structures were verified with mechanical-empirical method, using the
Asphalt Institute USA fatigue criteria [9]. Material parameters were assumed acc. to the Polish
recommendations [10], stress and strain states were calculated with the computer program
BISAR 3.0, results are given in Table 3. Obtained results have satisfied the requirements for
the designed traffic category (that is »14.6 M cycles of standard axle 100 kN during the whole
period of pavement exploitation, equal to 20 years).

Table 3 Results of the fatigue durability of pavement for the analyzed sections of roads.

Road number Localization [km] Horizontal strain ~ Vertical strain Fatigue durability
in asphalt layers  on subgrade of pavement
[M 100 kN/axle]

94 — roadway right 285+488 + 286+300 52.8x10° -132x10°¢ 52.8
(section 1) 286+300 + 287+450  47.8 x 10 124 x10° 78.8

287+450 + 288+320  64.3x10° -127 x10°¢ 33.5
94 — roadway left 285+488 + 286+650  59.4 x10° -122x10°¢ 46.0
(section 2) 286+650 + 287+870  74.3x10° 131x10° 28.1

287+870 +288+320 39.2x10° -118 x 10 95.8
94 (section 3) 305+100 + 307+100 86.3x10°¢ -218 x 10°¢ 17.6
7 (section 4) 632+200 + 634+200 79.2x10°¢ -117 x10°® 18.1
44 (section 5) 101+900 +102+900 71.7 x10°® -233x10°¢ 16.5

During 3-5 years after reinforcement, any damage on the renewed pavements evaluated visu-
ally was not seen. In the same time, the tests of elastic deflections with FWD apparatus were
carried out on all sections, what allowed to compare the bearing capacity of pavements before
and after reinforcement (all values were converted to the equivalent temperature 20°C acc. to
[11]). Example of obtained results are presented in Figure 3. To evaluate the significance level
ofthe changes, the statistical tests were conducted with using the method of multiple compa-
risons and LSD procedures in the Statgraphics program (95% confidence level); the results are
presented in Table 4. For all analysed road sections, deflection values after reinforcement are
substantially lower than before that treatment, the highest differences were observed for the
section of previously the lowest bearing capacity and the thinnest thickness of the structure.
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Figure 3 Comparison of the pavement deflections before and after reinforcement for the road section DK 7 —
km 632+200 — 634+200.

Table 4 Analysis of significance of FWD deflection [um] differences before and after reconstruction, with using
the steel net.

Time of measuring average standard coefficient of  difference +/- limits
deviation variation [%)] (95%)

DK 94, km 285+488 — 288+320, roadway right (section 1)

Before reconstruction 188 77 40,6

After reconstruction 18 37 31,6 70 38*

DK 94, km 285+488 — 288+320, roadway left (section 2)

Before reconstruction 177 52 29,4

After reconstruction 110 29 26,9 67 38*

DK 94, km 305+100 — 307+100 (section 3)

Before reconstruction 306 83 27,0

After reconstruction 084 22 25,7 222 31*

DK 7, km 632+200 — 634+200 (section 4)

Before reconstruction 306 98 32,1

After reconstruction 163 Al 25,5 144 40*

DK 44, km 101+900 — 102+900 (section 5)

Before reconstruction 639 165 25,8

After reconstruction 230 65 28,1 409 45*

*denotes a statistically significant difference

The comparison of obtained deflection measurement results with the Polish required values
according to the pavement condition evaluation system, i.e. DSN [12], classifies all road te-
sted sections in the class A, what means that the remaining fatigue life is equal to minimum
20 years (the results are given in Figure 4).

To separate and evaluate the influence of the steel net on the rebuilt structure bearing ca-
pacity, the next step of analysis was done. It was the comparison of the deflection bowl
from FWD test and converted to the static deflection bowl for the structure acc. to [13] with
the steel net, with the results for the structure without the steel net, which were calculated
using mechanical-empirical calculations in the programme BISAR (the temperature in both
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cases was brought to 20°C [11]). Next, for both cases, significance tests for differences in the
deflection values were carried out.

Figure 4 Evaluation of pavement FWD deflection acc. to DSN [12].

Results of the presented analyses given in Table 5 reveal, that the deflection values measured
on the sections with the FWD method (steel net reinforced sections), are lower than deflecti-
ons calculated for reinforcement structures without steel net, what proves the positive effect
of the steel net applied to reinforced sections. The most profitable effect was obtained for
sections where, before rebuilding, the biggest deflections were obtained, what can explain
better mobilization of the steel net in the pavement structure.

Table 5 Significance tests for deflection differences on the sections reinforced with (deflections measured)
and without steel net (deflections calculated).

Deflections [pm] average standard coefficient of difference +/- limits
(T=20°C) deviation variation [%] 95%  90%
DK 94, km 285+488 — 288+320, roadway right (section 1)

Calculated 207 54 26,1

Measured 199 64 32,2 8 32 27
DK 94, km 285+488 — 288+320, roadway left (section 2)

Calculated 183 55 30,1

Measured 173 46 26,9 10 27 23
DK 94, km 305+100 — 307+100 (section 3)

Calculated 258 65 25,3

Measured 112 29 25,7 146 22* 19*
DK 7, km 632+200 — 634+200 (section 4)

Calculated 226 62 27,5

Measured 196 52 26,7 30 33 28*
DK 44, km 101+900 — 102+900 (section 5)

Calculated 372 83 22,3

Measured 304 85 28,1 68 54* 45*%

*denotes a statistically significant difference

ROAD PAVEMENT
CETRA 2016 — 4™ International Conference on Road and Rail Infrastructure



4

Conclusions

Presented in this paper tests of the road sections and analyses of the results allowed to draw
the following conclusions:

1

2)

3)

4)

5

Condition of pavements of all analysed road sections reinforced with the steel net and
12 + 14 bituminous overlay after several years of exploitation is very good. No damages
were observed, what confirms the effectiveness of applied solution. Bearing capacity of
the tested sections evaluated according to the pavement condition evaluation system, i.e.
DSN [12], classifies all road tested sections in the class A, what means that the remaining
fatigue life is equal to minimum 20 years.

Increase of the bearing capacity of reinforced pavements evaluated with the FWD method
for all sections is very substantial.

Deflection values measured on the pavements reinforced with the steel net are lower than
deflections calculated with BISAR program for the pavement structure without the steel
net. The differences are substantial for 2-3 tested sections, depending on the assumed
significance level 95% or 90 %.

The best effectiveness of the steel net applied is observed for the sections where the
bearing capacity before rebuilding was the lowest, and where the steel net is placed in
the tension zone.

Analysed road sections require longer periods of time to observe their condition, and
in this way to better evaluate the steel net efficiency in reducing the possible reflective
crackings as well as in prolonging the fatigue life.
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POROSITY EFFECT ON PHYSICAL AND MECHANICAL
PROPERTIES OF PERVIOUS CONCRETE PAVEMENT
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Abstract

The paper presents the results of previous researches of different mixtures of pervious concre-
te pavements in the world, as well as the advantages and disadvantages of the structural
formation on the mechanical properties of porous concrete. The porosity of pervious concrete
ranges from 15% to 35%. The most important properties of pervious concrete pavement were
analyzed: compressive strength, flexural strength, splitting tensile strength, frost resistance
and abrasion resistance. Different types of aggregates (natural, recycled), different fractions
and granulometric composition of aggregates, different amounts of fine aggregate, diffe-
rent types and amounts of additives in pervious concrete and various water-cement ratio,
were used in the analyzed studies. According to obtained results, the relationship between
the most important properties of pervious concrete and its porosity was established. It was
concluded that increasing of the porosity directly affects to decreasing of the concrete com-
pressive strength and frost resistance, while abrasion resistance is increasing.

Keywords: pervious concrete, porosity, physical and mechanical properties
1 Introduction

The pervious concrete pavement is a special form of concrete pavement, which is mostly used
in the United States, a little less in Europe, while in Serbia there are still no application and
research of this type of concrete. Itis the concrete which has a distinct porosity and therefore
leaks water, reduces noise, reduces the need for building of system for water drainage from
the roadway, facilitates water purification, etc. With the aspects of preserving the natural envi-
ronment the pervious concrete is quite beneficial compared to other types of road surfaces.
The first application of the pervious concrete occurs in 1852 for the building of two houses
in the UK, this concrete is composed of coarse gravel and cement [1, 2]. Then appears in the
construction of houses in Scotland 1874-5 and the other buildings till the period of 1890 [3].
In the Netherlands, after World War |, it was first used and made of crushed brick as aggregate
with the addition of cement [4]. The pervious concrete is a mixture of cement, water and one
fraction aggregates which does not contain the fine particles of aggregates. Contains a large
amount of voids, which leads to a reduction of strength and weight [5, 6]. Pervious concrete
has different names in English, for example no-fines concrete, pervious concrete, porous
concrete and zero-fines concrete. These are the names can be found in worldwide literatu-
re and indicate already mentioned concrete [7]. The void content ranges from 15-35%, if its
preparation is done in America, or 15-25% of void content if the pervious concrete is made in
Europe [8]. The recommended aggregate sizes for this concrete are taken in a range of 9.5 to
19.5 mm, therefore completely omits small aggregate or added in the lower percentage. Due
to such structure, the pervious concrete made with no additives has a relatively low com-
pressive strength from 2.8 MPa do 28 MPa. In order to avoid the filling of pores with cement
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paste, its amount is regulated by a lower water-cement factor, which is usually in the range
from 0.26 to 0.50 [9].

The paper presents the different composition of the mixtures, the results of previous rese-
arches in the world, the advantages and disadvantages of the structural formation on the
physica and mechanical properties of porous concrete.

2 Review of the mix composition and properties of pervious concrete

Analyzed articles in this area of the production and use of pervious concrete and related
laboratory tests differ in the composition of the mixture and laboratory tests were carried
out according to the research objectives of individual works. Detailed analysis of published
papers dealing with this topic, showed the possibility of using pervious concrete for the con-
struction of the parking areas and pavement on low traficked streets, the bicycle and pede-
strian paths, tennis courts and the floors in greenhouses and breeding animal farms. Since
the aggregate takes between 70-80% of the total concrete amount, aggregate strength greatly
affects on the final strength of the concrete. Type of aggregate, aggregate fraction, as well as
additives and its quantity are shown in Table 1, with indicated authors that have carried out
studies of the pervious concrete.

Table1 Composition mixture of pervious concrete

Ref.  Aggregation Aggregate fraction The chemical and /or Water-cement
[mm] mineral admixtures ratio
[10] Granite 4.75-9.5 Silica fume, superplasticizer,  0.28-0.34
fly ash, polymer
[11] Limestone 4.75-12.5 Retarders, admixtures 0.29
Sand 0-4
[12] Gravel 3-5; 5-10; 10-20, 15-30 Silica fume, superplasticizer,  0.20-0.35
Sand 0-2.5 fly ash, polymer
[13] Gravel 2.36-4.75, 4.75-9.5, 9.5-12.5  Synthetic rubber products, 0.22-0.27
Limestone 4.75-9.5 silica fume, air entraining
admixtures, superplasticizer
Lightweight Aggregates 2.36-4.75, 4.75-9.5 x uperp z
Sand 0-1
[14] Gravel 1.18-9.5 Latex rubber, fibre, 0.26-0.36
Limestone 118-9.5,2.36-9.5 superplasticizer, air entraining
admixtures, retarders
[15] Gravel 10-12.5 0.27
Recycled rubber products  0-1, 1-4, 4-8
[16] Gravel 10-12.5 0.27

Recycled rubber products 0-1, 1-4, 4-8

2.1 Compressive strength of pervious concrete

Based on all inspected papers [10-15] it can be noticed that compressive strength at 28 days
ranges from 6.54 MPa to 61.2 MPa. Displayed compressive strength values are given based
on different aggregation type, aggregate fraction, chemical/mineral admixtures and water-
cement ratio (Table 1). It must be underlined that compressive strength of pervious concrete
mainly depends on ratio between coarse aggregate and fine aggregate and water-cement
ratio. Using coarse aggregate with fine aggregate, along with solid compacting, adequate
water-cement ratio and admixtures, it can be accomplished significantly larger compressive
strength values [10, 12] in comparison with expected values from papers. In the Figure 1is
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summary of results from some of the considered papers and the dependence between com-
pressive strength and void content of 28 day old concrete has been given. It is noticeable
that there is a large dispersion of results and that is not possible to determine compressive
strength as a function of void content. With decrease in void content there is increase in dis-
persion of results (so as vice versa).
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Figure1 Plot of compressive strength as a function of void content

2.2 Flexural strength

The sharp shape and rough surface of crushed aggregate are favorable for an aggregate-ce-
ment paste bond, which affect the increase in flexural strength. Tested 28-day old samples
have flexural strength in values between 0.4 — 8.5 MPa [10, 12, 16]. It has been used various
aggregate fractions and admixtures for the preparation of mixtures, in a variety of test condi-
tions (Table 1). With an increase in amount of rubber material [16] there is a decrease in value
of flexural strength, and with an optimal amount of fine aggregate (sand) [12] there is signifi-
cantincrease in flexural strength. In considered papers it can be seen that the increasing of
porosity decreases the flexural strength (and vice versa).

2.3 Splitting tensile strength

This type of test procedure has appeared much later than traditional tests for bending and
nowadays is regarded as quite reliable measure for determining tensile strength of concrete.
According to the papers [11, 13, 14], splitting tensile strength at 28 days ranges from 1 MPa to
4 MPa. The characteristic values are taken for the different aggregate fractions, with or without
air entraining admixtures, and with or without recycled aggregate.

g_ﬂ-; .

i b

;-"- m 2 -! '

IR ..‘ A T o -
N l"i g m arn
P T o
T

e )

oo

Vsl Coslera |t

Figure 2 Plot of splitting tensile strength as a function of void content
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Figure 2 shows the dependence of splitting tensile strength on the amount of pores for 28-day
old samples. Considering all obtained results it can be seen that there is a large dispersion of
the results forthe same splitting tensile strength and porosity, so that it cannot be determined
a particular correlation between previously mentioned parameters. It is impossible because
of the participation of various types of aggregates, chemical and/or mineral admixtures, as
well as various types of binders.

2.4 Abrasion resistance

Abrasion, as a way of mechanical process of wearing concrete away, is very important in asse-
ssing durability of concrete. This phenomenon usually appears in high-traffic areas, sidewalks
and parking lots. Concrete is more resistant to abrasion with larger compressive strength,
which means that it should be used crushed stone aggregate with less participation of fine
aggregates, high-early strength cement and lower water-cement ratio. Therefore, superpla-
sticizers and plasticizers are used to reduce the required amount of water, since in any case
should not be allowed to come to the separation of the cement paste to the surface. Abrasion
resistance has been analysed in papers [11] and [16], but the different aggregate types, frac-
tions and number of cycles have been used. Figure 3 presents summarized results from the
analyzed papers and shows the loss of weight as a percentage. Usage of reduced amounts of
fine aggregate and adding admixtures [11] results with a smaller weight loss in comparison to
samples which have a certain amount of fine aggregate fraction. Nevertheless, using recycled
rubber [16] instead of natural aggregates also reduces the mass loss of samples.

Figure 3 Abrasion test

2.5 Frost resistance

The main reasons for concrete destruction on lower temperatures are internal stresses that
occur during freezing water in the pores of concrete. Volume of liquid water at room tempera-
ture willincrease in volume by 9% after freezing, which generates internal stresses. However,
in order to prevent the destruction of concrete, it is necessary to use sufficiently low water-
cement ratio as well as various admixtures, especially air entraining admixtures. According
to paper [11, 13, 14, 16] frost resistance is tested with about 300 freeze-thaw cycles. Figure 4
presents a plot of number of cycles as a function of mass loss. Itis shown that frost resistance
can be improved by using sand, recycled rubber as well as air entraining admixtures so that
the number of freeze-thaw cycles can reach up to 300. According to mentioned Studies, the
best frost-resistant mixtures consist of natural aggregates along with certain amount of sand
and chemical admixtures (Table 1).

ROAD PAVEMENT
CETRA 2016 — 4" International Conference on Road and Rail Infrastructure



Figure 4 Frost resistance of pervious concrete at 28 days

2.6 Porosity

Pore size is one of the main factors which impacts on pervious concretes’ properties. It is
recommended large pore volume because they can prevent themselves from clogging [17].
Pore size increases with larger participation of coarse aggregate in coparison to fine aggre-
gate. This is explained by the fact that between the large grains remain empty spaces [18].
Namely, porosity has an effect on flexural strength, compressive strength, splitting tensile
strength and frost resistance. It has been shown that at a lower porosity, regardless of the
type of aggregate that was used, compressive strength is higher. In case of using recycled
aggregation there is about 60% lower compressive strength in comparison to mixtures with
natural aggregation (with the same level of porosity). Type of aggregate (natural or recycled)
has an effect on coefficient of permeability and porosity for pervious concrete mixtures.

3 Conclusions

The analyzed results can be summarized as follows:

 with the same level of porosity there have been different values of flexural strength, com-
pressive strength and splitting tensile strength due to different water-cement ratio. With an
increase in porosity there is a decrease in strength of pervious concrete.

- with larger participation of fine aggregate and higher water-cement ratio, the frost resistance
is higher but the abrasion resistance is lower.

- porosity of pervious concrete is strongly affected by the type and fraction of aggregation,
with taking into account that the minimal porosity for pervious concrete is 15%.
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Properties of pervious concrete are strongly affected by the porosity along with type of aggre-
gate, participation of fine aggregates, shape of aggregate grains, type of used admixtures,
water-cement ratio etc. All the mentioned factors are in certain correlation and they need to
be chosen in such a way that the higher values of flexural strength, compressive strength,
splitting tensile strength, abrasion and frost resistance are achieved. If is used with improved
properties, pervious concrete can be used in heavy traffic load as well.
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Abstract

The determination of pavement cross slope is integral part of geometric design of roads. It
is performed due to reasons of driving dynamics i.e. to ensure lateral stability of vehicle in a
curve and also to assure optimal drainage of pavement. Empirical knowledge, incorporated in
guidelines for road design in many countries, indicate that the minimum value of cross slope
to ensure sufficient drainage is 2.5%, which is also common value on the tangent parts of the
road. The problem occurs on parts of the route between the opposite curves in which, due to
the need for change in cross slope direction, the cross slope ranges from 0-2.5%. A particular
problem occurs on parts of the route with (too) small longitudinal gradient, which does not
ensure efficient drainage in the longitudinal direction.

The subject of this paper is analysis of options for superelevation design in a number of
countries (CRO, D, A, CH, UK, USA, AUS), and a critical comparison of available solutions,
considering the criteria of efficiency or optimization of pavement drainage.

Keywords: superelevation, geometric design, sufficient drainage
1 Introduction

Road design should be carried out with the goal of safe and comfortable ride on a given road.
Pavement cross slope is an element of a geometric design, performed for lateral stability of
vehicle in a curve and to assure unobstructed drainage of pavement. Minimum cross slope
of 2.5%, conditioned by optimal pavement drainage, is also the most frequently used value
in the tangent (varies according to guidelines from 2-3%). Rotation of one-sided cross slope
from one direction to anotherinevitably passes through the zone with cross falls smaller than
2.5% (0%). In combination with very small and insufficient longitudinal gradient, it leads to
accumulation of water film on the road surface which can have significant consequences for
traffic safety: reducing the adhesion between the road surface and tires, loss of vehicle sta-
bility, water splashes and reduced visibility, and at high speeds occurrence of hydroplaning.

2 Possibilities for superelevation design

Guidelines of certain countries contain mostly the same or similar standardized superelevati-
on designs, which differ according to the axis of roadway rotation, location of superelevation
transition and the type of cross section that is applied in tangent (one sided, crowned). Along
prescribed solutions for superelevation design, some guidelines identify drainage problems
of superelevation development in reverse curves so they prescribe restriction of longitudinal
gradient, the intensification of rate of rotation in the zone with no slopes (plateaus) and, in
different versions, superelevation design with diagonal crown.
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2.1 Croatia [1]

In Croatian guidelines superelevation development should be carried out within the tran-
sition curve, rotating roadway around its centerline or its lower edge in roads with only one
roadway, or around the centerline or the edge of the median in roads with two roadways. The
layout of superelevation development is defined by superelevation transition gradient, and
its maximum values are defined in relation to the design speed and the width of the roadway.
The minimum rates of gradient are limited due to sufficient drainage of pavement in areas of
change of cross slope orientation, which includes 0% cross slope. In the case where the rate
of rotation is less than the minimum, it should be intensified by using minimal value from
the inflection point until achieving cross-slope of 2.5%, followed by rate that is less than
minimal because the drainage is provided by achieved cross slope (Fig. 1). In these areas it is
recommended that longitudinal gradient is 0.3% (preferably 0.5%) higher than the rotation
rate in order to improve the drainage conditions.

2.2 Germany [2,3]

According to German guidelines superelevation development should also be carried out on
the length of transition curve, and centerline of road or of a particular roadway is preferred
for the axis of pavement rotation, but if necessary internal or external edge of the road can be
used (Fig. 1). Limits of superelevation transition gradient depend on the road category and
pavement widths. When the gradient is less than the minimal, in areas where cross slope
orientation changes, the minimum value should be adopted in the section between -2.5% and
+2.5%. The longitudinal gradient of pavement edges and road centerline should be aligned
to avoid adverse slopes and their differences should be a minimum of 0.2%. It is therefore
recommended that minimum longitudinal gradient of road centerline is greater than or equal
to 1.0% (exceptionally 0.7%), while the longitudinal gradient of the pavement edge should be
greater than or equal to 0.5% (exceptionally 0.2%). In the absence of the required longitudi-
nal gradient, 0% cross fall can be relocated away from the inflection point of reverse curves.

2.3 Austria [4]

In Austrian guidelines superelevation development is performed on the length of transition
curves, including short tangents in between, but guidelines show only pavement rotation
along roadway centerline (Fig. 1). Limit values of superelevation transition gradient are de-
fined according to the width between rotation axis and roadway edge. Where the superele-
vation transition gradient is less than the minimum and there is no longitudinal gradient, a
minimum value should be used until cross slope of 2.5% is reached while the rest of supere-
levation transition has gradients less than minimal, or diagonal crown can be used. Diagonal
crown is recommended for insufficient longitudinal gradients because cross fall of entire
section is 2.5% (Fig. 2a).

2.4 Switzerland [5]

Swiss guidelines emphasize the need for careful superelevation design because of the po-
ssible consequences on the safety, related to the lateral run-off on pavements, the optical
guidance and sudden changes in lateral acceleration that are not compensated by transverse
slope. Superelevation development is performed on the length of the transition curve, while
selection of the rotation axis depends on cross slope, pavement rotation rate and position
of road in road network. When the superelevation transition gradient is less than the mini-
mum allowed, itis necessary to carry out intensified superelevation development or diagonal
crown. Diagonal crown is necessary at high speed roads where the diagonal slope is less than
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0.5%. It is carried out until 3% cross fall (Fig. 2b) and its length depends on the speed and
width of the roadway.
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Figure 1 Reverse curves superelevation design: a) around pavement centerline (CRO, D, A) and b) around
pavement edge (CRO, D)
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Figure 2 Diagonal crown according to a) A i b) CH

2.5 United Kingdom [6]

Superelevation development should be performed on the length of the transition curve, or
when missing, partially on the tangent (1/2 to 2/3 of development length) and the rest on
the arc. Guidelines do not define necessary type of superelevation design nor do they define
around which axis it should be carried out. However, some conditions related to the drainage
and driving dynamics are listed: superelevation development may not be performed so gradu-
ally to create plateaus or so sharply to cause driver discomfort from the kink in edges of the
roadway. Therefore, the difference of gradient of rotation axis and the edge of the pavement
should not be greater than 1% (0.5% on motorways) and all changes in edge profile should be
smoothed. In areas of superelevation transition longitudinal gradient should not be less than
0.5%. In case of problems with drainage, solution should be found in changes to horizontal
alignment, increased rate of pavement rotation, or application of the diagonal crown.

2.6 United States of America [7]

In the United States commonly applied is crowned cross section, therefore superelevation
design consists of two parts: tangent runout and superelevation runoff (Fig. 3). Tangent runout
is rotation of part of the roadway (single lane) with cross slope of opposite direction than
those in curve, until 0% is reached. Superelevation runoff represents rotation of part of the
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roadway with 0% cross slope to achieve a one-sided slope for the whole width of the roadway
and further simultaneous rotation to the necessary superelevation in curve. Application of
transition curve is not obligatory, and if it is not applied, superelevation development takes
place partly in the tangent (60-90% of development length) and the rest in the curve. Supe-
relevation development can be made around centerline, inner or outer edge of the roadway
with crowned cross section, while in the application of one-sided cross fall the rotation axis
should be outer edge of the roadway. In order to avoid problems with drainage in the area of
superelevation development, recommendation is that longitudinal gradient of at least 0.5%
is provided for centerline and 0.2% for pavement edge.
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Figure 3 Superelevation design from crowned cross section on tangent to one-sided cross section on curve
a) DiCHteb) USA

2.7 Australia [8]

Since in Australia mostly applied on tangent is crowned cross section, superelevation design,
as in the United States, consists of tangent runout and superelevation runoff. Between two
curves a minimal length of tangent and crowned cross section should be ensured. For better
drainage itis recommended to rotate pavement around its inner edge and longitudinal gradi-
ent of the pavement edge should be at least 0.2-0.3%. Areas near inflection of reverse curves
must not coincide with 0% longitudinal gradient, and possible occurrence of the plateau
should be checked by contour plan.

3 Comparison of characteristic examples of superelevation designs

Comparison was carried out for five characteristic superelevation designs, which effectively
“cover” or represent all of the examples mentioned in Chapter 2 (Fig. 4).

Selected examples were analyzed for the road category 3-d [1], same design conditions (re-
verse curves without tangent section, radii R1 = R2 = 250m with transition curves L1 =12 =
100m and longitudinal gradient of 0.1%) and cross section elements (roadway width 7.10 m,
superelevation in curve of 7%). Obtained contour plans with equidistance of 20mm for the
area around the inflection point are shown in Fig. 5.

On models of considered superelevation designs it is possible to observe the plateau areas,
or areas with very small transverse slopes which retain water. By analyzing modelled supe-
relevation designs it is evident that at conventional superelevation design around centerline
(example 1) region with small cross slope extends to largest area around the inflection point,
and similar situation happens with superelevation design around pavement edge (example
3). Superelevation design around axis intensified by As_ (example 2) is more suitable so-
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lution, because the area of small cross slopes is reduced, but is still present. In supereleva-
tion design with crowned cross section on tangents (Example 4) plateaus are shifted away
from the inflection point and limited to a particular lane, because lanes are rotated as two
independent surfaces. From the standpoint of drainage, a favourable feature of this solution
is narrower surface (one lane) and the shorter runoff length, because the second lane has
sufficient cross slope. With diagonal crown (example 5), the formation of the plateaus does
not happen and cross slope is always at least minimal 2.5%. Also, it is obvious that in areas
where plateaus would be created with conventional superelevation design, runoff lengths
achieved here are approximate to those on tangents with one-sided cross slope.
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Figure 4 Characteristic superelevation design schemes

Although diagonal crown proved to be the best from drainage standpoint, it contains some
unresolved issues and problems related to driving dynamics. Crossing the diagonal crown
causes the impact of vehicle on ridge and results in vertical and radial acceleration, which
can cause discomfort and adversely affect safety. For this reason it is necessary to smooth the
ridge with a certain radius (such as prescribed by guidelines [4]). In addition, the right pair
of wheels drive on the oppositely oriented cross slopes in relation to the center of curvature,
which further aggravates the widely accepted rules of lateral stability of vehicle in a curve,
or the interdependence of the value of cross fall, radius and radial friction coefficient. This
problem is also present in designs with crowned cross sections (Example 4), although it is
less pronounced since adverse slopes occuron areas closer to the inflection point, where the
curvature of transition curve is relatively small. Design with diagonal crown is also unfavoura-
ble from construction point of view, because the exact designed geometry is very complicated
to perform, and even harder to maintain (in reconstructions).
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Figure 5 Contour plans of modelled superelevation designs

4 Conclusion

Based on the analysis carried out in Chapter 3, it is clear that the designer is notin an envia-
ble position when searching for the optimal solution. Initially, he is obliged to respect the
recommendation of avoiding concurrence of inflection points in horizontal alignment with ver-
tical alignment without longitudinal gradient (flat vertical alignment, the apex of the convex
and especially concave vertical curves). Next limitation is respecting the minimum longitu-
dinal gradient, and here a problem is produced because the recommendations in this regard
differ, and also considering the fact that the increase of longitudinal gradient accelerates the
runoff speed, but increases runoff length and final thickness of water film. The next decision
relates to shortening the area with unfavorable cross slopes smaller than 2.5%, applying the
As ., which ultimately favors a solution in example 2 ahead of solutions in examples 1and
3. The decision to apply superelevation design with crowned cross section (example 4) or
diagonal crown (example 5), should be well thought over, bearing in mind the difficulties of
implementation and maintenance of these solutions.

Limit of the paper volume is the reason that this does not show solutions that actually (tran-
sverse slotted drains [9], etc.) or at least partially (pavement grooves [10], grinding [11], etc.)
enhance the efficiency of the pavement drainage on superelevation development areas with
insufficient cross slopes. It should be noted that the implementation of such solutions is
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generally expensive, and maintenance costs of some do not justify their widespread appli-
cation. Since the phenomenon of aquaplaning is directly related to the driving speed, for the
necessary driving safety on the roads remaining is the measure of limiting speed in adverse
weather conditions, whether it is conducted by authorized institution and (or) each driver
individually.
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Abstract

Wearing course is the layer directly in contact with traffic loads and weather conditions. It
should be resistant to water and frost, plastic deformations and meet the required threshold
of skid resistance. SMA (Stone Mastic Asphalt) is one of the most popular mixture intended for
wearing courses of road pavement for very heavy traffic loads. Therefore it contains materials
of superior quality. This paper presents the experimental results of selected properties of
SMA11 with two typical modified binders (ORBITON PMB 45/80-55, ORBITON PMB 45/80-65)
and newly developed highly modified binder (ORBITON PMB 45/80-80 HiMA). These modi-
fied bitumens have similar penetration range but they differ in the type of polymer and its
contents. Therefore that significantly affects on the differences in standard and functional
parameters such as elastic recovery, force ductility etc. The primary purpose of highly-modi-
fied binders (HiMA type) is to counteract pavement cracking, plastic deformations and con-
sequently to increase the life span of asphalt courses. It should be noted that tested SMA
mixtures had the same aggregate particle-size distribution of mineral mixtures. The study of
SMA aimed at determination of the water sensitivity expressed in ITSR (Indirect Tensile Stren-
gth Ratio) according to the standard 12697-12 (method A) and rutting resistance according to
standard EN 12697-22 in the small apparatus (method B). Comparison of the results of those
tests showed some differences between binders and mixtures. Specific situation was obser-
ved with rutting resistance where strong SMA skeleton decreased influence of binder type. In
addition, evaluation of the skid resistance mixtures of the tested SMA were carried out using
the Wehner/Schulze machine. Results may be valuable information for proper maintenance
of existing pavements and on the stage of designing.

Keywords: Highly Modified Asphalt, Stone Mastic Asphalt, Polymer Modified Bitumen,
wearing course, Wehner/Schulze machine

1 Introduction

SMA (Stone Mastic Asphalt) is widely used mixture intended for wearing courses of road pa-
vement for very heavy traffic loads in Poland. The primary advantage of wearing course made
of SMA is to ensure very good resistant to water and frost, better rutting resistance than con-
ventional dense-graded asphalt mixtures [1]. This is possible because the SMA is gap-graded
asphalt mixture which is characterized by a strong skeleton due to the high content of superior
quality coarse aggregate in the mineral mixture (from 70 to 80%). Additionally, the amount of
coarse aggregate allows to achieve high macrotexture. Due to that fact wearing course made
of SMA mixture has better skid resistance at high speeds than asphalt concrete mixture [2].
However skid resistance depends on both macrotexture and microtexture. Due to the low

ROAD PAVEMENT

217



218

amount of fine aggregates used, microtexure of SMA mixtures is almost completely related
to resistance to polishing of coarse aggregates [3]. Therefore aggregates with PSV (Polished
Stone Values) above 50 should be used for SMA mixtures in order to meet the required level
of skid resistance.

However durability of wearing course made from SMA mixtures is especially related to the type
of binder. In weather conditions characterized by very frequent cycles of freezing and thawing
only modified bitumen should be applied for SMA mixtures. It allows to achieve higher dura-
bility than with paving grade bitumens (unmodified).

Studies have shown that the increasing content of the polymer in asphalt significantly im-
proves durability of road pavement [4-7]. However such a significant quantity of SBS for bin-
der modification must consider its specific technical consequences for the production and
application of modified binder. Research conducted in the United States have led to the
development of highly modified binder. The primary purpose was to counteract pavement
cracking, plastic deformations and consequently to increase the fatigue resistance of asphalt
courses. To achieve that, high polymer content in excess of 7% (by weight) is used, which
leads to volumetric phase reversal in the mixture of binder with the polymer. Then continuous
polymer network works in asphalt mixtures like an elastic reinforcement which limits crack
propagation, low-temperature cracking and improving rutting resistance [8, 9].

This paper presents the comparison of selected properties of SMA 11 mixtures with two typical
modified bitumens and highly modified binder.

2 Research program
2.1 Polymer modified bitumen

In this study two conventionally SBS modified binders (ORBITON PMB 45/80-55, ORBITON
PMB 45/80-65) and newly developed highly modified binder (ORBITON PMB 45/80-80 HiMA)
were used. All PMBs are produced according to EN 14023 and Polish National Annexe to this
standard. These modified bitumens have similar penetration range (45-80 [0.1 mm]) but they
differin the type of polymerand its content. Therefore it significantly affects the differences in
Softening Point R&B and other parameters such as elastic recovery and force ductility. Table
1shows properties of the tested modified bitumen.

Table1 The results of selected properties of tested modified bitumen

Property Test method ORBITON PMB ORBITON PMB ORBITON PMB
45/80-55 45/80-65 45/80-80 HiIMA

Penetration at EN 1426 65 57 63

25°C[0.1 mm]

Softening point EN 1427 55.8 80 94.5

R&B [°C]

Breaking point EN 12593 not tested not tested -23

(Fraass) [°C]

Elastic recovery EN 13398 74 87 94

at 25°C [%]

Force ductility EN 13589 not tested not tested 5.5

at10°C [J/cm?] EN 13703

2.2 SMA11 mixtures

Tested SMA11 mixtures with three types of modified bitumen (ORBITON PMB 45/80-55, ORBI-
TON PMB 45/80-65, ORBITON PMB 45/80-80 HiMA) were designed according to EN 13108-5
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and Polish National Specification WT-2: 2014. Fine and coarse aggregates produced from
melaphyre rock were used. PSV (Polished Stone Value) of coarse aggregate was 52. Each of
SMA11 mixtures was designed with the same binder content — 6.6 % (by weight) and aggre-
gate particle-size distribution in mineral mixtures (Table 2). Volumetric parameters of SMA11
mixtures are presented in Table 3.

Table 2 Aggregate particle-size distribution

Particle size distribution
Sieve [mm] 0.063 0.125 2 4 5.6 8 1.2 16
Passing fraction [%] 10.6 13 25 33 40 61 96 100

Table 3 Volumetric parameters of SMA 11 mixtures

Parameters Test method SMA 11 PMB SMA 11 PMB SMA 11 PMB
45/80-55 45/80-65 45/80-80 HIMA

Densityp,_, EN 12697-5 2.417 2.419 2.410

[Mg/m’]

Bulk density EN 12697-6 2.361 2.347 2.340

Ppssq [Mg/m?]

Airvoids V_ [%] EN 12697-8 2.3 3.0 2.9

Voids filled with EN 12697-8 86.5 83.2 83.6

Binder VFB [%]

Voids in mineral EN 12697-8 17.2 17.8 17.7

aggregate VMA [%]

2.3 Experimental procedure

2.3.1 Water sensitivity test

Water sensitivity test of SMA11 mixtures was carried out according to EN 12697-12 (method A)

and Polish National Specification WT-2:2014. Ten specimens for each mixture were divided into

two parts: “dry set” and “wet set”. Specimens from “dry set” were conditioned at temperature

20+5°C. Specimens from “wet set” were saturated with distilled water under vacuum (6.7+0.3

kPa, 30 minutes) and left in water for 30 minutes under atmospheric pressure. Then specimens

were conditioned in water at temperature 40°C for 72 hours. In next step plastic-foiled speci-

mens were freezed in -18°C for 16 hours, than they were put in water at temperature 25°C for 24

hours. Finally the ITS (Indirect Tensile Strength) test in accordance with EN 12697-23 on both

sets of specimens has been conducted. The ITSR values was calculated according to Eq (1).
ITSR = ITSw 100% Q]

ITSd

where:

ITSd — mean values of ITS for specimens from “dry set” [kPa];

ITSw — mean values of ITS for specimens from “wet set” [kPa].

2.3.2 Rutting test

Rutting resistance of SMA mixtures was conducted according to EN 12697-22 in small appa-
ratus (method B), in air. Two specimens from each mixture were prepared. Before testing
specimens were conditioned at 60°C for 4 hours. The apparatus consists of the loaded wheel
that repeatedly passes over the test specimen. The load of wheel was 700 N, frequency of
26.5+1.0 load cycles per minute. Test was performed at 60°C during the test. Evaluation of
resistance to rutting is made on the basis of:
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« RD (rut depth) after 10 000 cycles [mm];

+ PRD (proportional rut depth) after 10 000 cycles as a percentage of the specimen thickness
[%];

« WTS (wheel-tracking slope) [mm/10° load cycle].

2.3.3 Skid resistance test

The Wehner/Schulze machine (Fig. 1a) was used for evaluation of the skid resistance in labo-
ratory conditions. The machine consists of two heads: one for polishing and for measurement
of friction coefficient PWS. Three specimens from each mixture were made. The polishing
action is performend by means of three rubber cones mounted on rotary disc and rolling on
the specimen surface (Fig. 1b). The rotation frequency is 500 tours per minute. A mix of water
with quartz powder was projected on the specimen surface during the rotations. Measure-
ment of friction coefficient PWS is conducted after polishing and then washing of a specimen.
The second measuring head is composed of three small rubber sliders disposed at 120° on a
rotary disc (Fig.1c). The disk rotates at tangential velocities up to 100 kph. Water flows over
the surface being tested. The rotating disk is then dropped onto the wet surface and the co-
efficient of friction is measured. In this study coefficient of friction PWS at slip speed 60kph
was taken. Measuring of PWS was conducted before polishing and after 2000, 4000, 6000,
8000, 10 000, 12 000, 14 000, 16 000, 18 000, 20 000, 40 000, 60 000, 80 000, 100 000,
160 000, 180 0000 passes of polishing head.

It should be noted that Wehner/Schulze machine enables to the compare the skid resistance
of different types of mixtures under specified conditions simulating polishing processes. In
the case of new asphalt specimens it is recommend to clean bitumen from aggregates by
using the grid blasting cabinet. Due to the fact that objective of the study is influence of diffe-
rent types of bitumen on the properties of the mixtures, this operation was not performed.

Figure 1 a) Wehner/Schulze machine; b) polishing rotary head; c) friction measuring rotary head

3 Results and analysis

ITSR results were similar for all mixtures: SMA11 PMB 45/80-55 — 98%, SMA11 PMB 45/80-
65 — 95% and SMA11 45/80-80 HiMA — 99%. However the results of the ITS values show
some significant differences between particular mixtures which depend on the type of binder.
Graphical interpretation of ITS test results is shown in Fig. 2.
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Figure 2 Mean values of ITS with 95 % with confidence interval

The highest value of ITS was obtained for SMA11 PMB 45/80-80 HiMA. Differences between
mean values of ITSd and ITSw are insignificant for highly modified binder, about 10% higher
than for mixtures with lower SBS content.

SMA11 mixtures have comparable resistance to rutting. The results obtained are the following:
RD — 1.5 mm; PRD — 3.8%; WTS — 0.03 [mm/10° load cycle] . This was caused by very strong
SMA skeleton based on stone-to-stone contact which decreased influence of the binder type.
The changes of the friction coefficient PWS are presented in Fig. 3.

Figure 3 Changes of the friction coefficient PWS in polishing process

The lowest values of PWS have been registered before polishing process, because aggregate
surface was covered with binder layer. During polishing process binder was worn away from
the aggregate exposing theirvirgin microtexture. This takes place in the initial stage of the pro-
cess. The highest values of PWS were obtained after 8000 passes of polishing head. Then it
was followed by the decrease in the value PWS for each mixture. However SMA 11 PMB 45/80-
55 and PMB 45/80-65 had higher coefficient of friction PWS than SMA11 with highly modified
binder. Images of the surface were taken with the optical microscope at the end of polishing
process for better understanding of phenomena occurring on the surface of mixtures. Based
on observations it was noticed that the binder covering aggregate was not completely remo-
ved from each mixture. However a much larger surface of coarse aggregate was discovered on
SMA11 mixtures with typical modified binders than highly modified binder (Fig. 4). This caused
lower PWS for SMA11 45/80-80 HiMA in comparison with other test mixtures.

Binder layer on the coarse aggregates contributes to the slipperiness during the initial period
of pavement life. That is why should be applied gritting from aggregate of nominal size 4 mm
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during compacting of SMA mixture. This treatment accelerates wear of the coarse aggregates
from the asphalt and ensures increase of initial skid resistance [1]. Obtained results show
that the use of highly modified bitumen could lead to extend the time needed to expose
aggregate surface.

Figure 4 Comparison surfaces of SMA11 a) PMB 45/80-80 HiMA b) PMB 45/80-65 ¢) PMB 45/80-55

4 Conclusions

The type of modified binder plays important role in durability of road pavements. Highly
modified binder which has been used in Poland since 2015 may improve fatigue life, rutting
resistance and low-thermal cracking resistance. Therefore this type of modified bitumen sho-
uld be use to SMA mixture which is intended for wearing course for very heavy traffic load.
However control of skid resistance properties should monitored in the initial period of pave-
ment life.
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Abstract

Commercial vehicles may have different wheel and axle set ups, usually presenting single
or dual wheels, and single-axle or dual or triple tandem-axles. In pavement design, reque-
sts caused by these various set ups of wheels and axles are converted into the request of
the standard axle, loading 8.17 ton-force, which together make up the Number “N”. Due to
mechanical manufacture of axles and wheels, and to ensure that the pavements will not re-
ceive excessive point loads that might lead to its rupture, there are set weight limits for axle
set ups. In Brazil, the legislation on dimensions and weights of vehicles is Resolution n.2 12,
dated February 6, 1998, CONTRAN - National Traffic Council. Despite being established by
laws, not all roads are properly invigilated to assure these limits are being respected, such as
free access roads, roads with insufficient weighing scales for proper control or urban roads.
Although overweight axles may cause damage to vehicles, as well as high operation and
maintenance costs, depending on the profile of the conductors, it may be more common to
disrespect these limits, which shortens the life cycle of pavements.

This article aims to analyse and compare the effect on the life cycle of the pavement when
requested by single axle with single wheels, and single-axles, dual and triple tandem-axles
with dual wheels, when the axles have 20%, 35%, 50% and 70% overload Brazilian legal
values, according to the equivalences axles for AASHTO and USACE methods.

Keywords: Flexible pavement, axle load, overweight
1 Introduction

One of the most important parameters for the design of the structure of a pavement is the
vehicle traffic that uses the pavement. The traffic on a highway is composed of various types
of vehicles with different weights and axle configurations. The maximum weight for axles of
vehicles are determined by several factors, such as the strength of the mechanical compo-
nents and tires used in the vehicles. Otherimportant factor is the limits defined in the design
methods of the structures. By respecting the maximum weight, itis unlikely that the pavement
structure is requested by a concentrated load, higher than the pavement resistance, and able
to cause its rupture.

To ensure a safe maximum weight, the weight limits of vehicle axles are stipulated by law and
supervised by competent government agencies. In Brazil, the law establishing these limits is
the 12" Resolution, dated February 6, 1998, from the National Traffic Council - CONTRAN [1].
The supervision occurs in balances for commercial vehicles, usually located in the region next
the major highways. Table 1 shows the weight limits for each axle configuration, according to
Brazilian regulations.
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However, in developing countries such as Brazil, itis common to find vehicles with overweight
axles due to the large number of self-employed drivers, whose behavioral profile differs signi-
ficantly from logistics companies. For the self-employed drivers the short-term costs — such as
tolls and fuel — are more significant, and costs in the long-term — such as vehicle maintenance
—are less relevant because they have no immediate effect on the drivers’ budget, encouraging
the overloading of the vehicle, for example.

Table1 Maximum legal load according to axles configuration, as 12" Resolution (CONTRAN, 1988)

Axle Type Configuration Legal Maximum Load [kN]
Single Wheel Single-Axle (SWSA) 58.84
Dual Wheel Single-Axle (DWSA) 98.07

Dual Wheel Dual Tandem-Axle (DWDT) 166.71

—_— T 7 —
— e,

Dual Wheel Triple Tandem-Axle (DWTT) A 250.07

Another cause of the overload axles can be irregular distribution of the load on the vehicle,
accumulating it on only one axle, rather than distributing it. In these cases, in the checkpo-
ints, the driver is instructed to distribute the transported material, and the axles are checked
again, and the vehicle released only when the weights for each axle are within the allowed
limits. Overloading axles, besides bringing damage to vehicles and tires, will have an effect
on the pavement higher than the limits established in the design, which will accelerate the
deterioration of the pavement. If the overload is not sufficient to cause the pavement’s imme-
diate rupture, it is expected that the overweight accelerates the fatigue process, reducing the
pavement’s life cycle and therefore the number of requests supported by it.

2 Vehicle traffic

The vehicle traffic that the structure must support is quantified by the effect that various
vehicles with different axle configurations that use the stretch of the roadway cause in the
pavement. To enable the quantification, a fixed pattern vehicle is established. In the case
of road pavements, this is taken as the standard 80kN (or 18 kips) dual wheel single-axle.
Axles with different weights and configurations to the standard one have its effect on the
pavement expressed as a number of repetitions of the reference axle, these are called equi-
valent wheel load factors — EWLF [2]. In other words, the effects of the axles are recorded as
a number of the standard axles passes.

The sum of the equivalent wheel load factors in the axles of each vehicle multiplied by its
frequency in traffic flow within a certain period of time results in the number of requests that
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the pavement’s structure must support within the stipulated period. This value is called the
“Number N” and because that direct relationship with the amount of traffic that go on the
pavement in a period of time. It is also used as a measure of the life cycle of the structure.
In general, heavier axles represent a higher number of passages of the standard axles than
lighter axles, therefore the more vehicles with higher axle loads using the pavement structure;
the shorter it is expected to be the life cycle of the structure.

3 Equivalent Wheel Load Factors — EWLF

The equivalent wheel load factors (EWLF) usually refer to the effect of the vertical tension on
the bottom layer of the pavement, to the traction on the bottom fiber of the asphalt layer or
on its deflection; since these are the requests suffered by the pavement, which are closely
related to the fatigue of the structure. The most common factors are established by the pa-
vement design methods of the American Association of State Highway and Transportation
Officials — AASHTO and the U.S. Army Corp of Engineers — USACE.
The Traffic Studies Manual [3] from the National Department of Transport Infrastructure — DNIT,
the Brazilian Federal highway agency, presents equations to obtain the equivalent wheel load
factors from the methods cited.
For the USACE method, the general equation has the format shown in equation (1). The con-
stants “A” and “B” vary according to the load and type of the analysed axle, as shown in Table
2. “P” is the axle load in ton-force.

FC=AxP® M

For the AASHTO method, the general equation has the format shown in equation (2). The
constants “A” and “B” vary according to the type of the axle analysed, such as in Table 3. “P”
is the axle load in ton-force.

P B

Table 2 Constants used to obtain the equivalent wheel load factors for the USACE method

Axle Type Axle Load [kN] Constants
A B

Single or Dual Wheel Single-Axle 0-80 2.0782x10* 4.0175
(SWSA or DWSA) >80 1.8320 10 6.2542
Dual Wheel Dual Tandem-Axle 0-108 1.5920 x 10 3.4720
(OWDT) =108 1.5280 x 10 5.4840
Dual Wheel Triple Tandem-Axle 0-176 8.0359 x10° 3.3549
OwWT) 2176 1.3229 x 107 5.5789

Table 3 Constants used to obtain the equivalent wheel load factors for the AASHTO method

Axle Type Constants

A B
Single Wheel Single-Axle (SWSA) 7.77 4.32
Dual Wheel Single-Axle (DWSA) 8.17 4.32
Dual Wheel Dual Tandem-Axle (DWDT) 15.08 414
Dual Wheel Triple Tandem-Axle (DWTT) 22.95 4.22

ROAD PAVEMENT
CETRA 2016 — 4™ International Conference on Road and Rail Infrastructure

225



226

4 Overload axles

In this study, the adopted overloads were 20%, 35%, 50% and 70% of the Brazilian legal load
of single and tandem axles. Using equations (2) and (3), according to the axle load adopted,
the equivalent wheel load factors shown in Tables 4 to 7 were calculated.

Tables 4 to 7 show the absolute load on the overloaded axle and the proportion of the factors
according to those relating to statutory burden, which represent the growth of the factors in
relation to the overload of the analysed axles. The equivalent factors represent the number
of repetitions of the pattern of 80 kN axle in accordance with the method, type and load of
the axle. Figures 1and 2 present the results in a graphical form.

Table 4 Equivalent wheel load factors in overload axles — Single Wheel Single-Axle

Single Wheel Single-Axle (SWSA) Load [kN] Equivalent Factors Proportion

USACE AASHTO USACE AASHTO
Legal load 58.84 0.2779 0.3273 100.0% 100.0%
20% overload 70.61 0.5781 0.7195 208.0% 219.8%
35% overload 79.43 0.8806 1.1968 316.9% 365.6%
50% overload 88.26 1.7020 1.8867 612.4% 576.4%
70% overload 100.03 3.7232 3.2399 1339.7% 989.8%

Table 5 Equivalent wheel load factors in overload axles — Dual Wheel Single-Axle

Dual Wheel Single-Axle (DWSA)  Load [kN] Equivalent Factors Proportion

USACE AASHTO USACE AASHTO
Legal load 98.07 3.2895 2.3944 100.0% 100.0%
20% overload 117.68 10.2882 5.2634 312.8% 219.8%
35% overload 132.39 21.491 8.7547 653.3% 365.6%
50% overload 147.10 41,5370 13.80M 1262.7% 576.4%
70% overload 166.71 90.8655 23.6995 2762.3% 989.8%

Table 6 Equivalent wheel load factors in overload axles — Dual Wheel Dual Tandem-Axle

Dual Wheel Dual Tandem- Load [kN] Equivalent Factors Proportion

Axle (DWDT) USACE AASHTO USACE AASHTO
Legal load 166.71 8.5488 1.6424 100.0% 100.0%
20% overload 200.06 23.2346 3.4937 271.8% 212.7%

35% overload 225.06 44.3257 5.6893 518.5% 346.4%
50% overload 250.07 78.9932 8.8002 924.0% 535.8%

70% overload 283.41 156.9232 14.7753 1835.6% 899.6%

Table 7 Equivalent wheel load factors in overload axles — Dual Wheel Triple Tandem-Axle

Dual Wheel Triple Load [kN] Equivalent Factors Proportion

Tandem-Axle (DWTT) USACE AASHTO USACE AASHTO
Legal load 250.07 9.2998 1.5599 100.0% 100.0%
20% overload 300.08 25.7169 3.3670 276.5% 215.8%
35% overload 337.64 49.6127 5.5348 533.5% 354.8%
50% overload 375.10 89.3037 8.6338 960.3% 553.5%
70% overload 425.12 179.5252 14.6417 1930.4% 938.6%
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5 Comparison and analysis

The increase in equivalent wheel load factors studied for both design methods grows expo-
nentially, as shown in Figure 1, increasing with axle overload, as expected. The equivalent
wheel load factors to AASHTO method represent a smaller number of repetitions of the pattern
axle when compared to USACE method. In AASHTO method, the growth of its factors increa-
sing overload is similar in all the different axles compositions: by submitting an overload of
20% the factors are 2.1-2.2 times higher than the factor of the legal load and, analogously,
overloading 35% makes the factors 3.4-3.7 times higher, as 50% overload 5.3-5.8 times, and
finally, overloads 70% 8.9-9.9 times higher factors. That is, an overload of 70% of an axle in
any road configuration discussed represents the passage of nearly 10 times the axle passage
in its legal load, in the AASHTO method.

The equivalent wheel load factors to USACE method have similar values to those found for
the AASHTO method for simple wheels single axle (SWSA), as shown in Figure 2, which differs
from other axle configurations, particularly with the increased axle overload. The factors for
the USACE method are quite sensitive to the increased axle overload for the dual wheels axle
configurations.

Figure1 Equivalent wheel load factors in overload axles

Figure 2 Equivalent wheel load factors in overload axles — Single Wheel Single-Axle
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The axles in tandem type configurations, dual and triple tandem-axle, show growth of its
factors, in comparison to legal loads, in line with the growth of overload similarly. When the
overload is 20%, the factoris 2.7 times the legal load factor, while for 35%, 5.2-5.3; 50%, 9.2-
9.6; and with 70% overload, it is 18.3-19.3 times the factor of the legal load.

Although they present smaller USACE equivalent wheel load factors than tandem-axles, the
dual wheel single-axles (DWSA) for the USACE method presents the critical equivalent factor
growth with the axle overload. With 20% overload the wheel load factor at 3.1 times the one
for legal load, and when raised to 35% this multiplier rises to 6.5; when raised to 50% it
reaches 12.6 times and finally when it is raised to 70% overload, the factor is 27.6 times the
factor for the legal load.

6 Conclusion

This study concluded that axles overloading — once they present much larger equivalent wheel
load factors than its maximum legal load — will result in a traffic with a “Number N” as higher
as the frequency and overload of the axle. Consequently, the number of requests experien-
ced by the pavement can quickly approach the ‘Number N’ established when the structure
was designed, which will lead to its early fatigue and, therefore, reduce the life cycle of the
pavement.

References

[11 CONSELHO NACIONAL DE TRAFEGO — CONTRAN. Estabelece os limites de peso e dimensdes para
veiculos que transitem por vias terrestres. Resolugdo n.2 12, de 6 de fevereiro de 1998.

[2] Yoder, E.J., Witczak, M.W.: Principles of Pavement Design, Second edition, A Wiley-Interscience
Publication, Joh Wiley & Sons, Inc. New York, 1975.

[3] BRASIL. Departamento Nacional de Infra-Estrutura de Transportes — DNIT. Diretoria de Planejamento
e Pesquisa — DPP. Coordenacao Geral de Estudos e Pesquisa. Instituto de Pesquisas Rodoviarias —
IPR: Manual de Estudos de Trafego — Publica¢do IPR 723. Rio de Janeiro, 2006.

ROAD PAVEMENT
CETRA 2016 — 4" International Conference on Road and Rail Infrastructure



CETRA2°6 23-25 May 2016, Sibenik, Croatia
4th International Conference on Road and Rail Infrastructure

QUALITY ASSURANCE OF ASPHALT PAVEMENT

Denisa Cihlafova', Petr Mondschein?
" VSB- Technical University of Ostrava, Czech Republic
2(Czech Technical University in Prague, Czech Republic

Abstract

When laying asphalt layers, the compaction plays an important role. It also ensures the mu-
tual arrangement of the various parts of the asphalt mixture so that the mixture reaches the
optimal properties in terms of endurance, strength in terms of climatic conditions; thus gua-
ranteed the desired lifetime period of the layer. The degree of compaction is characterized by
the ratio of density found on the layer (destructive, non-destructive) and the reference volume
density (Marshall body, control production test of the given section). The paper analyses the
destructive and non-destructive methods for checking the degree of compaction of asphalt
layers. The data obtained during laying ACO 11+ 50 mm thickness. The volume density was
determined by using probes Troxler 3440, Troxler 2701 and from the boreholes in these given
locations. According to the analysis accuracy, the probe Troxler 2701 used to determine the
final degree of compaction of the construction asphalt layer and for the routine control of
compaction is not suitable.

Keywords: Asphalt mixture, compaction, quality control, destructive method, non-
destructive method, Nuclear Density Gauge, Electrical Density Gauges

1 Introduction

The asphalt is a significant building material used both in road constructions and in other
building purposes. The first references to using this building material go back to ancient ti-
mes. The boom of the usage starts at the beginning of 20" century with the expansion of the
petrochemical industry. Today, it is a widely used material and majority of road communica-
tions will not go without it. 97 percent of the road communications have an asphalt cover in
the Czech Republic (situation to 1t July 2014). Road asphalt layers make the upper part of the
non-solid road construction which is exposed to direct vertical and tangential wearing effects
of the vehicles, which are then transmitted to further layers of the construction. The upper
cover layer (abrasive) is immediately submitted to the effects of atmospheric and climatic
influences. Thus, the cover of the road should be waterproof, flat, and should have proper
anti-skid qualities so that safe, fast and comfortable drive is ensured. To meet these requi-
rements, it is necessary not only to ensure adequate building material, but also to keep the
technology of the construction, otherwise there could be various defects such as adhesion
failure among individual asphalt layers [4], and when talking about abrasive layers we mean
inadequate surface properties.

2 Compaction quality control of asphalt mixtures
A proper compaction of the asphalt mixtures is crucial for reaching the required properties
and ensuring the loading capacity, performance and length of life. By the compaction process,

the permeability of the mixture decreases, and by this the carrying capacity, weariness and
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rutting resistance increases. The extent of compaction depends to a certain level on the base,
type of mixture, thickness of layers, used compaction technology, and local conditions during
laying. A well-designed and managed compaction process is crucial in order to reach good
quality and long lifespan of the asphalt roads and vice versa; inadequate compaction leaves a
high percentage of air pores in the road complex of layers, which becomes sensitive to moistu-
re infiltration, oxidation and making of cracks [5, 11]. On the other hand, over-compaction will
result in very small amount of air pores in the construction layer, which could lead to asphalt
bleeding on the surface of the road in the construction layer during a summer season, or it co-
uld resultin a crushing of the aggregate, thus change of the mechanical qualities of the road,
orrather the construction layer. It follows that when the road is inadequately compacted, we
can see a non-standard degradation as a consequence of this, and so a decrease in its length
of life. From the above mentioned it follows that the problem of a compaction quality control
in the area of quality control or the field of quality assurance, is a highly important process.
The technology of compaction process is mainly determined empirically. However, there are
studies that try to predict the performance of a mixture during a compaction process in field
conditions by various models, see [6]. Finding of the adequate model would enable to design
the mixture so that after compaction in the given local conditions, the mixture would have
the required qualities. It is evident that the right design, choice of the aggregate and asphalt
binders significantly influence the quality of the mixture. Nevertheless, the final quality of
the finished road depends on the construction procedures and their control.The compaction
control is carried out by two ways, the destructive method (core holes) and non-destructive
methods NDG (Nuclear Density Gauge), or EDG method (Electrical Density Gauges). Globally,
there is a rise in research particularly in the area of non-destructive tests for determination
of the compaction degree, e. g. by using sensors FBG (fibre BraggGrating) [7] or by Intelligent
Asphalt Compaction Analyzer (IACA) which uses an artificial neuron net (ANN). By this ANN,
the estimated value of the road volume density under a roller during the compaction process
is obtained [8]. These two methods of finding the volume density could be characterised as a
continuous control of the compaction process; for now they cannot be used as a tool for pro-
ving the concordance with the final layer. Though, the advantages of the continuous method
cannot be denied. The study focuses on the examination of the achievable compaction quality
in the whole length of the roadway. It was discovered that the volume density of the layers
of the asphalt road accidentally changes during the compaction process, and it is caused by
the re-orienting the aggregate to a random complex structures. Thus, there is 1.9 % possible
difference in the density in the areas only 20 cm apart. The control principle of the finished
layers is described in the standard CSN 73 612, in the Czech Republic. The degree of the com-
paction is possible to control destructively on the boreholes, or after an agreement between
the ordering party and the contractor also by the non-destructive method. Depending on
the type of the asphalt mixture, the 96 or 98 % compaction degree is required. The asphalt
mixtures marked S must reach 98 % of the compaction density in average, and its compaction
density cannot decrease below 96 %. The compaction density of the asphalt mixtures with
the label + or “without any label” cannot decrease below 96 %.

3 Experiment

Individual methods for determination of the compacted volume density of the asphalt layer
differs from the point of view of time demands, technical equipment, calibration, principle
of determination of the volume density and its exactness. The aim of the experiment was to
conduct a comparison of the methods: destructive method, NDG and EDG.
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3.1 Destructive method

For obtaining core drill holes, the road core drilling machine 60-100 was used. Samples of
the 100 mm diameter were acquired by using this machine. After separating the layers, the
volume density was determined on the boreholes by using the procedure for a saturated dry
surface.

3.2 Nuclear Density Gauge (NDG)

Figure 1 Troxler 3440 on the refference block [10]

Measuring by this method was carried out by radio-metric set Troxler 3440. It is a transporta-
ble gauge for a fast determination of moisture, density and extent of compaction, especially
soils, concrete and asphalt surfaces without disturbing the construction of the measured
material. The measuring probe contains shielded Cs 137 source of the 0.3 GBq activity and
241Am/Be of the 1.48 GBq activity. The weight of the NDG is 13 kilograms. Before every mea-
surement, it is necessary to determine the daily calibration response, i.e. radiation intensity.
Every 2 years the gauge needs to be inspected long-life stability in the certified laboratory;
moreover it is necessary to record monthly dose neutron equivalents of the operators, which
are continuously assessed in the national personal dosimetry service. The operators must be
trained for work with a radioactive material Fig. 1.

3.3 Electrical Density Gauges (EDG)

The non-nuclear sensing device Troxler 2701-B, Pave Tracker TM was used for the measure-
ment. This device is using electromagnetic density indication. The PaveTracker Plus does not
contain any radioactive material, and so there is no need forany licence orany special training
for operating this gauge. Its weight is approximately 6 kg. A regular calibration every 2 years
must be executed in a certified laboratory as well Fig. 2.

Figure 2 Troxler 2701-B, PaveTrackerTM [10]
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3.4 Course of experiment

The selection of the assessing parameters was chosen in order to make the mutual compari-
son of individual methods possible. Parameters (time for measurement preparation, time of
measuring, volume density assessment time, and other costs) were found out when recon-
structing roads in real traffic of the construction and from personal experience. For evaluation
of the exactness, at one place the measuring NDG and EDG in both positions was carried
out, and at the same place drilling was executed. Data obtained by this measurement were
subsequently divided into two evaluating files, which had the same input attributes of the
constant thickness and composition of the laying mixture; the measured volume density obta-
ined from the drill was taken as a reference value.

3.5 Evaluation exactness

Measuring the level of compaction by all three methods was carried out on five individual
sections on the abrasive layers, see Table 1. The compaction intensity is determined as a
ratio of the compacted volume density determined on the construction layer and reference
volume density determined on the Marshall test body, i.e. cylinder test body. In case of the
destructive method, the volume density of the drill and Marshall body are determined by the
same method, by using hydrostatic scales. Which means that this method can be considered
to be a standard method that has the highest informative value. Both the above described
non-destructive methods were compared with the destructive method.

Table1 Measured sections overview

Section Communication Construction Layer thickness  Asphalt mixture
No. layer [mm]

1 l1l/4673 Stitina — D&hylov abrasive 50 ACO 11+

2 I1/467 Stitina — Kravate — Stepankovice abrasive 50 ACO 11+

3 I1/467 Stitina — Kravare | part abrasive 50 ACO 11+

4 11/467 Kravare — St&pankovice Il part abrasive 50 ACO 11+

5 I1/467 St&pankovice — Kobiefice Il part abrasive 50 ACO 11+

The basic statistical parameters of the compacted volume density and the compaction inten-
sity of the compared sections are given in the Table 2. We can conclude that the volume den-
sity variance is the smallest in all five assessed cases when determining the boreholes. The
difference is by one third smallerwhen comparing with the non-destructive method by Troxler
3440. At the section number 5, the difference between maximal and minimal measured vo-
lume density at the boreholes is four times smaller than by the Troxler 3440 measurement.
The Troxler 2701 probe measurement displayed much worse results. The same results can
be concluded when comparing compaction intensities determined by three methods. The
difference between the compaction density determined on the boreholes and the Troxler 3440
probeis atindividual sections equal to: No.1+0.8 %, No. 2 +0.6 %, No. 3 — 1.5%, No. 4 = 1.7%,
No.5 — 0.8%. The difference between compaction density determined on the boreholes and
the Troxler 2701 probe is substantially higher, it reaches even ca. 6 %.

The compaction density assessment with the demand of the norm CSN 73 6121, which requ-
ires minimal compaction intensity of 96 % for the mixture ACO 11is displayed in the Table 3.
During checking tests carried out on the holes, it was possible to state that all five sections
were compacted enough in their whole lengths. When evaluating the compaction density by
the non-destructive probe Troxler 3440, exactly the same result can be concluded. When asse-
ssing the compaction density by the non-destructive probe T 2701, the number of satisfactory
measurement was 23 out of 55.
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Table 2 Statistical assessment of the volume densities and compaction degree

Section No. of Volume density in [kg/m?] Compaction intensity [%]
No. measure- Troxler Troxler Bore Troxler Troxler Bore
ment 3440 2701 hole 3440 2701 hole

1 8 min. 2261 2089 2294 96,6 89,3 98,0
mean 2301 2187 2319 98,3 93,5 99,1
max. 2356 2302 2357 100,7 98,4 100,7
min. —max. 95 213 63 4,1 9,1 2,7

2 7 min. 2258 2078 2274 96,3 88,7 97,5
mean 2287 2192 2301 97,6 93,5 98,2
max. 2328 2305 2324 99,8 98,8 99,2
min. —max. 70 227 50 3,5 10,1 1,8

3 10 min. 2284 2259 2274 97,9 96,8 97,5
mean 2328 2286 2292 99,8 98,0 98,3
max. 2365 2331 2310 10,4 99,9 99,1
min. —max. 81 72 36 3,5 3,1 1,6

4 14 min. 2250 2214 2284 96,1 94,5 97,5
mean 2335 2260 2296 99,7 96,5 98,0
max. 2393 2306 2323 102,2 98,4 99,2
min. —max. 143 92 39 6,1 3,9 1,7

5 16 min. 2284 2128 2309 96,9 90,2 97,9
mean 2313 2170 2317 98,1 92,0 98,2
max. 2 345 2206 2324 99,4 93,6 98,6
min. - max. 61 78 15 2,5 3,4 1,7

Table3 Compaction density comparison with the standard requirements and mutual comparison of CD

Section  No. of No. of measurements with CD 2 96 % CD borehole » CD borehole »
No. Measurement 13440 T2701 Borehole CD Troxler 3440  CD Troxler 2701
1 8 8 2 8 7 7

2 7 7 1 7 5 6

3 10 10 10 10 1 6

4 14 14 10 14 1 12

5 16 16 0 16 10 16

3.6 Multi-criteria evaluation

In order to determine the density, the quantitative method of pair comparison (the Saaty’s
method) was used. The degree of importance of individual criteria was determined on the
basis of empiric experience of the authors, see Table 4. To determine the order of advantages
of individual methods from the point of view of the chosen criteria, the method of the Weight
sum product — WSA was used, see Table 5.
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Table 4 Pair preference of the criteria
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Measurement accuracy 1 9 9 9 9 9 9 9 9 9 9 9 9
Price 1 measurement 179 1 5 7 5 9 9 7 9 9 9 9 9
Equipment price 179 1/5 1 7 5 9 5 5 5 7 5 9 9
Price adjustment 19 17 17 1 1/3 5 13 1/5 1 1 1/5 1/5 1
Time measurement 19 1/5 1/5 3 1 9 7 5 5 7 5 9 9
Time calibration 179 1/9 19 1/5 1/9 1 Y7 /9 7 /5 17 19 1/3
Activation time 179 1/9 1/5 3 17 7 1 15 1/7 1/5 3 3 3
Time finding density 19 17 1/5 5 15 9 5 1 5 7 5 9 9
Mainentance 179 1/9 1/5 1 15 7 7 1/5 1 1 15 3 3
Energy 19 1/9 1/7 1 17 5 5 1/7 1 1 1/5 1 1
Additional equipment 179 1/9 1/5 5 15 7 13 1/5 5 5 1 5 9
Weight 179 19 1/9 5 19 9 1/3 19 1/3 1 1/5 1 1
Other 179 19 1/9 1 179 3 1/3 19 1/3 1 179 1 1
Table 5 Multi-criteria method evaluation of the volume density determination on construction
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Troxler 3440 0,8 09 09 0 0,9 0 0,8 0,8 0,6 1 1 0,8 0,8 0,8 1
Troxler 2701 0 1 1 1 1 1 1 0,9 1 1 1 0,9 0,8 0,72 2
Drill Core 1 0 0,3 1 0 1 o1 01 08 08 08 0 0,5 0,44 3
Scales 0,28 0,18 0,12 0,02 0,09 0,01 0,02 0,18 0,03 0,02 0,04 0,02 0,01

The order assessed by the WSA method is as follows, the most suitable method of the volume
density determination according to the chosen criteria was the Troxler 3440 machine. Even
though the exactness was unsatisfactory, The Troxler machine 2701 is the second most suita-
ble method. The third place is taken by the method of volume density determination by using
core holes. This destructive method is necessary especially when handing the construction
for determination of the layerthickness and their connections. According to the standard, the
core holes are carried out every 1,500 m?. It is without doubt that by this method we obtain
the most reliable values of the volume density; still this method is both equipment and time-

demanding.
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4 Conclusion

From the analysis of the measured results of the compacted volume densities, or more pre-
cisely the compaction degree, we can state that the biggest informative value has the deter-
mination of the compaction intensity by the destructive method on the boreholes. In case of
resolving tests it is possible to use only this method. The non-destructive method, when the
compaction degree is determined by the Troxler 3440 machine, is feasible in the process of
compacting, and even when controlling the work performed. The results of the compaction
intensity can differ from the real degree by ca 1%. When measuring the degree of compaction
by radio-metric probe, it would be advisable that the obtained compaction degree was on the
level 0of 99 %, or rather 97 % depending on the type of the asphalt mixture. From the presented
results, we can state that the second machine, i. e. Troxler 2701 probe does not reach suffi-
cient exactness, not even the repeating measurement. It is neither possible to recommend
it for the determination of the final compaction degree of the construction asphalt layer, nor
for the continuous inspection of the compaction.
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Abstract

Unbound granular base layer plays a significant role in the overall performance of the pave-
ment structure. It provides structural support for the upper pavement layers, contributes to
load distribution and acts as frost protection layer. Traditionally this layer is built with high
quality natural aggregate. However, as the sources of natural aggregates are becoming incre-
asingly scarce, engineers are examining the possibilities of using recycled materials. The
most widely used recycled material in pavement construction is reclaimed asphalt pavement
(RAP) and its possible application in unbound granular base layer has been investigated
since the mid-1990s. Previous studies confirmed that RAP can be a suitable replacement for
natural aggregate, but there is major concern regarding the impact of seasonal variations in
environmental factors on its properties.

The paper analyses effect of changing moisture conditions and freeze-thaw cycling on bea-
ring capacity of natural aggregate (limestone and gravel) and its mixtures with varying RAP
percentages (20, 35 and 50%). Bearing capacity was determinate by laboratory CBR tests
on samples prepared by modified Proctor compaction at optimal moisture content. Three
samples for each mixture were prepared and tested after different curing conditions. First
sample was tested immediately after compaction, second after 96 hours soaking in water
and third after 14 freeze-thaw cycles. Base on the obtained results it can be concluded that
the impact of changes in moisture content and freeze-thaw cycling is largely depended on the
type of natural aggregate. Increasing RAP content for mixtures with limestone decreases their
sensitivity to changes in moisture content and freeze-thaw cycling. For mixtures with gravel
increasing RAP content increases their sensitivity to changes in moisture content and does
not affect their sensitivity to freeze-thaw cycling.

Keywords: unbound granular layer, bearing capacity, reclaimed asphalt pavement, moisture
content, freeze-thaw cycling

1 Introduction

Natural aggregates are by far most widely used materials in construction. Approximately 20%
of annual aggregate production in Europe, that amounts 2.6 billion tons, is used in the con-
struction of transport infrastructure. Most of the aggregates, about 87%, come from quarries
and gravel pits, while the rest comes from marine dredged and industry (5%) or by recycling
construction and demolition materials (8%) [1]. Such trend in aggregate production and tran-
sport infrastructure construction leads to increase depletion of natural aggregate resources.
At the same time, we are faced with disposal of large quantities of construction and demoliti-
on (C&D) waste, which in 2012 amount 33% of total waste generated in EU [2]. Because of the
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large amounts of C&D waste that are generated and its high potential for reuse (up to 90%) [3]
itis necessary to explore new ways for its utilization. Among C&D waste materials one of the
most often used recycled materials in pavement construction is reclaimed asphalt pavement.
Reclaimed asphalt pavement (RAP) is primary used as replacement for natural aggregate in
asphalt mixtures. However, with regard to upper limits of RAP allowed in asphalt mixtures as
well as other requirements placed on asphalt mixtures there are still significant amounts of
RAP that cannot be utilized in this manner [4]. To avoid disposal of RAP to limited landfills
engineers are investigating its possible application in unbound granular base layer as a repla-
cement for natural aggregate. Research conducted so far indicate that use of RAP in unbound
base layer is technically viable alternative [5, 6]. However, despite the increased acceptance
of RAP/natural aggregate mixtures as unbound base material, limited information’s and con-
flicting reports are available regarding the effect of seasonal frost conditions on RAP proper-
ties [7, 8]. Most of research is based on the comparison of materials resilient modulus values
before and after freeze-thaw conditioning. Wu [9] and Attia and Abdelrahman [10] reported
that resilient modulus of RAP increases after freeze-thaw cycles. It was assumed that the main
reason for increase in resilient modulus was decreased in moisture content during sample
conditioning and/or testing. In contrast to them, Bozyurt et al [7], Soleimanbeigi et al [8] and
Shadivy [11] reported decrease in resilient modulus after freeze-thaw cycles as a result of
particle degradation and progressive asphalt-binder weakening. Because of differences in
materials and freeze-thaw conditioning, as well as in methods used to determine resilient
modulus it is not possible to make a comparison between conducted researches.

The objective of research presented in paper is to evaluate effect of moisture content and
freeze-thaw cycling on bearing capacity of RAP/natural aggregate mixtures. The CBR values
of mixtures were determinate on samples at optimum moisture content, water saturated sam-
ples and samples exposed to freeze-thaw cycles.

2 Experimental considerations

Laboratory test program was divided in three parts; design of RAP/natural aggregate mixtures,
determination of compaction characteristics and determination of California bearing ratio on
samples exposed to different curing conditions.

2.1 Mixture design

Research was conducted on mixtures of natural aggregate and reclaimed asphalt pavement.
In the mixtures type of natural aggregate (crushed limestone or river gravel) and percentage
of RAP (0%, 20%, 35% and 50%) were varied.

In order to obtained mixtures that meet CRO requirements [12] for unbound base aggregate
portion of RAP was replaced with different fractions of crushed limestone or river gravel.
Since the bearing capacity and sensitivity to frost action is strongly influenced by gradation,
two distribution curves were selected for designed mixtures, one for mixtures of RAP with
crushed limestone (labelled LRAP%) and other for mixtures of RAP and river gravel (labelled
GRAP%). According to designed composition eight mixtures were produced and their particle
size distribution was determined in accordance with HRN EN 933-1[13]. Results of particle size
distribution test and CRO gradation requirements are shown in Table 1. In addition to particle
size distribution, geometrical characteristics of the mixtures such as maximum particle size
(d__), coefficient of uniformity (C ) and percentage of fines (< 0.02 mm) were also determined

max

(Table 2).
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Table1 Mixtures particle size distribution and CRO gradation requirements

Mixture label LRAPO  LRAP20 LRAP35 LRAP50 GRAPO GRAP20 GRAP35 GRAP50 CRO req.
Sieve size [mm] Percentage passing [%]

31.5 100 100 100 100 100 100 100 100 73-100
22.4 91.64 94.23 94.80 92.03 93.57 91.96 91.75 90.61

16.0 83.25 83.03 81.74 76.74 84.09 80.27 81.14 78.69 54-90
8.0 70.46 66.75 61.88 54.37 61.54 60.34 61.74 61.33 40-75
4.0 52.49 47.24 47.24 41.93 40.52 42.66 44.64 44.13 29-60
2.0 34.68 30.57 31.88 28.81 30.15 31.15 30.10 31.36 20-48
1.0 20.80 18.07 18.44 17.13 25.50 25.75 23,00 24.65 13-38
0.500 12.89 11.18 11.25 10.28 22.04 22.05 19.02 20.57 7-28
0.250* 8.49 7.34 7.27 6.61 11.90 12.34 9.76 .41 3-20
0.125* 6.03 5.13 5.03 4.56 1.92 2.26 1.58 214 2-15
0.063 5.46 4.69 4.66 4.20 0.89 114 1.10 114

*CRO requirements regulates passing through sieve size 0.2 and 0.1 mm

Table 2 Mixtures geometrical characteristics

Mixture label LRAPO LRAP20 LRAP35 LRAP50 GRAPO GRAP20 GRAP35 GRAP50
d_ [mm] 315 315 315 315 315 315 31.5 315
C,=d./d, 16.87 1576 1778  20.83 3412  35.88  29.65  33.29
Fines [%] 3.28 3.28 .28 3.28 <0.89 .14 <1.10 114

As it can be seen in Table 1all mixtures meet CRO gradation requirements. Maximum particle
size for all mixture was 31.5 mm which is less than the maximum allowed 63 mm. Coefficients
of uniformity were between 15 and 50 for mixtures with crushed limestone, i.e. 15 and 100
for mixtures with river gravel. Maximum percentage of fines (< 0.02 mm) was 3.28% which is
within tolerance limits of CRO specifications. Based on presented results it can be concluded
that in terms of particle size distribution and geometrical characteristics RAP/natural aggre-
gate mixtures are suitable for application in unbound base layers.

2.2 Compaction characteristics

Compaction characteristics, optimum moisture content (OMC) and maximum dry density
(MDD) were determinate by modified Proctor compaction test according to HRN EN 13286-2
[14]. Given the maximum particle size of 31.5 mm, mixtures were compacted with a 4.5 kg

rammer in large Proctor mould (B). Results of modified Proctor test are shown in Table 3.

Table 3 Mixtures optimum moisture content and maximum dry density

Mixture label LRAPO LRAP20 LRAP35 LRAP50 GRAPO  GRAP20 GRAP35 GRAP50
OMC [%] 3.8 4.9 4.6 5.2 2.4 2.9 3.3 3.6
MDD [Mg/m?] 2.16 2.13 2.06 2.04 2.22 2.15 2.1 2.12

As it can be seen in Table 3, increase in RAP content results in increase of optimum moisture
content and decrease of maximum dry density for all mixtures regardless to the type of natural
aggregate. Increase in optimum moisture content may be due to increase in percentage of
fines during compaction [15] and decrease in maximum dry density is a result of lower specific
gravity of RAP than natural aggregate [16].
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2.3 Laboratory CBR test

Laboratory CBR test was conducted in accordance with HRN EN 13286-47 [17], on samples
compacted by modified Proctor method at optimum moisture content. For each mixture three
samples that were exposed to different curing times and conditions before testing were pre-
pared (Fig. 1).

Figure1 CBR samples at different stages of conditioning (left, middle) and testing (right)

First sample was tested immediately after compaction as to determine CBR value at optimum
moisture content. Second sample was placed in an immersion tank filled with water, at room
temperature (20 + 2 °C). Pressure gauge was mount on the CBR mould to measure sample
vertical expansion, e.g. swelling (Fig. 1, left). Sample was then left to soak in water for 96
hours during which expansion was recorded for every 0.05 mm. On completion of soaking
sample was removed from a tank and allowed to drain for 15 minutes before testing. Third
sample was placed in cooler with automatic program for freezing and thawing cycles (Fig. 1,
middle). One cycle consisted of freezing at -15 °C for 16 hours and 8 hours of thawing at +20
°C.Inthawing stage cooler was filled with water to a height of about 5 cm to simulate capillary
rise of water. After 14 cycles sample was removed from cooler and left to thaw for 24 hours
at room temperature before testing. During 24 hours of thawing, end caps were place on the
mould and sealed with tape to prevent water loss by evaporation.

3 Results and analysis

The results of CBR test for all tested mixtures and curing conditions are summarised in Table 4.
As it was expected from previous studies [15, 16, 18] the CBR value of the mixtures decreases
with an increase in RAP content and the rate of decrease depended on the type of natural
aggregate. The effect of sample conditioning, changes in moisture content and exposure to
freeze-thaw cycles, on bearing capacity of tested mixtures will be analyzed separately.

Table 4 Results of CBR test

Mixture label LRAPO  LRAP20 LRAP35 LRAP50 GRAPO GRAP20 GRAP35 GRAP50
CBR,, [%] 185 74 44 36 110 85 73 53
CBR,,, [%] 129 62 40 27 75 53 44 29
CBR,, [%] 17 54 31 22 28 17 14 12
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3.1 Effect of moisture content

Change in moisture content of the samples from optimum to saturate resulted in decrease of
CBRvalue (ACBRMC) for all tested mixtures. This decrease was calculated as:

1- BRasn | 100[%] )

omc

ACBR,, =[

Where:
CBR,,c — is CBRvalue of samples tested at optimum moisture content,
CBR,,, — is CBRvalue of samples tested after 96 hours soaking in water.

Effect of moisture content on CBR value largely depends on the type of natural aggregate
(Fig.2). For mixtures with crushed limestone the largest decrease was obtained on those wit-
hout RAP, followed by the reduction in decrease for mixtures with 20% and 35% of RAP, and
slightly increases for mixtures with 50% of RAP. On mixtures with river gravel smallest decre-
ase was obtained for mixtures without RAP followed by continuous increase with increase in
RAP content.

Figure 2 Decrease of CBR value caused by change in moisture content in relation to RAP content

3.2 Effect of freeze-thaw cycles

Exposure of samples to freeze-thaw cycles resulted in decrease of CBR value (ACBR_) for all
tested mixtures. The decrease was calculated as:

ACBRH:[1 CBRy x100[%] )
omcC

Where:

CBR,,c — is CBRvalue of samples tested at optimum moisture content,

CBR, - is CBRvalue of samples tested after 14 freeze-thaw cycles.

As it is shown on Fig. 3, decrease in CBR value largely depends on the type of natural aggre-
gate. For mixtures with crushed limestone the largest decrease was obtained on mixtures
with 50% of RAP and the lowest on those with 20%. Mixtures with 20% and 35% of RAP had
slightly lower decrease in CBR value compared to 100% crushed limestone mixtures. For all
RAP/river gravel mixtures decrease in CBR value after freeze-thaw cycles was of a comparable
level regardless of RAP content.

ROAD PAVEMENT
CETRA 2016 — 4™ International Conference on Road and Rail Infrastructure

241



242

Figure 3 Decrease of CBR value caused by freeze-thaw cycles in relation to RAP content

4 Conclusion

Application of RAP in unbound base layers would result in significant economic benefits, sub-
stantial reduction in RAP material disposed on landfills and preservation of natural aggregate
resources. A major concern in using RAP as an unbound base layer is influence of changing
seasonal conditions on its properties. To investigate the effect of change in moisture content
and freeze-thaw cycling on RAP/natural aggregate mixtures laboratory CBR test was perfor-
med on mixtures of natural aggregate (limestone or gravel) with varying RAP percentages (0,
20, 35 and 50%) exposed to different curing conditions.

Both, the effect of change in moisture content and the effect of freeze thaw cycles on mixtu-
res bearing capacity largely depended on type of natural aggregate. RAP/crushed limestone
mixtures were less sensitive to change in moisture content compared to crushed limestone
mixture without RAP. For RAP/river gravel mixtures increase of RAP content resulted in an
increased sensitivity of mixtures to changes in moisture content. Regarding the effect of free-
ze-thaw cycles it can be concluded that RAP/crushed limestone mixtures are less sensitive to
freeze-thaw cycles if the RAP content is below 50%. For RAP/river gravel mixtures freeze-thaw
cycles resulted in reduction of bearing capacity with an average 80% decrease of CBR value.
This decrease was not affected by change in RAP content.

RAP/crushed limestone mixtures are suitable for the application in unbound base layers since
they are less sensitive to changes in moisture content and freeze-thaw conditioning. However,
as these mixtures have lower bearing capacity than mixtures without RAP, their main appli-
cation would be for low volume roads with thinner asphalt layer where unbound base layers
are more exposed to freeze-thaw cycles. Application of these mixtures in high volume roads
requires additional testing as well as adjustment of current technical regulations in the field
of unbound base layers.
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Abstract

Demand for sustainable pavements increases day by day in asphalt paving industry. Efficient
utilization of raw materials along with the economic issues is the main reason to increase the
amount of Reclaimed Asphalt Pavement (RAP) in bituminous mixtures. Since RAP is essenti-
ally aged material, it is considered not to behave like a fresh pavement. Hence, many resear-
chers have tried to seek forinnovative technologies in order to enhance RAP characteristics to
utilize it over again. The objective of this study is to investigate the influence of Waste Engine
Oil (WEO) on properties of RAP and therefore to determine the optimum amount of RAP in or-
der to achieve desired characteristics of mixture. In this study the mixtures including various
contents of RAP, modified with optimum WEO content, were prepared together with control
mixtures. Mixture characteristics such as airvoid contents and Marshall Stability and Flow va-
lues were determined to be checked with specification requirements. Indirect Tensile Strength
(ITS) values were accordingly measured for mixtures containing high possible amounts of RAP
modified with WEO and control specimens. Based on the developed evaluation indices (as the
ratio of ITS results of RAP containing specimens modified with WEO to ITS results of control
specimens) comparisons were made. The results showed that the use of WEQ, as a rejuvena-
tor for mixtures containing RAP, enhanced the amount of RAP used in bituminous mixtures.

Keywords: asphalt recycling, reclaimed asphalt pavement, rejuvenator, waste engine oil,
indirect tensile strength

1 Introduction

Recycling of bituminous materials has generated considerable discussion and development
during the last decades. Although it is not a new idea, recent studies appear to be in respon-
se to the need of many countries to reduce their dependency on imported crude oil and the
derivative product known as bitumen.

Many recent technologies introduce innovative methods for recycling of Reclaimed Asphalt
Pavement (RAP). There are many fields of use for RAP from using it as backfill materials to
implementation it within pavement superstructure courses. It is important to designate the
most valuable field of recycling for RAP. Many studies have addressed many areas of utilizati-
on for RAP beside the optimum amount within the mentioned area [1]. Worldwide in addition
to science world, within the high petroleum prices period, private sector has developed many
methods in order to use RAP with high possible amounts [2]. Although private sector techno-
logies are controlled and confirmed by authorities in accordance with specifications, these
technologies are not accessible to the public due to know-how excuses.
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Allegedly the United States of America and many other countries have led the technologi-
cal development of modern recycling methods for RAP. While recycling is not practiced nati-
onwide in USA, now it has become a common practice in many states. Other countries which
seem to be interested in developing of recycling processes include Germany, France, Finland,
India, South Africa and Turkey [3].

RAP contains both aggregates and bitumen, and hence it saves natural resources while it is
and eco-friendly technology [4]. The use of RAP provides an economical solution for paving
since it helps saving of both aggregates and bitumen within the new flexible pavement [4].
Therefore, the more the implementation of RAP, the more economical and sustainable pave-
ments are achievable.

Recycling methods can generally been categorized as Cold and Hot recycling [1]. Cold recycling
of bituminous mixtures involves RAP, water and a recycling agent in place without applying
heat generally by use of emulsions since hot recycling implements heat and generally
recycling agents in presence of heat. Both methods can be conducted in production plant or
in-place. The common point in most recycling methods is the presence of a recycling agent
which paves the way for easier application.

Use of rejuvenators also called recycling agent is one of the most famous methods introduced
to facilitate the use of RAP especially within the upper surfaces of flexible pavements such as
binderand surface courses [3]. Various kinds of rejuvenators have been introduced to asphalt
recycling field so far, some commercialized and some still remained within the literature.
These kinds of rejuvenators mostly are used within hot recycling applications. Many of reju-
venators have oily base, since it is believed that aged asphalt lacks the oily component of
bitumen during the service life of bituminous pavements [5]. The bitumen is generally defined
as a colloid system in which asphaltenes take role as the dispersed phase and maltenes as
the continuous phase [6]. The evaporation and removal of oily constituents (mainly as malte-
nes) plays an important role in aging process of bitumen [7]. It is known that without using of
rejuvenators, recycling results in a stiffer and accordingly brittle pavement [8].

Shen et al. (2007) evaluated the using of rejuvenating agents on Superpave mixtures conta-
ining RAP. It is reported that the mechanical properties of mixtures involving RAP and rejuve-
nating agent were improved. Additionally, more amount of RAP could be included within the
Superpave mixtures by use of oily based rejuvenators [9].

Asli et al. (2012) investigated the feasibility of waste cooking oil as rejuvenator for recycled
mixtures. Authors indicated that the use of waste cooking oil rehabilitated the properties of
aged bitumen. It is said that the rejuvenated binder behaved similar to virgin binder in terms
of penetration and softening point. The researchers also claimed more amount of RAP within
the recycled mixture could be available by implementation of waste cooking oil [10].

Yu et al. (2014) implemented waste vegetable oil and an aromatic extract in order to rejuvena-
te the aged bitumen. The rejuvenator was used to enhance the rheological properties of the
aged binder. It is reported that the use of these agents could modify the chemical structure
of the aged binder and thus the mechanical behaviour as well. The researchers evaluated
the samples at both macro- and micro-scales and found out that characterization of rejuve-
nating impact on aged binders could gain the advantage of improved recycling of bituminous
materials [11].

In another study, high temperature properties of rejuvenating recovered binder with waste
cooking and cotton seed oils was examined [12]. Authors employed the waste cooking and
cotton seed oils for rejuvenation of RAP. They reported that use of these rejuvenators could
reduce the viscosity value and fail temperature of aged binders. Besides, the rheological
studies unveiled an increase of phase angle in rejuvenated binders. The results also proved
that, selecting the optimum dosage of rejuvenator can recover the rutting performance of
aged binder substantially [12].
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Ongel and Hugener (2015) also discovered that the use of rejuvenators can recover the origi-
nal rheological properties of aged binders to a large extent. The authors claimed that 100%
recycling can be a solution for environmental problems under favour of rejuvenators [13].
Nayak and Sahoo (2015) tried two kinds of local oil for rejuvenating aged binders. Panogamia
oil and composite castor oil were employed within this study. The rheological evaluation of
effect of these rejuvenators on aged binder represented that, these oils are capable of enhan-
cing both rutting and fatigue properties of aged binders [14].

When it comes to Waste Engine Qil (WEO), what literature survey brings to light is that WEO
is also amongst the addressed oily based rejuvenators [15], [16]. Zaumanis et al. investiga-
ted the performance properties of RAP binder and 100% recycled asphalt mixtures with six
different rejuvenators. WEO was employed in order to enhance RAP binder within the scope
of this study as well. The authors reported improvement in many aspects such as reducing
the performance grade of rejuvenated RAP binder to the level of virgin binder, passing rutting
requirement, enhancing of mixture cracking resistance and improved workability for rejuve-
nated mixtures [15].

WEO was similarly employed within another study conducted by Jia et al. (2015) in order to
investigate its influence on the rheological properties of RAP binder as well as fatigue pro-
perties of HMA containing RAP. It was reported that the use of WEO within HMA involving RAP
can offset the increase of stiffness imposed by aged RAP binder. The authors claimed limited
enhancements on fatigue properties of the mixtures containing RAP by use of WEO [16].

The utilization of WEO and it efficiency as stated in literature is the keystone to perform this
study so as to investigate its employability with RAP. The objective of this study is to evaluate
and establish the rejuvenating effect of WEO, as well as determining the optimum dosage
and accordingly utilizing WEO in rejuvenation of RAP to take advantage of high RAP contents
within the recycled bituminous mixtures.

2 Experimental
2.1 Materials

50/70 penetration grade virgin binder provided from Aliaga/lzmir petroleum refinery was
used within the scope of this study. This penetration grade is used in the area in accordance
with Turkish specifications. In order to characterize the properties of the virgin binder, con-
ventional tests such as: penetration test, softening point test, Rolling Thin Film Oven Test
(RTFOT) and etc. were conducted. These tests were performed in conformity with the relevant
standards. Results are presented in Table 1.

Table1 Properties of virgin binder

Test Specification Results Specification limits
Penetration (25 °C; 0.1 mm) TSEN 1426 63 50-70
Softening point (°C) TSEN 1427 49.7 46-54
Viscosity at (135 °C)-Pa.s ASTM D4402 0.425 -
Viscosity at (165 °C)-Pa.s ASTM D4402 0.1 -

Rolling Thin Film Oven (163 °C) TS EN 12607-1

Change of mass (%) 0.05 0.5 (max)
Retained penetration after RTFO (%) TSEN 1426 74 50 (min)
Softening point rise after RTFO (°C) TS EN 1427 4.5 7 (max)
Specific gravity ASTM D70 1.038 -

Flash point (°C) TS EN 22592 +260 230 (min)
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Limestone aggregates provided from Dere Madencilik / Izmir quarry were employed in mixtu-
re tests. The properties of the limestone aggregate specifications such as specific gravity,
Los Angeles abrasion resistance, sodium sulphate soundness, fine aggregate angularity and
flat and elongated particles are presented in Table 2. Gradation of aggregate was chosen in
conformity with the Type | wearing course of Turkish Specifications. Table 3 presents the final
gradation table chosen for mixture.

Table 2 Properties of limestone aggregate

Test Specification Result Specification limits
Specific gravity (Coarse Agg.) ASTM C 127 -

Bulk 2.704 -

SSD 2.717 -

Apparent 2.741 -

Specific gravity (Fine Agg.) ASTM C 128

Bulk 2.691 -

SSD 2.709 -

Apparent 2.739 -

Specific gravity (Filler) 2.732 -

Los Angeles abrasion (%) ASTM C 131 22.6 max. 30
Flat and elongated particles (%) ASTM D 4791 7.5 max. 10
Sodium sulphate soundness (%) ASTM C 88 1.47 max. 10-20
Fine aggregate angularity ASTM C 1252 47.85 min. 40

Table 3 Gradation table

Sieve size/No. Gradation [%)] Specification Specification limits [%]
19 mm. 100 100

12.5 mm. 92 83-100

9.5 mm. 73 70-90

No.4 44.2 Type | wearing course 40-55

No.10 31 (Turkish Specification) 25-38

No.40 12 10-20

No.80 8 6-15

N0.200 5.3 4-10

RAP was provided from a reclaimed type | wearing surface course subjected to regular and
heavy traffic loads for a period of 12 years. 16 x 1000 gr. batch samples were selected randomly
by a random separator and tested for determination of binder content and gradation. Based
on the extraction test results, the binder content was found as 4.30 % within the available
RAP. RAP binder was extracted by means of a centrifuge extractor and distilled by a distillatory
setting to obtain RAP binder. Following the determination of the RAP binder content, sieve
analysis was performed on the extracted aggregates. The gradation table for RAP is given in
Table 4. The conventional binder test results for extracted RAP binder are presented within
the Table 5.
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Table 4 Sieve analysis of RAP

Sieve No Retained [%] Passing [%] Spec. limits [%]
19 mm 0 100 100

12.5 mm 1.6 98.4 83-100

9.5 mm 101 89.9 70-90

No.4 45.9 54.1 40-55

No.10 69.8 30.2 25-38

No.40 86.5 13.5 10-20

No.80 91.18 8.82 6-15

No.200 94.17 5.83 4-10

Table 5 Properties of RAP binder

Test Specification Results
Penetration (25 °C; 0.1 mm) TSEN 1426 38
Softening point (°C) TS EN 1427 61
Viscosity at (135 °C)-Pa.s ASTM D4402 0.538
Viscosity at (165 °C)-Pa.s ASTM D4402 0.188

The rejuvenator employed within this study was provided from a waste and residual oil who-
lesale trader company who owns the licence for collection of waste oils. In order to obtain a
homogenous product, the samples were directly obtained from batch tank which is supposed
to be a blend of all waste engine oil brands and types. The wholesaler claims a firm homoge-
neity for the mentioned tank. WEO is in liquid form at ambient temperature and has a dark
brown colour.

2.2 Methodology

In this study, the mixtures containing various amounts of non-rejuvenated RAP and rejuve-
nated RAP (treated with WEOQ), respectively representing control and rejuvenated specimens
were prepared using Marshall compactor. The mechanical performances of the samples were
evaluated by Marshall stability and flow test. Besides, volumetric analysis was done and
taken into consideration in selection of highest RAP content. Turkish specification limits
were taken into account as the main indicator in determination of highest RAP content for
both control and rejuvenating samples. Following the determination of highest RAP content;
the specimens containing highest RAP content were prepared and tested for Indirect Tensile
Strength (ITS) test. Based on ITS values; aging indices were calculated for these specimens
and compared to each other. The primary steps in the design of Hot Mix Asphalt (HMA) inclu-
de the determination of material properties of RAP and virgin materials, the selection of an
appropriate percentage of RAP and virgin aggregate to meet gradation, the selection of appro-
priate binder content to satisfy viscosity and penetration requirements in terms of workability,
and to meet the specification requirements in terms of stability, flow and air voids.

2.2.1 Determination of target mixtures contents

Marshall mix design method was employed to design virgin bituminous mixtures. The opti-
mum bitumen content was determined 4.76 % by weight of aggregates. In order to implement
various contents of RAP within the final mixture, the target bitumen amount supposed to be
added to the total mixture was calculated separately for different RAP content. The Eq. (1) was
used to determine the amount of virgin binder to be added to the target mixture.
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Pr=Pc - (Pa * Pp) M

Where:

Pr — Percent of virgin binder to be added in the mix containing RAP;
Pa — Percent of RAP binder in the mix;

Pc - Percent of total binder in the mix;

Pp — Percentage of RAP in the mix.

Following the determination of virgin binder amounts to be added into the target mixtures
with respect to the values given in Table 6, the asphalt concrete samples including various
contents of non-rejuvenated and rejuvenated RAP respectively representing control and re-
juvenated specimens were prepared taking the mixing and compaction temperatures into
consideration. The mixing and compaction temperatures were calculated using equiviscous
temperature charts for virgin, RAP and rejuvenated binders plotted according to viscosity
values determined at 135 °C and 165 °C. Viscosity values were measured by means of a Bro-
okfield viscometer.

Table 6 Binder contents to be added into the target mixes

RAP Content [%] Pc [%] Pa [%] Pr [%]
10 4.33
20 3.9
30 4.76 4.30 3.47
40 3.04
50 2.61
60 2.18
70 1.75
80 4.76 4.30 1.32
90 0.89
100 0.46

2.2.2 Determining optimum rejuvenator content and rejuvenation process

Based on the literature review; considering the conventional bitumen test results of virgin and
RAP binder, the objective was defined as to rejuvenate RAP binder in order to obtain a binder
similar to virgin binder in terms of specifications. Rejuvenator is supposed to enhance and
cure the RAP binder. Many studies have addressed the penetration value as an indicator for
determining the optimum rejuvenator content [10], [17-19]. Therefore, the optimum content of
WEO within the modified RAP binder was determined as the target content to obtain a rejuve-
nated binder having the same penetration value of virgin binder. In other words, when the RAP
binder is modified with this WEO content, the acquired binder will have the same penetration
value of virgin binder. In order to perform this task, RAP binder was modified with various do-
sages of WEO. The range was chosen based on literature review and preliminary studies [16].
Modification was processed for 5 minutes at 140°C using a laboratory blender at normal shear
rates (700 rpm) to obtain a homogenous rejuvenated binder. Table 6 consists of penetration
test results of rejuvenated binders with various WEO contents. The optimum WEO content was
determined as 5.4% by weight of RAP binder corresponding target penetration value of 63.
Following the determination of optimum WEO content; RAP mixtures were rejuvenated and
stored. In order to perform the rejuvenation process, 4000 gr batches of RAP were heated to
140°C the same temperature in which binder blending took place. The bitumen content of
RAP were calculated and taken into account in rejuvenation process. Within the process, the
optimum amount of WEO was gradually sprayed into the mixture while mixing was in process
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inside a laboratory mixer for5 minutes. The derived rejuvenated RAP had a shining dark brown
colour compared to non-rejuvenated RAP as seen in Fig. 1.

Figure1 RAP before and after rejuvenation with WEO

Table 7 Penetration values for rejuvenated binders by various WEO content

WEO Content [%] Specification Penetration
by weight of RAP binder (25°C; 0.1mm)
0 38
2 44.5
3 49
TS EN 1426
4 53.5
5 59.5
6 68

2.2.3 Indirect tensile strengths and aging evaluation of mixtures

Following the determination of high possible RAP contents for rejuvenated mixtures, speci-
mens were prepared with this RAP content for both rejuvenated and non-rejuvenated mixtures
and tested for Indirect Tensile Strength (ITS). To perform this task, ASTM D6931 -the standard
test method for indirect tensile strength of bituminous mixtures was 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.

Fig. 2 illustrates the true assembly of a specimen between loading strips. To be adequate and
unbiased, three specimens for both non-rejuvenated and rejuvenated RAP involving mixtures
and also control specimens with no RAP content were prepared and tested. The ITS results
give the evaluation keys in terms of low temperature and fatigue cracking of asphalt pave-
ments. Some studies introduce ITS result as a good indicator in predicting laboratory rutting
potential of asphalt mixtures [20]. This test is widely used in investigation of moisture induced
damages of bituminous mixtures.

It is known that, aged binder is more brittle and stiffer. In order to evaluate the aging charac-
teristics of non-rejuvenated and rejuvenated RAP involving mixtures, the ITS results of RAP
involving mixtures were compared to the results of control mixtures with no RAP. This compari-
son simply provides aging indices to investigate the aging characteristics of asphalt mixtures.
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Sengoz (2003) implemented ITS results of mixtures with various air voids, to assess aging
and moisture susceptibility characteristics of HMA mixtures [21]. Another study on short- and
long-term aging behaviour of rubber modified asphalts conducted by Liang and Lee (1996)
claimed that the short-term and long-term aging increased the measured tensile strengths
[22]. Sengoz and Topal (2008) investigated the effects of SBS polymer modified bitumen on
the ageing properties of asphalt mixtures using ITS results [23]. They calculated aging indi-
ces 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. Hurley and Prowell (2005) used
ITS results to check the rutting potential after application and the short- and long-term aging
characterization of WMA mixtures [24].

TR

EEIAT

)

Figure 2 Specimen prepared for ITS test

The raw data recorded from the test device should be processed using the following Eq. (2)
to obtain indirect tensile stresses:

S _ 2000xP

t

TxtxD @
Where:

St — Indirect tensile strength (ITS), [kPa]

P — Maximum load, [N]

t — Specimen heightimmediately before test, [mm]

D - Specimen diameter, [mm]

Following the determination of ITS values, aging indices were calculated for non-rejuvenated
and rejuvenated mixtures respectively as the ratio of ITS value of non-rejuvenated mixture
over control mixture and the ratio of ITS value of rejuvenated mixture over control mixture.
The results were then compared to each other.
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3 Results and Discussions
3.1 Binder test results

Results for rejuvenated binder with optimum WEO content are presented in Table 8. WEO addi-
tive was capable of increasing penetration and also decreasing the softening point values
both to the required specification limits. Fig 3. represents the penetration values for various
contents of WEO. As aforementioned, the optimum WEO content was derived from this chart
choosing the WEO content corresponding the same penetration value of the virgin binder. As
seen on the Fig. 3, the penetration values track an increasing polynomial trend-line as WEO
content increases. It is possible to gain a desired penetration by adding adequate content
of WEO to RAP binder. Softening point should be controlled following the addition of WEO.
Besides, considering viscosity values, it can be said that the workability of rejuvenated RAP
mixtures improved significantly. Mixing and compaction of rejuvenated mixtures can be made
with a regular effort. Softening point of rejuvenated binder was determined more than softe-
ning point of virgin binder. Although this value is a borderline value in terms of specifications,
it is realised that rejuvenated binder will endure higher temperatures during hot seasons.
The rejuvenated binder behaves similar to air-blown asphalts in this case. RTFO test results
unveiled that the rejuvenated binder is more sensitive to short term aging than virgin binder.
This can be attributed to volatilization of oily WEO during heating process of RTFO test. The
test results after RTFO still remained within the specification limits. Overall the binder test
results are matching with literature [15], [16].

Table 8 Properties of rejuvenated RAP binder modified with optimum WEO content

Test Specification Results Specification limits
Penetration (25 °C; 0.1 mm) TSEN 1426 63 50-70

Softening point (°C) TSEN 1427 54 46-54

Viscosity at (135 °C)-Pa.s ASTM D4402 0.412 -

Viscosity at (165 °C)-Pa.s ASTM D4402 0.087 -

Rolling Thin Film Oven (163 °C) TS EN 12607-1

Change of mass (%) 0.12 0.5 (max)

Retained penetration after RTFO (%) TSEN 1426 53 50 (min)

Softening point rise after RTFO (°C) TS EN 1427 6 7 (max)

Figure 3 Penetration values corresponding various contents of WEO
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3.2 Mixture test results

As mentioned before, the highest RAP contents were determined for mixture containing non-
rejuvenated and rejuvenated RAP in order to compare the highest potential of RAP to be
employed within a type | wearing course.

3.2.1 Marshall stability and flow results

Volumetric analysis together with Marshall stability and flow values were base criteria in
selection of maximum possible RAP content for both mixture involving non-rejuvenated and
rejuvenated RAP. Results for air void contents, stabilities and flow rates are respectively pre-
sented in Fig. 4 to Fig. 6.

As can be seen in the Fig. 4, all mixtures containing rejuvenated RAP could meet volumetric
criteria in terms of air voids since mixtures containing non-rejuvenated RAP fail to satisfy desi-
red airvoids content for mixtures containing more than 40% non-rejuvenated RAP. The reason
that volumetric characteristic of rejuvenated RAP containing mixtures remained within the
desired contents is attributed to lower viscosity values of rejuvenated RAP binder and hence
improved workability. At standard mixing and compaction temperatures, it is more convenient
to process rejuvenated RAP mixtures than non-rejuvenated RAP mixtures. Rejuvenation made
compaction fully done by Marshall compactor with same number of blows for RAP mixtures.
When Fig. 5 is analysed, it is seen that all stability values are over specification limit. This
result is expected since the bitumen within RAP is considered as an aged binder and thus
the mixtures containing RAP are stiffer than virgin bituminous mixtures hence these mixtures
recorded high stabilities. In fact, the most concerned issue for RAP recycling technologies is
considered as durability rather than stability. Therefore, volumetric characteristics and flow
rates (somehow, as an indicator of flexibility) are more determinative for maximum possible
RAP content than stability values.
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Figure 4 Airvoid contents

When evaluating flow rates, it is understood that this criteria is determinative for both non-
rejuvenated and rejuvenated RAP involving mixtures. It is seen that, mixtures containing over
20% of non-rejuvenated RAP almost fail to meet the flow rate criteria since rejuvenated RAP
mixtures flow well under destructive loads before fraction. Flow rates however, has been deci-
sive in determination of maximum possible amount of rejuvenated RAP within type | wearing
course. In this sense, 70% of rejuvenated (WEO modified) RAP can be employed within type
| wearing course. It is obvious that the amount of maximum RAP which can be implemented
without failing to meet all Turkish criteria increases substantially by rejuvenation process with
WEQO. Evidently, 50% more RAP can be employed by this method.
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Figure 6 Marshall flow rates

3.2.2 Indirect tensile strength results and aging indices

As aforementioned, specimens were prepared with 70% RAP content (determined as the
highest RAP content based on criteria) for both rejuvenated and non-rejuvenated mixtures
and tested for ITS. Besides, the same test was conducted on specimens prepared with virgin
mixtures with no RAP content as control specimens. The results are shown in Fig. 7.

ITS results provide the insight about mixture stiffness. It is seen that rejuvenated RAP recor-
ded lower ITS than non-rejuvenated RAP. The use of WEO as a rejuvenator for employment
of RAP inside HMA can soften the whole mixture and beside better workability, it will result
in better flexibility as well. Aging indices have been calculated as 1.39 for non-rejuvenated
mixtures and 1.16 for rejuvenated mixtures. The closer the aging index gets to 1, the less the
mixture is aged and brittle. Therefore, it can be concluded that WEO modified RAP mixtures
will be less brittle.
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Figure 7 Marshall flow rates.

4 Conclusions and recommendations

Efficient deployment of resources is critical in asphalt paving industry and real attention sho-
uld be paid to this issue. Aggregate quarries and petroleum industry both consume natural
resources to feed asphalt paving industry with raw materials. Sustainability should not come
to just study subjects or be confined with economic issues but also it must become a social
and institutional responsibility. Recycling is now possible with recent techniques and new
technologies are introduced all along the time to industrial world. Reutilizing of aggregates
and bitumen will save natural resources and costs to a large extent. In addition, recycling of
RAP with WEO will also be in favour of waste management and disposal issues. WEO, as its
name suggests is a waste material and should be recycled, reutilized in a proper industry or
disposed.

Within the scope of this study, the influence of WEO on properties of RAP was investigated. It
was found that, WEO as an oily additive contribute actively as an oily constituent taking the
place of previously evaporated and/or separated oil constituents of aged RAP binder. The
properties of RAP binder can be enhanced by use of WEO to fulfil specification requirements.
Binder penetration and softening point values as well as viscosity of binder can be modified
by optimum WEO content. Penetration value is determinant in determination of optimum
rejuvenator content. For any kind of WEO available at the market, the selection process can
be conducted in order to determine optimum content. In this study, 5.4% of WEO by weight
of binder has been found adequate. It is recommended to perform supplementary tests in
lights of Superpave standards and specifications. Rheological evaluation of rejuvenated bin-
ders can be more interpretive in terms of characterization of rejuvenated binder. Rejuvenated
bindernotonly can fulfil desired properties, it is also capable of meeting after RTFO test requ-
irements. It can be said that WEO is a substantial additive which is efficient in rejuvenation
of aged RAP binder.

Implementing WEO as a rejuvenator makes it possible to involve high amounts of RAP within
HMA wearing courses. By rejuvenation technology up to 70% of RAP can be utilized without
undesirable effects within surface courses. Rejuvenated mixtures are convenient to process in
terms of mixing and compaction. WEO helps compaction fully done at standard HMA applica-
tion temperature ranges. Investigations present that rejuvenated RAP mixtures are less brittle
and more durable than non-rejuvenated RAP mixtures. Aging index of rejuvenated mixes are
improved compared to non-rejuvenated mixes. It is recommended to evaluate mechanical
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properties of rejuvenated RAP mixtures in accordance with Superpave criteria. Mixtures sho-
uld be prepared by means of a gyratory compactor and evaluated for volumetric analysis.
Supplementary performance based experiments should be conducted. For RAP mixture tests,
rutting and fatigue performance evaluation are recommended.
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EVALUATION OF CHEMICAL FRACTIONS IN PAVING GRADE
BITUMEN 50/70 AND EFFECTS ON RHEOLOGICAL PROPERTIES
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Abstract

Generally, paving grade bitumen is characterized by mechanical properties at low, medium and
high temperatures (breaking point Fraass, penetration and softening point R&B). However, the
origin of the raw oil used for bitumen production has a significant effect on the chemical bitu-
men characteristics usually described by the asphaltene and maltene colloid model concept.
Different chemical analysis methods were applied to differentiate the colloidal properties of the
binders. In orderto evaluate the potential effects on rheology, 14 bitumen 50/70 samples from
different proveniences and producers were analyzed on physical, chemical and rheological
properties. Forthe rheological characterization, complex shear modulus tests were conducted
in a temperature range of 20 °Cto 90 °C at different frequencies. The physical properties were
determined by softening point ring and ball. Chemical groups of binders were characterized
by thin layer chromatography (TLC/FID) to differentiate in asphaltenes, resins, aromatics and
saturates (SARA-analysis) according to colloid model concept. Furthermore asphaltenes were
separated into three fractions of different solubility by dissolution/precipitation procedure.
This paper presents the differences between rheological, physical and chemical properties
of several bitumen samples, which all represent the requirements on 50/70 according to
European Standard EN 12591 and which are commonly applied in German asphalt industry.
The paperdiscusses if the specification system based on conventional characteristics is suffi-
cient for European road industry or if still significant differences in rheological and chemical
properties are observed.

Keywords: paving grade bitumen, rheology, SARA-analysis, asphaltenes, FTIR
1 Introduction

Generally, paving grade bitumen is characterized by mechanical properties at low, medium
and high temperatures (breaking point Fraass, penetration and softening point R&B) accor-
ding to EN 12591 [1]. For evaluating the general applicability of additional/alternative proper-
ties for characterization, in Germany rheological properties are measured for experience since
2012 [2]. Softening point ring and ball and thermo-rheological characteristics of bituminous
binders are directly associated with its chemical composition. They can simplistically be cha-
racterized with a colloidal model which is based on the theory that colloids with high polarity
(asphaltenes) are peptized to micelles surrounded by a layer of resins in an oily phase with
lower polarity, called maltenes [3]. At high temperatures, asphaltenes can be fully dispersed
in the maltene phase which results in viscous behavior and can be interpreted as Newton
fluent. The higher the asphaltene content, a higher temperature is required to reach this
non-elastic fluid characteristics which can be observed by an increased softening point ring
and ball. On the other hand at lower temperature, elastic behavior of bitumen is caused by
interaction between asphaltene micelles when asphaltene colloids become more complex
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[4]. Chemical methods for separating bitumen into maltenes, asphaltenes and furtherin low
soluble asphatenes (IsA), medium soluble asphaltenes (msA) and high soluble asphaltenes
(hsA) by dissolution/precipitation procedure as well as by SARA analysis for separating bitu-
men in asphaltenes, resins, aromatics and saturates are available test methods for evaluating
the colloidal system [7, 12].

2 Experimental
2.1 Materials

In order to evaluate the relevance of chemical characteristics of the same type of paving
grade bitumen, 14 bitumen 50/70 samples from different producers (as described by the first
sample numbers 1to 5) and production sites / raw oil source were analyzed.

2.2 Mechanical bitumen characteristics

The softening point ring and ball was measured according to the EN 1427 [5]. The rheological
properties of bituminous binders were evaluated by Dynamic Shear Rheology (DSR), using
plate-plate tests according to EN 14770 [6]. Cylindrical samples with a diameter of 25 mm and
a height of 1 mm were tested. For temperatures between 30°C and 90 °C at frequency 1.59 Hz
the shear moduli and phase angels were measured.

2.3 Chemical bitumen characteristics

The compositions of asphaltenes in terms of low, medium and high solubility are measured by
a dissolution/precipitation procedure by Zenke [7] with three different solvent combinations
of iso-octane and cyclohexane. The sum of these fractions results in total asphaltene content.
The solvent defining asphaltenes in this test is Iso-Octane iC,.

Four chemical fractions of different polarity were determined by thin layer chromatography
(TLC/FID) according to IP 469 [12].For the analysis 0.1 g of the bitumen sample was dissol-
ved in 5 ml of dichloromethane. Fractions of saturates are evaluated by chromatographically
seperation in heptane, aromatics in toluoene/heptane (80:20), resins in dichloromethane/
methanol (95:5) and asphaltenes are not eluated. In this study the maltene phases consist of
saturates, aromatics and resins. Note, that the resulting asphaltenes content is here defined
by solubility in dichloromethane which results in different proportions compared to evaluati-
on with iC,. The test procedures are described in more detail in [8]

3 Results
3.1 Mechanical bitumen characteristics

The measured softening points are given in Figure 1. All results are within the limits (46°C to
54°C) for binders with penetration grade 50/70 according to EN 12591. Highest temperatures
are evaluated for binder B1.1, B3.5, B2.1and B4.1.

The results of complex shear modulus and phase angle tests at the frequency 1.59 Hz are
plotted versus the temperature in Figure 2. Generally the shear moduli of the tested samples
are within a cmparatively small range for each tested temperature. However, at lower test
temperatures < 60°C binder samples B1.1and B3.4 indicate higherG* values . For the phase
angles, which represents viscous and elastic propertiesin bituminous binders a higher diffe-
rentiation between the samples can be observed. Binders 3.3, 3.4 and 3.5 show lowest phase
angles which indicates higher elastic and lower viscous deformation properties compared
to the other binders. Continuous high phase angles are observed for binder B5.1 and B3.1..
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Figure1 Results for T, forall 50/70 penetration bitumen
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Figure 2 Complex modulus and phase angle versus temperature meausred at 1,59 Hz

3.2 Chemical bitumen characteristics

Results of the precipitation experiments by Zenke are presented in Figure 3, showing the mal-
tene content (as defined by soluble compounds in iC,) and the three asphaltene proportions.

Figure 3 Content of low, medium, high soluble asphaltenes, total asphaltenes
To the resulting total asphaltene content vary between 16.7% (B1.3) and 22.6% (B3.5). Highest
asphaltene contents of » 20% can be observed for B3.3, B3.4 and B5.1. The majority of sam-
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ples indicate total asphaltene contents of between 17% to 19%. In most cases medium so-
luble asphaltenes could be evaluated as highest fraction of the three types of asphaltenes.
Exceptions are B1.1, B3.2 and B4.1with highest low soluble asphaltene content and B5.1with
highest content of high soluble asphaltenes and lowest content of low soluble asphaltenes.
The proportions of the bitumen SARA fractions obtained from TLC/FID tests are plotted in
Figure 4.

Figure 4 SARA components of binders 50/70

Saturates are the fraction with lowest and aromatics the fractions with highest content in all
50/70. The asphaltene content varies between 15.2% (B5.1) to 25.1% (B3.3). In most cases
resin contents in bitumen sample are higher than asphaltene content.

4 Discussion

For discussing the effects of chemical characteristics on physical and rheological properties,
linear correlation analysis is conducted. For assessment of an existing link between two com-
pared properties, these are plotted one versus the other and the coefficient of determination
(R?) is calculated. The nearer R2 increases the value 1, the better is the correlation between
the two properties.

In the following sections some found correlations for selected pairs of parameters are discu-
ssed. Further, it was found, that the properties of binder sample 1.1 doesn’t meet the found
correlations. This binder 50/70 was especially specified as binder for preparing foamed bitu-
men. Therefore, the results of this binder sample are not included in the following evaluation.
Based on the previous rheological results better coefficient of determination could be deter-
mined without binder 1.1 with special foam bitumen characteristics.

Surprisingly, no correlation between the two asphaltene contents evaluated by the TLC/FID
and dissolution/precipitation method could be identified, see Figure 5 (left). For example,
binder 5.1 shows the lowest asphaltene content in SARA analyse (dichloromethane) while it
has one of the highest asphaltene contents in the other method, where asphaltenes are defi-
ned by Iso-Octane. This result shows the importance of clear defining chemical characteristics
and careful evaluation of chemical bitumen compounds.

However, a feasible correlation is found for total asphaltene content (iCs) and resins content
by SARA analyse (R2 = 0.66). With increasing resins content, total asphaltene content by
Zenke rises, see Figure 5 (left).

Table 2 shows the coefficients of determination for selected chemical fractions and the results
of DSR tests (shear modulus and phase angle). As an example the correlation between phase
angle and content of asphaltenes and resins is shown in Figure 5 (right).
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Figure 5 Examples for correlation between chemical and rheological parameters: left: iC,-asphaltene content
by dissolution versus TLC test; middle: iC;-asphaltene content by dissolution versus resins content
by TLC test; right: Phase angle (DSR) versus content of asphaltenes and resins by TLC test

Table1 Selected results for coefficient of determination

Rheolog. Temperature  asphaltene contents by contenst of SARA compounds
Property @ [°C] dissolution test by TLC/FID test

1,59 Hz total low and medium aromatics Aspaltenes
asphaltenes soluble asphaltenes and Resins

Complex shear 30 0,06 0,07 0,03 0,07

modulus G* 49 0,10 0,18 0,15 0,21

50 0,16 0,28 0,36 0,44

60 0,28 0,37 0,54 0,64

70 0,43 0,43 0,65 0,77

80 0,45 0,40 0,68 0,80

90 0,54 0,41 0,67 0,80

Phase angle 30 0,33 0,72 0,28 0,37

o [°] 40 0,39 0,81 0,46 0,53

50 0,37 0,73 0,56 0,61

60 0,34 0,64 0,61 0,65

70 0,30 0,60 0,58 0,62

80 0,49 0,70 0,60 0,67

90 0,59 0,57 0,45 0,55

Tees 0,16 0,04 0,05 0,04

Complex shear modulus is mostly influenced by asphaltenes and combination of low soluble
and medium soluble asphaltene content as identified in dissolution test especially at higher
test temperatures. For SARA analyse feasible correlation for content of aromatics and the
combination of asphaltenes and resins could be determined. With increasing temperature
coefficient of determination increase for all results, too.

Phase angleis also influenced by same chemical fractions as complex shear modulus. Phase
angle is continuous influenced by the combination of the content of low and medium soluble
asphaltenes as well as contents of aromatics and combination of asphaltenes and resins at
all test temperatures. For the softening point ring and ball only low coefficients of correlations
are identified. This can be explained by the small range of softening points identified in the
binder samples of 51 °C to 54 °C.
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5 Interpretation

In this study no relationship between the asphaltene contents evaluated by the two different
test procedures could be determined. The general magnitude of asphaltene contents identifi-
ed by the two test procedure are similar (dissolution test: 17% to 22.5%; TLC/FID tests: 15% to
25%). It is not possible to differentiate a high asphaltene content by Zenke to a high asphal-
tene content by SARA analyse. Reasons for the non-existing correlation can be explained by
the different evaluation technique as well as the diverting solvent used [9, 10]. The identified
relationship between the total asphaltene content in dissolution test and the resins content
as identified in TLC/FID tests however shows that comparable results can be obtained.

Besides the identification of the binder optimised for foamed bitumen additional anomalies
could be found for binder sample B5.1 with regard to highest phase angle which results in
lowest elastic properties compared to the other 50/70. In [11] elastic rheological properties
are determined by asphaltene content. In this case B5.1is a binder with one of the highest
asphaltene content (dissolution experiment) by Zenke. On the hand B5.1 show one of lowest
asphaltene content by SARA analyse. It seems that SARA analyse is more suitable to descri-
be rheological properties in a chemical way. By combining the single asphaltene fractions
by Zenke, another chemical profile for bituminous binders is given. Figure 6 shows one of
lowest results for the combination of low and medium soluble asphaltene (IsA+msA) content
for binder B5.1. These good correlation can be seen as well as in coefficient of determination.
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Figure 6 Content of low and medium solvable asphaltenes (dissolution test)

Despite the low variation of rheological properties between the binder samples of the same
type 50/70 clear correlations could be identified to individual chemical properties. Based
on colloid model of micelles built of asphaltenes and surrounding resins as described in [4].
By increasing temperature the correlation of the four selected fractions to complex shear
modulus increases, especially for results of TLC/FID tests. At low temperatures, asphaltenes
are covered by agglomerated resins and therefore, the pure asphaltene content doesn’t affect
the rheological properties. However with increasing temperatures resins (and high-soluble
asphaltenes) will melt and be form a part of the maltene phase. In this state, the content of
the still solid asphaltenes affects the rheological properties significantly by stiffening the
maltene phase showing increased shear modulus and reduced phase angles. The shear mo-
dulus increases if the content of asphaltenes and resins increase and content of aromatics
decrease.

Results of correlation according to asphaltene dissolution/precipitation tests show that high
soluble asphaltene are not important to explain rheological properties of 50/70 but the sum
of low and medium asphaltenes. This is an indication that the high soluble asphaltenes will
shift to maltene phase with increasing temperature. The general concept idea of micelle
structure based on SARA compounds [4] can therefore be adopted for the concept of asphal-
tene separation according different solubility, compare Figure 7.
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Figure 7 Colloid modelaccording to SARA fractions [4] and interpretation of effect of asphaltenes as identified
by dissolution/precipitation tests

6 Conclusion

The following conclusions can be drawn from the results of the presented investigation:

» Chemical properties depends on their methods to determine the chemical fractions.

« Even straight bitumen of the same kind (here: 50/70) shows variations in chemical structu-
res which can be explained by individual refinery process and raw oil provenience.

« These variations affects the rheological properties of the bitumens despite the same range
of conventional characteristics.

» Rheological characteristic could not be described by single chemical fraction but signifi-
cantly by combinations of bitumen fractions.

References

[1 EN12591. Bitumen and bituminous binders — Specifications for paving grade bitumens, 2009

[2] Allgemeines Rundschreiben StraBenbau — ARS Nr. 11/2012. Bundeministerium Verkehr, Bau und
Stadtentwicklung, 2012

[3] Asphaltic Bitumen As Colloid System. Pfeiffer, J. Ph. and Saal, R. N. )., Laboratorium N. V. de Bataafsche
Petroleum Maatschappij, 1939.

[4] Neumann, H.-J., Rahimian, I., Paczynska-Lahme, B.: Zur Strukturalterung von Bitumen. Bitumen 2,
pp. 54-56, 1992

[5] EN 1427. Bitumen and bituminous binders — Determination of the softening point — Ring and Ball
method, 2007

[6] EN14770. Bitumen and bituminous binders — Determination of complex shear modulus and phase
angle using a Dynamic Shear Rheometer (DSR)

[7]1 Zenke, G.: Zum Loseverhalten von Asphaltenen: Anwendung von Loslichkeitsparameter-Konzepten
auf Kolloidraktionen schwerer Erd6lprodukte. Dissertation, Clausthal-Zellerfeld, 1989

[8] Simnofske, D., Mollenhauer, K., Butz, T., Oelkers, C.: Aging characteristics of warm mixasphalt binders
modified with F-T wax — Benefits for efficient application and adequate performance. International
Journal of Advance Research in Science and Engineering, pp. 138-156, 2015

[9] Teugels, W.: Analysis of the generic composition. Appraisal of the iatroscan method. International
Symposium Chemistry of Bitumens. Rom, 1991

[10] Lesueur, D.: The Colloidal Structure of Bitumen: Consequence on the Rheology and on the Mechanisms
of Bitumen Modification, 2009

[11] Radenberg, M.: Einfluss der chemischen, rheologischen und physikalischen Grundeigenschften
vn Straflenbaubitumen auf das Adhédsionsverhalten unterschiedlicher Gesteinskdrnungen.
Schlussbericht AiF Forschungsprojekt. Ruhr Universitat Bochumg, Bochum, 2014

[12] IP test method. IP 469. Determination of saturated, aromatic and polar compounds in petroleum
products by thin layer chromatography and flame ionization detection. 2001

ROAD PAVEMENT
CETRA 2016 — 4™ International Conference on Road and Rail Infrastructure

265






CETRA2°6 23-25 May 2016, Sibenik, Croatia
4th International Conference on Road and Rail Infrastructure

ROLLED COMPACTED CONCRETE PAVEMENTS

Laszlo Enekes, Zsolt Bencze, Laszlé Gaspar
KTl Institute for Transport Sciences Non-Profit Ltd., Hungary

Abstract

Roller-Compacted Concrete (RCC) road pavement is well-spread in the USA and in several
European countries due to its strength, density and durability, economic advantages and
high construction speed. Its name comes from the heavy steel drum rollers which compact the
concrete into final form. The RCC consists of the same ingredients as conventional concrete
does, but it has a higher percentage of fine aggregates and is stiff enough to remain stable
under compaction having sufficient water for distributing the paste without segregation. After
having studied different previous research works and the documents of completed RCC con-
structions, a mixture was planned following the main prin-ciples from the examples taking
the available components into consideration. In KTl laboratory, numerous test cubes, cylin-
ders and beams were made for testing the strength properties, freeze-thaw durability, water
permeability, abrasion wear and air void characteristics for hardened concrete. The results
obtained proved that RCC can have the same properties (quality) as conventional concrete
has. Using the available mixtures, a test (trial) section was planned, and organized in order
to evaluate the quality of placement (laying) and compaction operations, and to fine-tune
eventually the mixture composition, and to bore core samples to perform testing on the con-
structed RCC. It has been shown that RCC with basic ingredients and proper recipe (mixture
proportions) can be made with similar strength and durability as conventional concrete, but
unlike conventional pavements, RCC pavements can be con-structed without forms, dowels
orreinforcing steel. This technology gives a favourable economical alternative for pavements
carrying heavy loads in low-speed areas such as industrial plant access roads, shipping yards,
posts, loading docks, large commercial parking lots, and it can also be used as base course
for semi-rigid pavement structures. The Hungarian trial section built is still in good shape
after 2-year heavy traffic load.

Keywords: concrete pavements, roller compacted concrete, trial sections, concrete mix
design, concrete pavement construction

1 Introduction

RCC (Roller Compacted Concrete) road pavements have been built in several countries all over
the world, primarily for slow moving heavy traffic. The main feature of its technology is the
compaction of laid fresh cement concrete mixture using vibratory heavy steel-drum compac-
tors and pneumatic-tyre rollers. The use of the construction technology in Hungary was pre-
ceded by the research works and tests to be briefly presented. KTl Non-Profit Ltd., Budapest
performed — on behalf of CEMEX Hungaria Ltd. — literature survey, research, mixture design
on RCC, besides prepared the construction of a trial section and monitored it [1].
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2 Some related literature sources

The main potential advantages of RCC roads compared to other road types are the smaller car-
bon footprint (less environmental impact), singular material con-struction (in-situ materials)
and faster construction time (faster compacting than with finisher). RCC techniques are the
perfect solution for low-cost cement concrete road or dam constructions [2, 7]. The use of RCC
in public and private applications has been increasing steadily in various countries all over
the world in recent years particularly in the construction of low-volume roads and parking lots
[2]. RCC pavements are strong, dense, and durable. These characteristics, com-bined with
construction speed and economy, make RCC pavements an excellent alternative for parking
and storage areas; port, intermodal, and military facilities; highway shoulders; streets; and
highways. RCC can also be used in composite systems as base material [3]. In-situ materials
have become more and more relevant in construction nowadays [4]. Some guideline and spe-
cification were developed for roller compacted concrete (RCC) as an exposed RCC pavement
surface, that may or may not be diamond ground for smoothness and/or texture [5]. Some stu-
dies related to secondary materials in RCC provided favourable results from the point of view of
compaction and long-term performance. Using natural pozzolan or fly ash in massive concrete
dam construction, itis possible to achieve a temperature rise reduction without any undesira-
ble effects such as bleeding, tendency to segregate and tendency to increase permeability [6].

3 RCC mix design

Roller compacted concrete mixture has the same ingredients as traditional concrete mix has;
just the ratios of fractions are different. Its construction cost practically does not differ from
that of conventional concrete; the extra costs of more fine fractions and eventual additional
additives are compensated by the cost saving coming from reduced cement need.

3.1 Aggregate

Aggregate grading of RCC-mixtures differs from that of traditional concretes be-cause partly
RCC mixture will be denser under paver, steel and pneumatic-tyre rollers, partly fine fraction
ratio should be increased for the total saturation of concrete mixture. Figure 1 presents the
selected aggregate grading compared to the upper and lower bounds coming from averaging
the relevant Hungarian and some foreign boundaries.

Figure1 The selected aggregate grading compared to bondaries obtained by averaging bounderies in
Hungarian and some foreign specifications
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3.2 Binders

RCC mixtures can be produced using any cement type meeting specification requirements [8]
in Hungary. Selection of optimal cement type is influenced by environmental effects (sulphate
resistance, resistance to thawing salts, abrasion resistance). It is advised to use cement types
with limited hydration heat since the mixture uses low water content, and proper hydration
does need sufficient water.

3.3 Water

Water needed for hydration is originated partly from the water content of agg-regate, partly
from the water added at mixing plant. Water used should meet the quality requirements of
relevant standard [9]. RCC technique needs the highest possible density of concrete; that is
why the optimal water content of mixture should be determined in accordance of the relevant
standard [10].

3.4 Admixtures

Also the admixtures used for traditional concrete mixture (plasticizers, set re-tarders, acce-
lerators, air entrainers, etc.) can be applied. Due to the limited water amount in RCC mixture,
dosages of various admixtures can be multiple of the common ones. Set retarder can be nee-
ded if laying in 45-60 minutes after mixing is questionable, especially in warm time. Based
on foreign experiences, two recipes were selected for the test sections with different cement
contents.

4 Construction rules
4.1 Subgrade

Subgrade density should be min. 95% of Proctor density. For avoiding bearing capacity loss
due to eventual subgrade wetting, a granular capping layer is recommended.

4.2 Concrete mixing

Batch or continuous concrete mixing plants can be used. Batch plants are appropriate for
small projects when mixture is transported by covered trucks to the site. Mixer has to be fully
emptied after each mixing cycle before mixing next batch. Continuous mixing for big projects
allows the production of cement conc-rete mixture of constant quality. Properly homogenous
concrete mixture of need-ed quantity and quality should arrive to the paver. Because of the
dryness of RCC mixtures, the appropriate mixing at batch type production necessitates more
energy reducing mixing plant capacity. The same dosage tolerances are to be used for RCC
as for traditional concrete; however, itis important here to apply moisture meter for avoiding
segregation.

4.3 Laboratory tests

The laboratory tests in relevant Road Technical Directives [11, 12] and in foreign literature
were carried out. For fresh concrete, aggregate moisture content, com-paction [13] and water/
cement ratio should be measured, and maximal wet den-sity [14] designed. For hardened
concrete, compressive strength [15], splitting tensile strength [16], density [17], distance factor
[18], frost resistance [19], water permeability [20] and abrasion resistance [21] were tested.
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4.4 Transportation

Generally, trucks with dump bodies are used. Concrete mixture has to be poured in 60 mi-
nutes since the mixtures with low water/cement ratio harden much quicker than the more
flexible ones. Number and capacity of trucks to be applied have to ensure the continuous
laying of concrete mixture. The mixture should be covered during transportation to protect it
from evaporation or raining. Mixture has to be loaded directly from lorry to the finisher. For
allowing to the evaporation loss during transportation, slightly increased water content can
be selected

4.5 Laying

RCC is usually laid by an asphalt paver the edge compactors of which compact the mixture,
and so, rollers can move on a pre-compacted surface. Precom-paction should reach 85% of
maximum wet density. Paver could lay min. 1.5 times output capacity of mixing plant. In order
to avoid the segregation during concrete pouring, paver should not be emptied completely
during laying, spread-ing screws are to be covered continuously by mixture. Paver speed has
to be selected to ensure the continuous paving to avoid surface unevenness.

4.6 Compaction

Some general rules of RCC compaction:
- Compaction has to be commenced immediately after concrete pouring. Primary compaction
should be performed using 10 ton double drum vibratory roller. Secondary compaction is
to be done by static roller passes, while the even surface can be attained using pneumatic-
tyre rollers. In tight places where space is limited for heavy rollers, small plate compactor
orrammer (jumping jack compactor) can be applied. Compaction has to be completed in 15
minutes after laying, and 60 minutes after the end of concrete mixing.
Ideally, no water enters from below on the surface of freshly compacted RCC course. The
compaction rate of rolled compacted concrete pave-ment can be readily assessed by scru-
tinizing concrete mixture behaviour under static roller passes. Uniform deformation under
compaction proves appropriate concrete consistency. If concrete is too wet for compaction,
layer surface becomes pasty and shining afterrolling, and it behaves elastically, even under
pedestrian traffic. If concrete is too dry, surface is granular and dusty, or even cracked. In
the latter cases, water content of the mixture is to be changed, grading to be checked or
weighing balance calibrated.
Freshly laid concrete layers can be compacted relatively quickly and easily, however, some
special rules are to be followed. Compaction rules are rather similar to those of hot laid
asphalt layers. In both cases, the most important rules are to use continuously low (about
3 km/h) rolling speed, to change directions just gradually, and to accelerate after changing
directions also gradually. No turning is allowed during roller passes. Changing rolling lanes,
starting new lane or turning have to be done just at the back, on the already compacted and
hardened pave-ment section.
« In case of RCC-layers with 151-250 mm thickness, the needed 98% density can be reached
by 4-6 passes of a 10 ton vibrating compactor. Over-compaction can reduce the density of
upper layer or edges can crack.

4.7 Jointing

The joint types used are: tight, contraction and expansion joints. The planned tight joint is
built between a new cement concrete layer and an “old” concrete pavement. However, RCC
pavements’ shrinkage, due to their low water contents, is just minimal, some cracking can be
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developed. These cracks can be fully avoided if contraction joints are formed. It is suggested
to saw pavements to a depth of one-quarter of the slab thickness at 6-18 m intervals. No sea-
ling is needed for joints below 6 mm width. As for traditional concrete pavements, expansion
joints should be placed to allow movement of the RCC pavement without damaging adjacent
pavements, inter-secting streets or other fixed objects (buildings, public utilities shaft, etc.).

4.8 Site tests

At the RCC construction site, pavement compaction [13], as well as density and water content
[22] are to be controlled. The aim of RCC compaction test is iden-tical with that of consistency
test for conventional concrete pavements. The test results informs about if the mixture can
still pored after transport, and it can be compacted appropriately. The test results of pave-
ment density and water content after laying point towards the attained percentage of maximal
laboratory dry density which was obtained using the Proctor test.

4.9 Curing and protection

Since the water content of RCCis very low, and evaporation and hydration heat quickly reduce
further its water content; if water is not retrieve it, shrinkage crack-ing and/or lower strength
could be caused. That is why curing should be started just after the completion of pavement
compaction; aftercare has to be done for at least 7 days. Curing can be performed using wa-
tering-cart or fixed sprinkler.

5 Field trial
5.1 Principles of a field trial

Before an RCC project, a field trial is strongly advised to demonstrate the suitability of the mix

recipe, design, paving machinery, curing and joint forming. A trial PCC pavement should be

constructed on dense and strong subgrade using the construction technique of the planned

project. The dimensions of the trial area would be sufficient for supplying the following in-

formation types:

« Subgrade quality (grading, density, moisture content, etc.);

* Quality parameters of RCC ingredients, mixture and pavement, com-pared to relevant spe-
cification requirements;

- Suitability of mixing plant to produce continuously homogeneous RCC mixture and to feed
basic materials accurately;

« Suitability of mix composition (recipe) for fulfilling relevant requirements;

+ Quality of laying and compaction (compaction plan, number of passes);

« Shaping of construction lanes (timing, layout);

» Assessment of pavement surface features (texture, homogeneity, etc.);

« Testing concrete cube specimens made during field trial, comparison of their strength values
with relevant requirements of type test.

Coming from the site tests and laying experiences results of field trial, originally planned
technology can be modified.

5.2 Trial sections
5.2.1 Some features of trial sections
In the research work mentioned in section 1 [1], various recipes were designed in order to

select the most suitable one for the planned RCC trial section on the access road of gravel pit
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in Bugyi. The loading of the two 100 m-long sections are radically different depending upon
whether the sections are used by loaded vehicles or empty ones. KTl-institute prepared a
Technological Instruction and a Sampling and Qualification Plan for the field trial, it had tech-
nical surveillance, besides carried out fresh concrete and tested cored samples taken from the
pavement. The degree of compaction of the very well-compacted subgrade has reached 100%
compared to Proctor density during the several-year intensive truck loading. The Young’s soil
modulus measured by plate-bearing test amounted to a rather high (129.9 MP) value. That
is why the trial section was designed without capping layer, just 50 mm 0/4 chippings were
laid below the roller compacted concrete pavement for levelling and ensuring the planned
cross fall. On the trial section with lower traffic size, RCC pavement was 150 mm thick, while
its thickness on the relatively highly-trafficked section amounted to 200 mm. 50-50% of both
sections were built using two different recipes for a later com-parison of their performances.

5.2.2 Some test results obtained on trial sections
Table 1shows the main strength results of cement concrete mixtures with the same aggregate
grading and different cement content.

Table1 Strength values of concrete mixes using two different recipes

Before the field trial, among others, the Proctor-tests of the aggregates of the two mixtures
were carried out, with the following results: W, = 4,7%5 oy = 2539 Mg/m?; Wop = 4,7%;
Pamax = 2,37 Mg/m?>. The site quality control data of RCC were in the following ranges: water
content between 4.9 and 5.8%, dry density between 2.30 and 2.37 g/cm?, wet density betwe-
en 2.43 and 2.50 g/cm?; degree of compaction between 96 and 100%.

6 Some concluding remarks

In a lot of countries, Roller Compacted Concrete pavements have proved to be an efficient and
environmentally-friendly pavement type, especially for slow heavy traffic. Research works and
laboratory test series carried out in KTl-laboratory also provided favourable results that were
furthervalidated by the good perform-ance of trial section constructed. The legislation of this
perspective pavement technology in Hungary is expected soon.
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Abstract

Earthworks such as cuttings and embankments account form a major part of the entire tran-
sport network infrastructure. Large parts of that infrastructure in Europe are susceptible to a
range of geohazards, landslides being the most prevalent. These landslides frequently result
in direct damage to assets, deaths and injuries, while indirectly also leading to traffic disrup-
tions. There is a need therefore to identify critical assets where remediation efforts should
be prioritised in order to prevent such events from occurring. Current state of the art practice
involves using qualitative risk matrices, where the hazard and consequence components are
determined through subjective visual survey observations.

Landslide hazard analysis determines the spatial (susceptibility) and temporal probability
of landslides of a certain intensity occurring over an observed area. A number of quanti-
tative methods for landslide hazard and risk assessment have been developed recently,
generally these methods are considered more effective due to their reduced subjectivity
and their consideration of additional factors. A number of studies outline the application
of these methods to natural terrain, but to date these methods have not been developed
for transport network earthworks. This study presents and compares the results of two
landslide susceptibility analysis approaches for cuttings and embankments on a section
of Irish Rail network. The first, “geotechnical” approach uses probabilistic slope stability
calculations to rank the assets by their reliability index. The second, “statistical” or “data-
driven” approach, uses logistical regression as a statistical tool to obtain the susceptibility
ranking of the earthworks, using the database of previous failures on the network as an
input. Furthermore, several methods for obtaining the temporal hazard characteristics are
presented and applied, these methodologies combine to provide a full hazard assessment
map of the network.

1 Introduction

Earthwork assets on road and rail network infrastructure are susceptible to a range of geo-
hazards. In many areas including Ireland landslides are the most prevalent type, frequently
resulting in direct damage such as fatalities, injuries susceptible and costs connected to asset
remediation are high. Additionally, these events incur significant indirect damage such as
line closures and traffic disruptions. As the budget available for mitigation and remediation
measures is limited, identification of the most critical assets and prediction of consequences
of landslides occurring on them is an important task for asset managers and infrastructure
operators. This procedure is carried out through the landslide risk assessments, which is a
product of landslide hazard (likelihood) and consequence (severity) of landslides on each
asset [1]. Current asset managers” practice involves using qualitative risk matrices, where
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the hazard and consequence components are determined through subjective visual survey
observations. However, a wealth of more advanced objective quantitative methods develo-
ped for each of the risk assessment subcomponents exists [2-4]. While these aim primarily to
natural hillslopes, they can be adjusted to accommodate the specifics of engineered slopes
on transport network infrastructure [5]. Examples of spatial and temporal analysis, two main
landslide hazard assessment subcomponents, are presented in this paper for the case study
of Irish rail network.

2 Landslide susceptibility analyses for Irish rail network

Landslide susceptibility analysis determines the likelihood that a landslide of a certain
type will occur for each of the mapping units. Itis an initial step toward hazard assessment
as it produces a spatial distribution of landslide probability across the study area. Hazard
assessment is then derived by combining the susceptibility analysis with the appraisal
of landslide magnitude and occurrence frequency. Susceptibility analysis is undertaken
using either qualitative or quantitative methods [6]. The latter is further classified into
“geotechnical” (“physical”) approach based on modelling slope failure processes and
“data-driven” (“statistical”) approach based on statistical evaluation of the influence of
slope attributes on landslide-affected slopes. An application of each approach is presen-
ted in this chapter.

2.1 Geotechnical approach

Alandslide susceptibility model based on probabilistic slope calculations was developed for
cutting and embankments assets on Irish rail network as an initial step towards bespoke risk
ranking model and decision support tool [7]. Afirst step included developing a structured da-
tabase of geometrical, geotechnical and environmental slope characteristics for every asset.
Geometrical characteristics were collated following the processing of LiDAR survey. Soil type
was assigned to each asset based on the Geological Survey of Ireland”s soil cover maps using
a GIS platform. This procedure was validated using discrete borehole logslocated on the rail
network. For each soil type, a typical range of geotechnical parameters was identified from
background literature and existing geotechnical reports. This was further complemented by
a detailed site investigation for six assets representative of each major soil type (Figure 1).
As the Irish rail network stretches over lengths measured in hundreds of kilometres, large
variability in geotechnical parameter values for each soil type can be expected. For that rea-
son, all parameters are described using mean value and standard deviation. This enabled the
performance of probabilistic slope stability calculations which give a more accurate repre-
sentation of stability than standard deterministic approaches. The “Hasofer-Lind” first order
reliability method (FORM) [8] was used to calculate the probability of failure associated with
each assetand its coupled limit state. The “Hasofer-Lind” approach is an invariant method for
calculating the reliability index 3, which can then be transformed into a probability of failure
P.. Three limit states reflect the three failure types for which limit equilibrium slope stability
calculations were carried out:; (i) shallow translational, (ii) deep rotational slide, and (iii)rock
wedge failure (for rock cuttings).

The calculations result in baseline probabilities of failure for each asset. Since these calcu-
lations incorporate only simple geometrical and geotechnical data, detailed observations
for each asset need to be included in order to account for small differences in landslide-trig-
gering conditions between the assets. This was done by introducing 20 degradation factors
(DF) identified through collating site-specific inputs and engineering judgment from IR site
inspectors. The total product of DF weights gives the final DF adjustment factor which is com-
bined with baseline reliability indices to obtain final reliability indices and probabilities of
failure (Figure 2).
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Figure 1 Defining soil types and soil characteristics for Irish Rail earthwork assets (rail lines in red)

Figure 2 Overview of Degradation Factors and the outline of process for obtaining final probabilities of failure

2.2 Statistical approach

A “statistical” (or “data-driven”) logistic regression method of was used in carrying out the
landslide susceptibility analysis on the Athlone Division, a section of Irish Rail network com-
prising about third of all earthwork assets. The statistical approach uses the historical landsli-
de registerto assess the probability of landslide on each asset by quantifying the influence of
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topographical, geotechnical and environmental slope characteristics (factors) of slopes from
the register. Nine factors that describe the asset have been selected, each with a number of
possible classes. The factors are; slope height, slope angle, asset type, aspect, vegetation
type, adjacent slope, soil type, annual rainfall and slope conditions.

The goal of logistic regression is to find the best fit model that describes the combined re-
lationship between these factors (independent variables) and the presence or absence of
landslides (dependent variable) on all slopes. The final result of this model is a probability
p of the landslide occurring, ranging from 0 to 1, for each asset. Comparison of the relative
influence on landslides between classes of the same factors can also be inferred from these
results (Figure 4). These results for example showed that bare slopes are 4 times more likely
to fail than densely vegetated ones, and that west facing slopes are 3 times more likely to
fail than the east facing ones. The asset factor database was divided into training set (70 %)
using which the model was set up and the validation set (30 %) against which the model
results were verified. The performance of the model was interrogated using several statistical
measurements such as chi-square test, R? test and Receiver Operating Curve (ROC) which
showed a very good fit of the model, as did the validation on the validation dataset. Using the
calculated probabilities, assets were classified into 5 susceptibility classes: very low (79.4%
of all assets), low (13.0%), moderate (3.9%), high (2.3%) and very high (1.4%); effectively
identifying and ranking the top critical assets.

Figure 3 The locations of recorded landslides in Athlone division and mean annual rainfall in study area
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Figure 4 Contribution of each factor class to probability that landslide will occur, relative to the reference
classin light grey and denoted with vertical red line for a) aspect, b) vegetation type, ¢) mean annual
rainfall, d) slope condition

3 Rainfall thresholds analyses for Irish rail network

To complete the hazard assessment, the spatial distribution of landslide probability (suscep-
tibility) has to be updated with the temporal analysis of landslide occurrences. The temporal
occurrence can be expressed in terms of frequency, return period, or exceedance probability.
It is often obtained through statistical empirical analysis of past failures in the study area in
a discrete time interval [4]. This approach can also be used to obtain magnitude-frequency
curves, jointly assessing the frequency and the size of landslides [9].

Another approach assesses the distribution of landslide trigger events rather than the distri-
bution of past failures themselves. For rainfall-induced landslides, this can be done by defi-
ning the rainfall thresholds. Rainfall thresholds represent the lower bound of a combination of
some rainfall characteristics such as intensity, duration or accumulation necessary to induce
landslides. Two methods exist: “physical”, based on numerical models that take into account
the relationship between rainfall, pore pressure and slope stability by coupling hydrological
and slope stability models; and “empirical”, based on statistical analysis of the relationship
between past failure events and rainfall [10]. Since physical models require very detailed
information on soil characteristics, empirical method is much more often used.

Rainfall thresholds using empirical approach have been developed for the landslides that
occurred on earthwork assets on the Irish rail network. Landslide records have been obtained
from Irish Rail”s landslide register, and rainfall data was provided by the Irish Meteorological
Service. In developing the thresholds, several rainfall characteristics combinations have been
analysed: rainfall intensity [mm/h] — duration [h], cumulative critical rainfall [mm] — duration
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[h], and cumulative critical rainfall [mm] — antecedent cumulative rainfall [mm]. A selection
of results is presented in Figures 5 and 6.

Two definitions of critical rainfall event were used to describe the intensity — duration thres-
hold. Both of them result in almost identical thresholds, defined by the power laws | = 9.5 *
D% and|=6.8*D¢ These thresholds were found to be lower than most of the thresholds
developed forthe central and southern Europe [11], attributed to a different climate zone (oce-
anic climate in Ireland is characterised by more frequent rain events but with lower rainfall
intensities). Also, landslide events recorded on Irish rail line earthworks were usually single
events, while some of the thresholds collated in [11] only looking at rainfall events causing
large number of landslides over a limited area.

Figure 5 Rainfall intensity — duration threshold

Figure 6 Critical event cumulative rainfall — 10 day antecedent cumulative rainfall threshold

4 Conclusions

Various advanced quantitative landslide hazard and risk assessment methods are in use for
natural terrain. These can be adjusted to account for specifics attributed to the earthworks
on transport networks, and thus replace the subjective and largely imprecise methods ba-
sed solely on visual surveys that asset managers currently use. Nevertheless, the data asset
managers routinely collect can form an important input in executing quantitative, objective,
repeatable and verifiable results.
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This paper briefly presents two such methods of landslide susceptibility analysis and a met-
hod of carrying out the temporal analysis for the case study of Irish rail network earthworks.
The geotechnical approach to the landslide susceptibility is carried out with probabilistic
limit equilibrium slope stability calculations for each asset. The statistical approach uses
the historical landslide register to assess the probability of landslide on each asset given
its characteristics. Temporal analysis is carried out by developing of rainfall thresholds for
landslides on the rail earthwork assets in Ireland. Together, these methods give a detailed
assessment of landslide hazard over Irish rail earthworks.

Acknowledgment

This work is partly funded by the Horizon 2020 DESTination RAIL Project (Decision Support
Tool for Rail Infrastructure Managers) EU Project No. 636285. This research is supported by
the Irish Research Council Employment Based Postgraduate Programme scholarship fund. The
authors would like to thank Irish Rail for the permission to use this data.

References

[1 Varnes, D.).: Landslide hazard zonation: a review of principles and practice. No. 3. 1984.

[2] Dai, F.C., Lee, C.F., Ngai, Y.Y.: Landslide risk assessment and management: an overview, Engineering
geology 64, no. 1(2002), pp. 65-87.

[3] FellR., Ho K.K.S., Lacasse S., Leroi E.: A framework for landslide risk assessment and management,
Landslide risk management (2005), pp. 3-25.

[4] Corominas, J., Van Westen, C., Frattini, P., Cascini, L., Malet, J.-P., Fotopoulou, S., Catani, F., et al:
Recommendations for the quantitative analysis of landslide risk, Bulletin of engineering geology and
the environment 73, no. 2 (2014), pp. 209-263.

[5] Jaiswal, P.,,van Westen, C., Jetten, V.: Quantitative landslide hazard assessment along a transportation
corridor in southern India, Engineering geology 116, no. 3 (2010), pp. 236-250.

[6] Aleotti, P., Chowdhury, R.: Landslide hazard assessment: summary review and new perspectives,
Bulletin of Engineering Geology and the Environment 58, no. 1 (1999), pp. 21-44.

[7]1 Doherty, P., Gavin K., Martinovi¢ K., Reale, C.: GEORISK-A Risk Model and Decision Support Tool for
Rail and Road Slope Infrastructure, Proceedings of the International Conference on Road and Rail
Infrastructure CETRA. 2014., pp. 573-579

[8] Hasofer, A.M., Lind, N.C.: Exactand invariant second-moment code format, Journal of the Engineering
Mechanics division 100, no. 1 (1974): pp. 111-121.

[9] Hungr, O., Evans, S.G., Hazzard, J.: Magnitude and frequency of rock falls and rock slides along the
main transportation corridors of southwestern British Columbia, Canadian Geotechnical Journal 36,
no. 2 (1999), pp. 224-238.

[10] Aleotti, P.: A warning system for rainfall-induced shallow failures, Engineering Geology 73, no. 3
(2004), pp. 247-265.

[11] Guzzetti, F., Peruccacci S., Rossi M., Stark, P.: Rainfall thresholds for the initiation of landslides in
central and southern Europe, Meteorology and atmospheric physics 98, no. 3-4 (2007), pp. 239-267.

TRANSPORT GEOTECHNICS
CETRA 2016 — 4™ International Conference on Road and Rail Infrastructure

283






CETRA2°6 23-25 May 2016, Sibenik, Croatia
4th International Conference on Road and Rail Infrastructure

MULTI-MODAL RISK ASSESSMENT OF SLOPES

Cormac Reale', Kenneth Gavin?, Karlo Martinovic'
" University College Dublin, School of Civil Engineering, Ireland
2TU Delft, School of Civil Engineering, Netherlands

Abstract

A significant proportion of European rail networks are built upon earthworks that are over one
hundred years old. These earthworks are under increased pressure as they have to contend
with heavier and more frequent traffic, far outside the scope of their design. To compound
this problem further, recent years have seen unpredictable weather patterns develop with
prolonged intense rainstorms commonplace. This has led to increased incidence of slope
failures along rail networks, as many aged earthworks struggle to withstand such drastic
changes in loading. Marginal engineered slopes fail depending on the triggering mechanism
which presents itself first. Therefore the failure surface is intrinsically linked to the applied
load i.e. surcharge loading will instigate a different type of landslide than prolonged rainfall.
Therefore this paper proposes to analyse marginal slopes probabilistically as a system, whe-
re multiple slip circles are considered. A multi-modal optimisation algorithm LIPS (locally
informed particle swarm optimisation) is used to locate all significant slip circles. In a slo-
pe with multiple potential failure surfaces the consequence of failure is not necessarily the
same across the different slip surfaces. This paper addresses this deficit by examining the
consequence of the different landslides should they occur. When combined with previously
calculated probabilities of failure this will entail amount to a full geotechnical risk assessment
of engineered slopes.

Keywords: reliability analysis, risk assessment, slope stability, engineered slopes, multi-
modal

1 introduction

Slope instability is a major problem faced by all transport networks. This problem has increa-
sed in prevalence over recent years as a result of the increased rainfall levels brought about
by climate change. This has led to a sharp increase in the number of shallow planar failures
occurring annually. These failures are the result of infiltrating rainwater percolating downward
through the soil. Saturating soil pore space, thereby temporarily removing the stability gene-
rated by soil suctions and consequently lowering the shear strength of the near surface soils
[1, 2]. This is particularly concerning for aged transport networks such as the rail networks
across both Ireland and the UK which weren't designed to modern exacting standards but
were instead constructed by tipping methods in the mid-19™ century. As a result many of
these slopes are inclined at very steep angles, which would not be permitted by modern de-
sign guidelines [3]. This places them at an increased risk of failure. However given the scale
of the networks involved and current economic circumstances, it is infeasible to replace all
substandard slopes. Therefore it is imperative that we are able to identify and rank the slopes
which represent the most risk to end users in order to determine which slopes to prioritise
for remediation.
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While significant research has been carried out on the field of landslide risk assessment it
is typically carried out over a large study area using proxy measurements. This paper uses
reliability theory to determine the probability of slope failure (hazard assessment). Thereby
allowing for a more realistic estimate of slope capacity than traditional methods and hence
a more accurate estimation of the failure probability. Furthermore, recognising that slopes
are susceptible to many different failure mechanisms this paper analyses slope stability mul-
ti-modally using a particle swarm based algorithm (LIPS) which is able to detect all viable
slip surfaces simultaneously. This optimisation process is used in conjunction with Bishops
simplified slip circle and FORM (first order reliability method) to perform a hazard analysis
in this paper.

Risk is typically defined as the product of a hazard (probability of failure) and its consequ-
ence. Naturally if a slope is subject to many different failure modes each will carry a different
consequence. For example if a failure with a large volume of displaced soil occurs it will likely
have greater consequence than a failure with negligible volume. This complicates slope risk
assessment as the actual consequence is dependent on the particular failure event which
occurs. However if allviable slip surfaces are used to perform the risk assessment the risk will
more than likely be overestimated as many of the slip surfaces will be correlated. Therefore
this paper performs consequence analysis and subsequent risk analysis on the slip surfaces
determined to be representative by the LIPS optimisation process. Consequence is determi-
ned based on volume of soil displaced [4]. A hypothetical embankment case study is used to
demonstrate the methodology.

2 Methodology

Riskis defined in this paperas the product of hazard and consequence. The following sections
describe how hazard and consequence is obtained in this paper.

2.1 Probabilistic hazard assessment

Probabilistic methods have become increasingly common in Geotechnical Engineering over
recent years. Slope stability in particular has received significant attention [5-8]. This is due
to researchers recognizing that slope stability has significant uncertainties associated with
it such as site investigation, slip surface location, climate and of course spatial variation.
Reliability theory allows designers to assign statistical distributions to each variable thereby
allowing for uncertainties to be accounted for within stability calculations. The performance
function g(X) of a slope can be expressed as the difference between capacity (C) and demand
(D), see Eqn 1.

>0, safestate

g(X)=(C—D){=0, limitstate M
<0, failurestate

g(X)=g(X;,Xp...,x, )for i=1ton
Where X is a vector of the different random variables (x_i) represented in the slope. Safety in
a reliability analysis is typically expressed in terms of a reliability index, 3, and a probability
of failure, p.. The probability of failure (p) can be defined as the probability at which the per-

formance function is less than zero, see Eqn 2.

P, = P[g(X) < 0] @
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In a normal space, the reliability index (3) is defined as the distance in standard deviations
from the mean of the performance function to the design point, Eqn 3. This can be seen
graphically in Fig 2.

() o

Where E[g(X)] is the mean of the performance function and o[g(X)] is its standard deviation.
When analysing slope stability the performance function of the slope is typically expressed
asin Egn (4).

g(X) =F0S-1.0 (4)

Where FOS is the factor of safety as defined by a relevant limit state Eqn. In this case Bishops
simplified slip circle is used, see Eqn (5)

secq,
1+tand tane; /FOS

Z;Wl sinq,

Where W, is the weight of the i* slice, o, is the tangential angle of the base of the i" slice, Ax,
is the ith slice width, ci is the cohesion of the soil on the base of the ith slice, ui is the pore
water pressure at the base of the i slice, and ¢, is the friction angle of the soil at the base of
the i slice. To obtain the minimum FOS of a slope, either a trial and error or an optimization
technique must be implemented. Similarly to obtain the maximum probability of failure an
optimisation needs to be implemented to find the design points of the random variables
involved as well as the critical slip circle.

Z. JE A%+ (W, —uAx)tano,]
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Figure1 Terms used to describe slip surface geometry
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2.1.1 First Order Reliability Methods Hasofer Lind

Hasofer & Lind (1974) proposed a method which assumes a first order tangent to the limit
state function at the design point (i.e. when g(X) = 0) giving an exact solution for linear per-
formance functions and a close approximation for nonlinear functions. This method known
as the Hasofer Lind reliability index requires all computation to be carried out in the standard
normal space. Therefore the vector of random variables (X) needs to be transformed into a
vector of standardised normal uncorrelated variables (X) prior to minimisation. Eqn (6) can
be used to transform random variables into the standard normal space.

= for i=[1,2,...,n| (6)
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In this space the reliability index can be calculated by Eqn 7.

=X} ®

Where the limit state surface U is defined by g(X)=0.
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Figure 2 Hasofer Lind reliability index shown graphically as the minimum distance from the origin to the limit
state surface in a reduced normal space.

2.1.2 Optimisation method- Locally Informed Particle Swarm Optimisation (LIPS)

In a multimodal problem, many extrema need to be located simultaneously, these optima
can be located in vastly different areas of the search space. This paper uses a multi modal
optimisation algorithm termed LIPS (locally informed particle swarm) to locate all significant
minima. LIPS is a modified form of particle swarm optimisation (PSO) adapted to solve multi-
modal problems. PSO optimises based on how we think swarm animals such as birds find
food as a group. The general principle being that each particle in the swarm represents a
solution (collection of design points) to an optimisation problem. These particles iteratively
move about the search space or performance function surface with a velocity. Every iteration
each particle updates its velocity and its position based on that particles best solution (lowest
3 or FOS) so far (termed pbest) and the swarms best solution so far (global optima termed
gbest). When a particle is near an optima its velocity decreases. Each particle is aware of the
current global best solution and if the program runs for long enough all particles should move
towards this point.

LIPS differs from standard PSO in that not every particle is aware of the location of the global
minimum, instead each particle is aware only of its personal best solution and that of its
neighbourhood. Where a particles neighbourhood, is the m closest particles to that particle
measured in Euclidean distance. This allows particles to learn from those particles immedia-
tely surrounding it, while also ensuring that particles on the opposite side of the search space
have no influence. This allows LIPS to develop a number of stable niches in separate areas
of the search space thereby allowing the algorithm to optimise simultaneously to multiple
different local optima.

The velocities (V) and positions (U) of the particles are updated using Eqns (8 — 10). Further
details on the optimisation process can be found in Reale et al. [9, 10].
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Where @, is a randomly distributed number in the range of [0, (4.1)/nsize] and ¢ is equal to
the summation of @ - nbesti is the j'" nearest neighbourhood to i"" particle’s personal best
(pbest), nsize is the neighbourhood size and 9 is the inertia weight which balances the search
between global and local performance.

2.2 Consequence analysis

Depending on the failure mode which occurs the consequence will be different. This paper
assumes that the consequence is dependent on the volume of soil mobilised, or the cross
sectional area of the displaced mass in two dimensions. However, some other term could
easily be used to measure consequence where appropriate. In line with the methodology
proposed by Zhang and Huang [4] this paper assumes that consequence is equal to the area
displaced if failure occurs or 0 if failure does not occur, see Eqn 11.

c A, if failure occurs a
o otherwise

3 Case study

A hypothetical embankment is used to demonstrate the risk methodology. The embankment
is approximately 10 m tall and is inclined at an angle of 38° to the horizontal, ground level
is further inclined at an angle of 2° to the horizontal, see Fig 3. The embankment is founded
upon a soft clay layerimmediately overlying a stiff clay deposit. Gravel is found at depth. The
geotechnical parameters used can be found in Table 1.
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Figure 3 Slope profile
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Table1 Geotechnical parameters used in analysis

Property Mean Coefficient of Variation
Cohesion (embankment) (kPa) 7 0.2

Friction angle (embankment) (°) 34 0.05

Undrained Shear Strength (Soft Clay) (kPa) 35 0.1

Friction angle (Soft Clay) (°) 0 0

Undrained Shear Strength (Stiff Clay) (kPa) 70 0.1

Friction angle (Stiff Clay) (°) 0 0

Cohesion (Gravel) (kPa) 0 0

Friction angle (Gravel) (°) 38 0.05

LIPS detected three representative slip surfaces which can be seen in Fig 4. One shallow seated
failure mode was detected which was entirely contained within the embankment fill, while two
deeper seated failure modes were also observed. While the critical failure mode in this case is
the largest failure mode (m3), failure mode m1 may in reality be more likely to failure if climate
effects are taken into account as shallow landslides are preferentially deteriorated by rainfall.
Therefore it is important to analyse critical slopes multi-modally in order to get a true picture
of safety.

The reliability indices, corresponding probabilities of failure and areas are given in Table 2.
Failure mode m3 represents the most risk as it has both the highest probability of failure and
the largest area of potential soil displacement. Similarly failure mode m1 contributes signi-
ficantly to the overall risk profile as it has also covers a large area. Failure mode m2 is not
considered high risk, as although its probability of failure is not much less than the other two
failure modes negligible soil will be displaced if failure occurs. Hence it is less likely to have
a catastrophic impact. To obtain the total risk profile of the slope the risk of the individual
failure modes is simply added together. In this case the total risk of a landslide on the slope
is 1, see Table 2. It is important to note that this number is not a probability and is merely a
dimensionless number which can be used to compare the relative risk of different slopes.
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Figure 4 Representative Slip Surfaces detected by LIPS
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Table 2 Hazard and risk results for critical slip surfaces.

Mode No: Entry Pt Exit Pt B P, Area (m?) Risk
m1 31.8935 49.6451 3.0669 0.00M 122.6397 0.135
m2 33.1429 46.6414 3.2403 0.0006 27.80363 0.017
m3 27.8879 49.5705 2.5036 0.0062 137.2494 0.851
Total risk: 1.00

4 Conclusion

Across Europe Infrastructure managers are facing challenges in managing aged cutting and
embankment assets with reduced budgets. Climate change is likely to cause an increase in
the number of failures in these assets annually. This paper has shown the benefits of combi-
ning multi-modal optimisation algorithms with probabilistic methods for analysing existing
railway slopes. The case study shows that shallow and deep seated failures, with similar
probabilities of failure, can exist in the same slope. In which case, the actual critical slip sur-
face is dependent on the triggering mechanism which presents itself first as opposed to the
slip surface with the lowest reliability index. By using a multi-modal optimisation algorithm,
LIPS, to calculate the probability of failure all viable slip circles are checked simultaneously,
thereby eliminating the chance of a missing a key slip surface, thus removing subjectivity from
the designer. However depending on the volume of soil displaced a shallow landslide may not
represent that much of a risk to end users. To address this deficit this paper considers the vo-
lume of displaced soil as the consequence of a landslide occurring. Therefore by multiplying
the probability of failure of each representative slip circle by the volume of soil displaced
by said slip circle a risk profile can be obtained. This profile can then be used to gauge the
relative risk of each failure mode and to compare the risk of slopes across an entire transport
network. Thereby providing a methodology for prioritising expenditure on remediation works.
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Abstract

More than 50 % of Croatia’s area is situated in karst terrain which is characterized by disso-
lution of limestones, dolomites and other soluble rock masses under the influence of water,
CO,, temperature etc. As a consequence of this process, often referred to as ‘karstification’, a
large number of karst phenomena is linked with engineering activities and directly influence
existing infrastructure, especially national highways and roads. Since many highway sections,
out of1300 km in total, are constructed in karstification susceptible terrain, phenomena such
as faults or caverns can have large impact both on construction works as well as on structu-
re behaviour during exploitation. The latter became more obvious in last few years since
number of exploitation issues have been reported. Few of these phenomena are presented
in this paper, including cavern near Bosiljevo exit, suffosion sinkhole near tunnel Sv. Marko
and bulging of pavement near tunnel Veliki Glozac due to karstificiation of bottom layers.
Besides describing the nature of these phenomena, this paper presents a methodology for
their remediation combining different non-invasive geophysical methods whereas method
of seismic refraction will be shown in this paper since it yields best results for fulfilment
of task. The main advantage of this methodology is to obtain relatively precise information
about presence, distribution and size of karst features in fast and simple manner. Based on
these data, a technical documentation including remediation measures was prepared and the
remediation works were conducted, or will be conducted, accompanied by detailed quality
control program.

Keywords: karstification, highways, cavern, suffusion sinkhole, seismic refraction
1 Introduction

Croatia is situated in south-east Europe and, according to Kovacevic et al. [1], more than half
of the its area of (or over 70% if taking into account the Croatian Adriatic seabed) is situated
in karst terrain, Figure 1. Field [2] explains that the karst is ‘the result of natural processes
on and in the earth’s crust caused by the dissolving and rinsing of limestone, dolomites and
other soluble rock masses’. Dissolution of limestones and dolomites, which are dominant
rock masses in Croatia, is under influence of many factors such as water presence, CO, con-
tent, saturation level, temeprature etc. The process of carbonate rock dissolution is often
called karstification. Regarding their morphology, karst phenomena can roughly be divided
on surface features and underground features. Juri¢-Kacunié [3] gave an extensive description
of all karst features. Surface features may be small scale such as flutes, runnels, clints and
grikes, medium-scale such as sinkholes, vertical shafts, foibe, disappearing streams, and
reappearing springs or large-scale such as polje and karst valleys. As a consequence of karsti-
fication, a large number of karst phenomena is linked with engineering activities and directly
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influence existing infrastructure, especially national highways and roads. These features can
impact physical-mechanical behaviour of rock and can have large impact both on construction
works and behaviour of structure during its exploitation. One of most interesting examples of
karst-related issues during construction of Croatian highways is the cavern which was found
during construction work of tunnel Vrata [4], Figure 2.

Figure1 Karstregions in Croatia [1]

a) b)

Figure 2 Cavern in tunnel Vrata: a) after detection, b) after remediation [4]

During tunnel mining, a 50 000m? cavern was discovered, Figure 2a, and fast and effective
remediation measures needed to implemented. Remediation measures therefore included an
innovative solution of constructing a bridge inside tunnel pipe, Figure 2b.

However, in recent years, problems regarding exploitation of highways and roads in karst
terrain became more obvious with large number of number of exploitation issues being repor-
ted. Some of these phenomena are presented in the paper, and include cavern near Bosiljevo
exit, suffosion sinkhole near tunnel Sv. Marko and bulging of pavement near tunnel Veliki
Glozac due to karstificiation of bottom layers.
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2 Methods for detection of karst phenomena

The basic method for detection of karst phenomena is most certainly method of visual in-
spection. However, the main issue regarding visual inspection is that hidden effects can be
overlooked and that visual inspection is very susceptible to subjective assessment. This is
especially significant when it comes to underground karst phenomena. Besides visual in-
spection, an invasive method of borehole drilling is traditionally used as main method for
engineering — geological interpretation of underground. Even though borehole drilling gives
unique information about is expensive and although it gives about geotechnical parameters,
those information are obtained in discrete area (point information) and as such drilling is
ineffective tool for detection of extent and scale of underground anomalies.

To overcome issues posed by invasive methods, non-invasive geophysical methods have
been applied extensively in civil engineering in last few decades. Even though the main ad-
vantage of these methods is in considerable savings of time and financial resources, there
is still a lack of information on selection of suitable methods and measurement parameters
when using geophysical methods for investigation of karst phenomena [5]. Another disad-
vantage of geophysical methods is that they cannot directly (without correlation) provide
information about some important physical-mechanical characteristics of rock, but this is not
of greatimportance when it comes to simple mapping of subsurface. Generally, non-invasive
geophysical methods can be divided to geoelectric, seismic and electromagnetic methods.
Each of these groups consists of large number of methods and few of them have been used
for detection of karst phenomena along Croatian highways. These methods include seismic
refraction method, multichannel analysis of surface waves and electromagnetic method of
ground penetrating radar. However in this paper, results of seismic refraction method will be
presented since it was shown that, out of mentioned, this method yields best results when it
comes to mapping of karst phenomena.

The main objective of the seismic methods is to define the profile of the elastic waves velo-
cities in depth which are in direct contact with the elastic stiffness properties of the material
through which they travel. Such elastic waves spread through the soil or rock after they were
generated by impulse or controlled vibration on the surface. When they arrive at the border
of layers of different seismic velocity, waves are reflected or refracted after which they travel
back to the surface. Refraction waves are longitudinal (P) waves and they are conducted
according to Snell’s optics law of spreading rays in stratified medium. The method is based
on the analysis of artificially created seismic waves that are generated from the surface and
which are detected by measuring sensors — geophones, placed on pre-defined positions.
After analysis, the final output is profile of longitudinal waves of investigated subsurface.

3 Examples of karst phenomena along Croatian highways

Even though large number of different issues have been reported and consequently treated,
this paper presents only few of them.

3.1 Example 1: Cavern in 9'" kilometer of the Rijeka-Zagreb highway, near Bosiljevo exit

In February 2014, on the 9™ kilometer of the Rijeka-Zagreb motorway (red dot on Figure 1),
in the direction of Zagreb, an opening with depth of approximately 3 m and aperture area of
10 m?, appeared between the two lanes, Figure 3a. Detailed geological mapping, Figure 3b,
indicated that the reason for this is due to so-called ‘reverse’ karstification where the rock
mass dissolves from bottom layers to top layers. After significant degree of karstification, the
collapse of surface material in the cavern located at greater depth was inevitable.
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a) b)

Figure 3 Openingin 9" km: a) Position of opening, b) geological mapping

Besides conduction of geological investigation, a geophysical investigation was carried out
where the methods were chosen according to the geological structure of the ground and
geotechnical nature of the problem related to the design requirements. Two investigation
geophysical methods were therefore chosen. Ground penetrating radar profiling was used to
identify potentially karstification-caused anomalies beneath the road which could endanger
its functionality, while seismic refraction geophysical surveys were carried out in the area
between the lanes and it was used to determine the volume and position of the cavern. After
interpretation of refraction data, a longitudinal velocity profile was obtained and it is shown
on Figure 4. A feature which can be easily seen is an area of reduced velocity of seismic waves
between 30" and 45" meter of profile and on 6™ to 14" meter in depth. This area is assigned
to cavern which caused collapse of material on surface.

Figure 4 Refraction profile on 9t" kilometer of the Rijeka-Zagreb highway

The remediation of cavern [6] consisted of two phases where, in the first phase, cavern was
filled with fine-grained concrete. In second phase, a stabilization of the cavern surrounding
area was done with ‘contact grouting’ method. After completing these phases, a surface hole
was filled with gravel and reinforced slab was constructed on surface. By conducting seismic
refraction investigations, a volume of cavern was estimated to be 160 m?, while during reme-
diation works total amount of fine-grained concrete which was used for filling of cavern was
130 m. This can be considered as good estimation.

3.2 Example 2: Suffosion sinkhole on the Rijeka-Zagreb highway, near Sv. Marko tunnel
During rainy period of winter 2014/2015, an opening of unknown genesis and morphology
appeared near electrical substation in km 46+300 of Rijeka-Zagreb highway, next to the en-

trance to sv. Marko tunnel (blue dot on Figure 1). The aperture area of 13 m? was located next
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to western part of highway security fence. Also, extensive bulging of terrain was observed in
area around opening, Figure 7a. It is significant that these phenomena occurred at the very
end of drainage system of tunnel cutting slopes.

a) b)

Figure 5 Suffosion sinkhole in 46" km: a) location, b) suffusion mechanism [7]

Based on investigation works which consisted of geological and geophysical investigations, it
was concluded that the main reason for formation of opening is suffusion. According to Field
[2], suffusion can be classified ‘undermining through removal of sediment by mechanical
and corrosional action of underground water’. Since the terrain on the location is made of
disintegrated clastic formations of clay, silt and sand mixture, overlying fractured dolomite,
the soil profile makes it very susceptible to process of suffusion. Additionally, the surface
drainage system accelerated this process since surface channels end just above the location
of suffusion. Therefore, genesis of this phenomenon should not be searched in underground
but rather on surface, where larger inflow of water from cuttings had mechanical impact on
unconsolidated sediments transporting them into upper karstified dolomite. Figure 6. shows
a seismic refraction profile where the zones of lower longitudinal wave velocities can be seen
in upper part with clearly visible clay pockets.

Figure 6 Refraction profile on 46" kilometer of the Rijeka-Zagreb highway

As an optimal remediation solution [8], a three phase remediation plan is established. First
phase includes jet-grouting of unconsolidated sediments in order to bind soil particles by for-
ming soilcrete with higher stiffness and strength. Raster of grouting positions is determined
as 2.5 x 2.5 m triangular. After stabilization of surrounding area, next phase includes filling
of the sinkhole with granulated material fraction ranging from 0 to 63 mm, while final phase
includes reconstruction and extension of surface drainage system. By doing this, a further
potential formation of suffusion sinkholes will be prevented.
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3.3 Example 3: Pavement bulging on the Rijeka-Zagreb highway, near Veliki Glozac tunnel

Near the exit from Veliki Glozac tunnel, in km 9+500 of Rijeka-Zagreb highway (green dot on
Figure 1), a pavement bulging phenomenon was noticed. The bulging occurred in length of 6 m
with 20 cm pavement denivelation, covering two highway lanes, Figure 7a. After conduction of
geological and geophysical investigation works, it was concluded that the reason for bulging
is result of steeply sloping speological object which was partially detected during constructi-
on of highway backin 1997. and 2001. Rock mass in which this speological object was formed,
has been partially mined for construction of tunnel cuttings. However, it is possible that one
part of the same speleogical object, which was in fossil phase of speleogenesis, remained
under the lanes of highway where bulging occurred.

a) b)

Figure 7 a) Pavement bulging in 9.5'" km, b) seismic data acquistion

On this basis, a complete seismic profiling was conducted, consisting of seismic refraction
method and multichannel analysis of surface waves method. The acquisition of data posed
some problems since each geophone had to be drilled inside pavement in order to collect
data properly, Figure 7b. One resulting refraction profile is shown in Figure 8. where three
zones of reduced wave velocities can be can be distinguished. These zones are located to the
depth of 12 meters, just below the location of pavement bulging. Therefore, it was decided
that proper remediation measures must be taken into account.

Figure 8 Refraction profile on 9.5'" kilometer of the Rijeka-Zagreb highway

Planned remediation measures [9] consist of removal of existing pavement as initial phase.
After that, a filling of the cavern with fine-grained concrete is planned where drilling holes
will be used in same time as prospection holes to determine the actual state of rock mass in
base. Next, surrounding area will be stabilised by contact grouting method, following levelling
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and compaction of highway subbase layers. As final phase, 18 cm thick reinforced slab will be
constructed as well as layers of binding and dense tar surfacing materials.

4 Conclusion

Since the large part of Croatian highways is located in karst terrain, susceptible to process of
rock mass dissolution, a number of issues regarding their exploitation have been reported in
last few years. Some of these include cavern between highway lanes in 9" kilometer, pave-
ment bulging due to karstification of bedrock layers in 9.5™ kilometer and sinkhole suffusion
on 46" kilometer, all on Rijeka — Zagreb highway. To form a basis for remediation measures,
a geological and non-invasive geophysical investigation works were conducted. While the
geological investigation works provide answers to genesis and nature of each problem, ge-
ophysical investigation works provided an estimation of volume and extent of karst phe-
nomena. Between few methods used for multi-geophysical approach, a method of seismic
refraction yielded best results when it comes to mapping application. For each problem, a
detailed design documentation was prepared including remediation measures conducted in
several phases. All remediation works are accompanied by detailed quality control program.
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Abstract

Abrupt climate changes cause increasing occurrence of rockfalls which are significant and
ongoing threat to infrastructure network, particularly for those located within steep terrain.
Better understanding and timing where to focus attention for this matter is crucial for the
infrastructure companies, which can avoid high cost of damages caused by rockfall hazards.
Hazard analysis has historically relied on visual inspection of experienced field engineers
assessing each site, which is not time or cost effective. In recent years, the usage of un-
manned aerial vehicles (UAVs) is becoming increasingly common, especially for applications
concerning natural disasters. By using unmanned aerial vehicles the traditional methods of
mapping, determining the volume, cross-sections, contours and other parameters that are
required for rockfall engineering analysis can be altered, improved, or even completely repla-
ced. The paper presents the legislation and scientific research initiatives for determining the
volume of boulders with unmanned aerial vehicles.

Keywords: boulder, ortophoto maps, point cloud, rockfalls, transport infrastructure,
Unmanned Aerial Vehicles

1 Introduction

Rockfalls are a major threat in areas characterized by highly diversity of lithostratigraphic soil
compositions [1], high degree of tectonic and seismic activity, complex geological characte-
ristics, various relief features, unfavourable climatic conditions, water network development
and significant anthropogenic influence on relief shaping. During the last decade a large
number of rockfalls occurred on the steep karst slopes along the Adriatic Coast of Croatia,
causing serious damages to buildings and transport infrastructure, which resulted with traffic
delays on roads and railways with expensive remediation measures [2].

Arockfallis defined as a rock mass that has detached from a steep slope or cliff along a sur-
face with little or no shear displacement and descends most of its distance through the air
[3]. Once a rock block has detached from the steep slope, it will free fall, topple, bounce, roll
orslide along the slope surface at a high speed, which can cause significant damages to the
facilities at the bottom of the slope.

Investigation of rockfall hazards and rockfall hazard mitigation requirements in Croatia were
increased during the last decade after large rockfoils occurred on the steep karst slopes along
the Adriatic Coast of Croatia [4]. Majority of sections of Croatian Highways A1, A6 and A7, in
total 570 km of length and Croatian Railways, round 650 km of length are situated in the karst
terrain with numerous slopes cut in the karstic rock (Figure 1).

Karst takes more than a half of the Croatian area (52%) and over 70%, if Croatian Adriatic
seabed is taken into consideration [5]. It is located from Slovenia in the northwest, to the
southeast of Montenegro and his northern border goes south from Karlovac to the east where
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it crosses into Bosnia and Herzegovina. Karst morphological form is including skraps, valleys,
pits, sinkholes, coves, fields, caves, caverns, etc. and his hydrological forms includes con-
fluence with rapid drainage, underground rivers, estavelles, surface springs and submarine
sources.

Figure1 Map of Croatian karst area with some rockfall locations

2 Jurdani rockfall survey with UAV

Accessing and mapping rockfal locations with Unmanned Aerial Vehicle (UAV) can be used to
collect series of high resolution images from which is possible to create Digital Terrain Model
(DTM) of a rockfall area. By using such models it is possible to generate very accurate data of
volumes, areas, surfaces, cross sections and contour lines in a very short time and replace
traditional methods of mapping such areas.

On the railway line M203 between stations Jurdani and Matulji is a location of potential ro-
ckfall and it was photographed with UAV DJI Phantom 2 Vision+ [6]. With this type of Un-
manned Aerial Vehicle itis possible to take a lot of pictures in very short time, which depends
on the experience of the pilot. In this case 69 pictures was taken. which were used latter on
in mapping software Pix4Dmapper Pro [7]. Combination of such UAV and mapping software is
a powerful tool which can generate data for all computer programs who are used for rockfall
simulations, an one of them is Rocfall [8].

It is a computer program easy to use, which performs probabilistic simulation of rockfalls
or landslides and can be used for designing barriers and testing their effectiveness. Rocfall
based on input data (slope geometry, characteristics of slope materials, block size, block
starting position and starting speed) calculates the trajectory of a block and as output data
gives speed, position and kinetic energy of block. Output form also gives a histogram showing
distribution of velocity, kinetic energy and stepping height of the blocks in relation to any
location along the slope profile.
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2.1 DJI Phantom 2 Vison+

Company DJI [6] is one of global leaders in the development and production of simple to use and
reliable small unmanned aircraft for commercial use and recreation. Model Phantom 2 Vison+ is
one ofthe top sellers, most simple and very easy to use. Unfortunately his production has been
terminated, but was replaced with newer versions like Phantom 3 and Phantom 4, while tech-
nology and other operating principles on new drones remains the same or slightly enhanced.
This UAV (unmanned aerial vehicle) has four propellers (quadcopter) and is equipped with
a camera attached to the bottom that can record high-resolution images or high-definition
video (Figure 2). It also comes with many other features for recording digital imagery. A user
can control the device using a remote control connected to almost every smartphone, where
live video from the drone’s camera can be streamed. By using images supplied to the smar-
tphone, pilots can navigate the drone even when it is out of a direct line of sight.

Figure 2 Parts of DJI Phantom 2 Vison+

2.2 Pix4Dmapper Pro

Pix4Dmapper Pro is software that automatically processes the images that were taken from the
air using unmanned aircraft, or from the ground with digital camera. It uses technology that
works on the principle of recognizing the image content (pixels) in order to make a complete
3D model of the subject (Figure 3). The software is completely adaptable to all types of came-
ras and image processing results can be converted and used by any GIS or CAD applications.

Pix4Dmapper Pro can be used in many different branches of industry and science, such as

mining, agriculture, geodesy, civil engineering, management of natural resources and emer-

gency services, and allows following:

« line and polyline measurement (break lines), making longitudinal and cross sections, con-
tour drawing, measuring areas and volumes directly in the model and their export to other
different formats

- generating 3D point cloud, true orthomosaic and orthophoto maps, 3D textured models,
DSM (Digital Surface Model), NDVI Maps (normalized difference vegetation index) from ver-
tical and oblique aerial or terrestrial photos

« it uses a fully automated flow of data processing and calibration of each photo in order to
achieve a satisfactory level of accuracy, but also the “Rapid Check mode” for checking the
quality of recording directly on the field
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Figure 3 Pix4Dmapper Pro user interface

2.3 Flight preparation

Upon arrival at the location the first step is to prepare flight of aircraft which is done by connec-
ting smartphone with UAV through wireless connection, and upload the map of the location
to the smartphone. To prepare a flight it is needed to set up dimensions of mapping area in
Pix4D capture [9] application, flight orientation and altitude as well as drone airspeed. In this
particular case, flight was carried out in “free flight mission” mode which means that one set
of parameters had to be added. Horizontal and vertical change of camera position through GPS
(Global Positioning System) were set in the way that when camera moves by 2 meters (Figure
4) it will automatically take a photo and save a GPS coordinate of a photo position.

Figure 4 Screen shot of the map location “Jurdani” from smartphone

2.4 Office work

By uploading such geocoded images taken from airin Pix4Dmapper Pro it displays flight path
and the position of each photo that was taken (Figure 5).
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Figure 5 Screen shot of Pix4D mapper Pro with positions where images were taken

Photo processing, generating point cloud and orthophoto map takes place automatically by
SFM algorithm (Structure From Motion) [10] by Pix4Dmapper Pro. Depending on the power of
the processor and graphics performance of a computer after some time software generates
orthophoto map and Digital Surface Model (DSM) (Figure 6) and 3D view of the terrain in the
form of a point cloud (Figure 7).

Figure 6 Ortophoto map and Digital Surface Model (DSM) generated by Pix4Dmapper Pro from photos taken
from air

Figure 7 Point cloud generated by Pix4Dmapper Pro from photos taken from air
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Result of this way generated point cloud and orthophoto map it that they are fully measurable
at every part of the created model. Itis allowing us to produce longitudinal and cross sections
(Figure 8), contour drawing, measuring areas and volumes (Figure 9) directly in the point cloud
model and their export to other different CAD format (Computer Added Design) who are used
in most professions related for mapping and design.

Figure 8 Example of cross section generated in Pix4Dmapper Pro

Figure 9 Volume generated in Pix4Dmapper Pro

3 Conclusion

Application of Unmanned Aerial Vehicles (UAVs) can deliver high-resolution remote sensing
data on rockfalls which are constantly appearing in Croatian karst. Compared to conventional
classical methods for mapping rockfalls, new technologies and software can save a lot of time
and money, especially when the area of interest is hazardous, dangerous and inaccessible
delivering data which is more than sufficient for rockfall analysis.
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Abstract

This research carried out investigations on the hydrogeological characteristics of inflow gro-
undwater into subway station in South Korea. It is well known that the behaviour of groundwa-
ter around urban area has greatly affected risks on ground subsidence as well as undergro-
und structures. Especially, there are many cases of urban sinkhole due to a large volume of
groundwater generated during the construction and operation of subway system in South
Korea. There are 16 lines of subway with 481 stations in 6 cities in South Korea, and the half
of them are placed in Seoul, the capital of South Korea. About 10,000 m*/day of groundwater
was inflow into subway stations in Seoul. In order to investigate the characteristics of inflow
groundwater, a test-bed station was monitored for several parameters such as the volume of
inflow, water temperature, and electric conductivity, etc. for several months, With geological
properties of ground and environmental factors such and rainfall and surface water near
the station, the station, the monitoring data was analysed to estimate their correlation and
abnormal behaviour. Further studies are ongoing to setup a real-time inflow groundwater
monitoring and risk assessment and risk assessment system, which would prevent risks on
the underground near subway and its infrastructures.

Keywords: inflow groundwater, subway, ground subsidence, monitoring, tunnel
1 Introduction

In recent years, there has been increased accidents related to ground subsidence in urban
area, so called “urban sinkholes”, around the world. A sinkhole is basically formed by a void
under the ground which can be induced naturally and/or by human activities. Areas of ground
that has the rock easily dissolved by water, such as limestone, salt bed, carbonate rock, etc.,
could have sinkholes naturally. For example, it has been well known Florida’s peninsula in
United States is made of carbonated rock, resulting in karst terrain and many cases of sinkho-
les has been found in Florida. Otherwise, human activities can also trigger ground failure and
subsidence, such as heavy pumping of groundwater, investigative drilling, excavation, and
construction/operation of underground facilities. In 2015, there was an accident where two
pedestrians swallowed by sinkhole in Seoul. The place was cited in the middle of downtown,
and it was found just next to a construction site where 39-story building are being built. It
has been assumed the cause of collapse was water coming out of the retaining wall which
resulted in drain of soil. It was reported that ground failure and subsidence events had been
yearly increasing in South Korea. According to National Disaster Management Institute in Ko-
rea, there has been 36 sinkholes happened in Korea for 10 years since 2015. Among them, 32
cases (78.8%) were occurred by human activities, such as deterioration of sewer pipelines,
construction of subway, excavation, etc. [1].
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During the construction and operation of massive facilities such as subway, underground
structures, it is possible that a large volume of groundwater is discharged. Unlike groundwa-
ter discharged from localized underground facilities, inflow groundwater into subway system
influenced on much wider area due to its net-like structures. It may occur serious decrease of
groundwater level, which followed by ground subsidence and adverse effect on the stability
of underground facilities. We have studied on technologies to monitor the characteristics of
inflow groundwater into subway and to assess its risks on ground subsidence.

In this paper, investigations on the hydrogeological characteristics of inflow groundwater into
subway station were overviewed and its status for South Korea was described. In addition,
data from a test-bed study of inflow groundwater into a subway station was discussed.

2 Characteristics and effect of inflow groundwater into subway
2.1 Amount of inflow groundwater and related parameters

When the subway tunnel was constructed under the groundwater level, the void in tunnel has
atmospheric pressure and groundwater tend to inflow into tunnel. Goodman et al. [2], Lei [3],
Park et al. [4] conducted studies on analytical formulations. Equation (1) shows the rate of
inflow groundwater per unit length of tunnel, where the tunnel discharges as steady state [2].

2mKH,

~ 2.3Log(2H, /1) ®

Q
Where:
Q, - amount of inflow groundwater;
K - hydraulic conductivity;
H, — groundwater level measured from the head of tunnel;
r - tunnel’s diameter.

When the discharged amount of groundwater is large enough to change groundwater level,
that is, transient state, Q(t) at any time can be predicted by equation (2).

Q)= /%CKHgsyt ®)

Where:
C - arbitrary constant;
S, - specific yield.

The report of Korean Ministry of Construction and Transportation [5] figured out several pa-
rameters which may affect inflow groundwater into subway. It conducted the research for
collecting wells in some subway stations in Seoul. Parameters considered were surrounding
groundwater level, depth and elevation of the collecting well, length of range, river, geological
properties, etc. It showed that the volume of inflow has been correlated with the depth and
elevation of collecting well. Also, the amount of rainfall has positive relationship with the
volume of inflow groundwater.

2.2 Effect of inflow groundwater on surrounding environment
The inflow groundwater into subway tunnel could gradually decrease the groundwater level.
When the groundwater level is decreased, the ground can be weakened and cavities are

formed, which result in urban sinkholes. Kim investigated the causes of urban sinkhole [6]
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and indicated the decreased groundwater level in urban area was one of the main cause of
ground subsidence. Also, Kim recommended that most of sinkhole spots in Seoul and Pusan
in South Korea were sited on the subway line, that is, subway was working as a huge Line
Sink for groundwater.

Yoo and Kim investigated the relationship between groundwater flow and ground subsidence
for various ground conditions by numerical approach [7]. A parametric study was conducted
on the influencing factors, and indicated that tunnelling-induced groundwater drawdown cau-
ses ground-surface settlement (Figure 7).
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Figure1 a) Groundwater drawdown, b) Surface settlement with groundwater drawdown [7]

The decreased groundwater level by subway tunnel also can affect the stability of its structu-
res. Jung et al. [8] studied that lowered groundwater level could increase effective stress,
which followed by ground subsidence and overstress for underground facilities.

It has been reported that subway tunnel in Shanhai in China was constructed on the weak
layer of sediment. This sedimentary layer has high moisture content and compressibility and
low hydraulic conductivity. According to Shen et al. [9] urbanization of Shanhai and excessive
pumping of groundwater brought problems including lowered groundwater level and surface
settlement, as well as the deformation of subway tunnel.

3 ATest-bed study on monitoring of inflow groundwater

Including Seoul, the capital, there are 6 cities which has subway system, total of 16 lines and
505 km of operational route in South Korea. According to the report by K water [10], the total
amount of inflow groundwater into subway in South Korea was 142,991 m?/day, 52,193,000
m3/year. Table 2 shows the status of inflow groundwater into subway for different cities in
South Korea.

Table1 Status of inflow groundwater into subway in South Korea.

City Line Station Length (km) Inflow Groundwater [m3/day]
Seoul 8 268 287 97,308

Busan 3 92 96 15,030

Daegu 2 56 54 18,054

Inchon 1 23 24 2,719

Daegeon 1 22 23 7,920

Kwangju 1 20 21 1,960

Total 16 481 505 142,991
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According to the report by Seoul city, between 1997 and 2014, the amount of inflow groundwa-
ter for line 1to 5 of subway in Seoul has been decreased by 39.5% [11]. It assumed that the
decrease of groundwater near subway has been occurred for a long time.
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Figure 2 Changes of inflow groundwater into subway in South Korea

Forthe test-bed study to monitorthe behaviour of inflow groundwater, one station in Daejeon
city was investigated in this research. The characteristics of groundwater in collecting well
such as volume of inflow, electric conductivity and temperature, etc. were measured for se-
veral months and surrounding environmental data related to rainfall, river, etc. were collected
and analysed at the same period.

3.1 Target area for monitoring of inflow groundwater

In Daejeon city, there is 1 line of subway which is operated 22.7 km with 22 stations since
2006. Inflow groundwater is collected and discharged in 8 stations, and total amount of it is
ca. 7,920 m?/day.

The target station, Jungangro station, has the largest volume of inflow groundwater in Daejeon
city, which amountis 3,620 m3/day. Most of inflow groundwater has been discharged to river,
and only about 16 m*/day of it has been reused. Figure 3 showed the geological properties
of area near the target station. Around the station, the layer of soil was depth of 1.5~7 m for
sediment, 1.5~12 m for weathering residual soil, 3.5~24.5 m for withered rock. The groundwa-
ter level was -3.9 ~ -9.8 m under the surface. The target station was excavated from 2001 to
2003, and it was reported that there was about 6.6 m ~ 15.7 m of decrease in groundwater
level during the construction.

Figure 3 Geological layer of area near the target station
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3.2 Monitoring method of inflow groundwater at test-bed station

In order to establish database for risk assessment of inflow groundwater using time series
analysis, some parameters for groundwater in collecting well were measured. LTC levelogger
and barologger (Solinst, USA) were installed in collecting well and in the pupping room, res-
pectively (Figure 4).

Figure 4 Installation of monitoring sensors in collected well

Using LTC levelogger, the water level in collecting well was measured every minute, which
transferred to the amount of inflow groundwater by the area of well. Temperature and electric
conductivity are also measured using LTC levelogger in every 3 minutes. The data of atmos-
pheric pressure from barologger was measured to correlate the water level. The area of collec-
ting well was 42.4 m2.

3.3 Results and Discussion

In order to investigate the characteristics of inflow groundwater, a test-bed station was mo-
nitored for several parameters such as the volume of inflow, water temperature, and electric
conductivity, etc. Figure 5 shows the behaviour of each parameter for inflow groundwater for
about 3 months. The increase of water level in collection well was ranged from 39.2 to 64.3
m/day, with average of 56.5 m/day. This meant 2,396 m*/day of groundwater was flowed into
this collection well. The amount of inflow groundwater was increased during the monitoring
period, which was about 2.8 m?/day. On the other hand, electrostatic conductivity was incre-
ase about 0.15 uS/cm/day, where it changed from 347 to 372 uS/cm. The factors including
rainfall, river stage, and groundwater level near the station were also investigated based on
the data open in public.

The mesured time-series data was analyzed by auto-correlation method to estimate their cha-
racteristics. Auto-correlation analysis is conducted with equation (3), where X, is time-series
data, kis time lag, n is the length of time, . is the averge of x, ¢_is autocovariene function,
and ~, is auto-correlation coefficient.

n—k

Ce :%Z(Xt =W Xy =1 :% €)

t=1 0
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In Figure 6, time-series data for 6 parameters were analysed with auto-correlation analysis.
The amount of inflow groundwater, electrical conductivity, temperature and the groundwa-
ter level have auto-correlation coefficients which are decresed gradually, while rainfall, river
stage shows low auto-corrlation. Cross-correlation analysis was also conducted for these 6
parameters to estimate their relationship (Dara now shown). On the results, rainfall affects
the level of river distinctly and EC. The amount of inflow groundwater, EC and temperature
were related to each other with 7 to 14 days of time lag.

a) b)

19) d)

Figure 5 Measured data for a) inflow groundwater, b) water temperature, c) electric conductivity, and
d) amount of rain fall

Figure 6 Auto-correlation analysis of inflow groundwater and surrounding factors, such as rain fall, Q(inflow
groundwater), EC(electrical conductivity), temperature, RIV(river stage), and GWL(groundwater level)
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Abstract

In orderto be “competitive” as a railway, operating efficiency counts as an important impera-
tive. In the context of railway carriage interior planning this is often made subordinate to other
substantial aspects such as for example, expediency. This leads in practice to the opposite
wished for result. Misunderstood operating efficiency concepts such as a maximal utilization
of space for seating can in reality lead to a decline in operating efficiency, operational pro-
blems and in incidents to serious safety risks.

1 Introduction

The railway finds itself, especially in long-distance travel, in an area of tension between both
of its competitors, road travel and air travel. People who travel by air have or at least see no al-
ternative to air travel. This leads to an acceptance by air travellers of comfort constraints which
arise due to economic pressures on the airlines. Airlines can afford to arrange the seats in the
passenger cabin to achieve a maximum of seating. Since in airline travel reservations as well
as the check-in of luggage are compulsory, all seats can therefore actually be used and sold.
For the railway such restrictions or drastic loss of comfort are not common and are therefore
seldom implemented. Depending on travel duration and distance at least half of railway pa-
ssengers could use the alternative of auto or air travel. Over 50% of travellers on OBB long-
distance trains say that they have a driving license and have an auto available at any time.
Also, because airline tickets are to some extent inexpensive, the cost argument regarding
this mode of transportation is often eliminated. This in turn makes air travel more attractive.
The railway cannot afford to (and should not) ignore the demands and needs of travellers.
In order to achieve the high proportion of railway travellers wished for in transport policy,
which as a rule also actually contains economic benefits, the railway must bring into play the
advantages which it has over other modes of transportation.

However, the tendency in recent years to equip vehicle interiors with the highest possible
number of seats contradicts these considerations. This leads not only to a loss of comfort,
which approximates the comfort level of air travel, but also in a number of ways constitutes
serious operational problems. These problems are often not considered especially in the
purchase of vehicles. The often applied evaluation criterion of the highest possible number
of seats and thereby expected lower purchase- and operating costs per passenger is one-
dimensional and therefore inadequate since it clearly contradicts reality in more ways than
one. The consequences are elucidated in this paper.

Especially in long-distance train travel but also on many local routes particularly in the ser-
vice of cruise ship ports and airports the volume of luggage is often underestimated and not
taken seriously in sufficient measure as an influence factor on the criteria of station dwell
time, achievable seat occupancy rate, comfort, customer satisfaction and ultimately safety.
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2 Luggage volume

Type, size, weight and number of particular pieces of luggage depend substantially on the
parameters of travel purpose in combination with travel duration, age, gender and present
group size of the travellers.

More than ten years of intensive observation shows that the volumes of individual pieces of
luggage tend to be larger. This is due to an increase in comfort during transport particularly
attributable to the fitting of luggage with rollers. For example, pieces of luggage which weigh
14 kilos and are meant to be carried feel as though they are the same weight as pieces of
luggage which weigh 21 kilos but are equipped with two rollers. Fifteen years ago 50% of
suitcases taken along on rail travel were not equipped with rollers and therefore had to be
carried. Five years ago this percentage amounted to about 5%. In the meantime, nearly 100%
of suitcases, so-called trolleys, are equipped with rollers.

In accordance with the comfort enhancement provided by rollers increasingly larger pieces of
luggage are being manufactured and used by travellers. This has led not only to an increase
in the size of individual pieces of luggage but also to an increase in weight. Meanwhile, the
tendency can be seen in luggage manufacturers to equip more and more trolleys with four
wheels. As a result, in many transport situations an additional increase in comfort has been
achieved. The assumption is that these pieces of luggage will be felt to be even more comfor-
table and in weight comparison even lighter; therefore, in the near future a further increase
in luggage volume and pack weight is to be expected.

Both the increase in weight as well as in size present the rail operator with corresponding
challenges. Namely, in the case of boarding the train over steps as well as the frequently ne-
cessary lifting of luggage in stowing, the rollers provide no support and accordingly increase
the difficulties for travellers.

In order to construct adequate and efficient luggage storage areas, as a first step, knowledge
of luggage volume in terms of type, size, weight and number of pieces per person is important.
With regard to an efficient overall interior design statements on this cannot and must not be
generalized. It appears that there can also be a regionally specific difference in the accom-
panying luggage. In particular the total volume to be reckoned with for each carriage is highly
dependent on respective routes and their passenger or travel purpose mix. However, due to
the existing amount of data very specific remarks can be made about this.

Forexample, in holiday travel on statistical average 50% of travel luggage pieces are medium and
large trolleys. At the same time it can be said that on average one piece of luggage per person is
taken on holiday. On short trips on statistical average each traveller takes 0.8 pieces of luggage
which are 35% medium and 10% large trolleys (see Figure 1). Relevant to necessary luggage
accommodation is the most exact knowledge possible of the travel purpose mix which particular
vehicles in their area of operation can expect. From this the actual expected average luggage
volume per person and thus the corresponding total volume per vehicle can be determined.
Forairtravellers who use the train for arrival an approx. 20% higher luggage volume is shown
than for plain holiday train travel. This fact should be taken into account especially for all
trains which eventually serve airports.

As an example of luggage volume, the average travel purpose distribution in Germany was
used in a fictional carriage with 84 seats and a 100% occupancy, which led to the luggage
volume represented in table 1.

On average travel days an average of 36 medium and large trolleys and 38 medium and large
rucksacks or travel bags were stowed. With regard to luggage accommodation the total vo-
lume of luggage must subsequently be superimposed on the wished for or actual passenger
behaviour concerning the accommodation. For example, to believe that the luggage volume
can be accommodated in overhead racks is a fatal mistake. Even if the calculated luggage vo-
lume could be stored in overhead racks the majority of travellers would not use the overhead
racks. This means in practice much of the luggage would be stowed disruptively (see below).
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Figure1 Average Luggage Volume per Person per Travel Purpose (Source: Plank)

Table1 Fictional Example: Luggage volume for an average travel purpose distribution in Germany with 84
people per carriage (Source: Riiger)

Luggage type Dimensions [cm] Number with 84 People
Trolley large approx. 80x50x35 13

Trolley medium up to 70x50x30 23

Travel bag/Rucksack large approx. 90x40x35 9

Travel bag/Rucksack medium up to 70x35x35 29

Hand luggage up to 55x40x25 32

3 Luggage accommodation
3.1 Passenger behaviour

Regarding luggage accommodation there are two fundamental principles. Travellers do not
want to have to lift their luggage; and for security reasons they want to have visual contact
with theirluggage at all times. If these two criteria are not sufficiently taken into account from
the very beginning of planning, inefficient and in an “incident” quite dangerous conditions
in the vehicles can be expected.

For 88% of passengers visual contact to their luggage is important or very important. This
means that luggage must be able to be stowed in close proximity to the traveller. If there is
no adequate possibility for this, and the luggage must be stowed at a greater distance, such
as in luggage racks near the entrance, for most travellers this results in a corresponding une-
asiness and loss of comfort. However, from an operational viewpoint the risk is even greater
from luggage which due to a lack of visual contact has been stowed disruptively. Seventy-five
percent of travellers indicate explicitly that they are prepared to stow their luggage disrupti-
vely in order to meet the need for visual contact.

As aresult, luggage is placed on orin front of seats or in aisle areas. This leads to an increase
in unusable seats and obstructions to passenger flow.

The second important criterion with regard to planning appropriate luggage racks is the willin-
gness to lift luggage. For example, only 20% of travellers are prepared to lift heavy luggage
into the overhead rack; over 50% are under no circumstances ready to do such lifting. With
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medium sized luggage at least 50% are prepared to lift it into the overhead rack. With regard
to luggage racks, at least 50% of travellers are prepared to lift heavy luggage up to waist level
(see Figure 2). These specific values make it clear that it is pointless to provide overhead
racks with no exception or alternative. Also, the existing number of luggage racks must be
adequately dimensioned!

Figure 2 Readiness to Lift Luggage (Source: Plank)

The sampled readiness regarding luggage accommodation has been confirmed by extensive
objective observations. Although in some cases up to 50% of the overhead racks are not used,
avariety of pieces of luggage are placed on the floor, in front of seats, in the aisle or on seats.
At lower occupancy rates of up to 35%, thirty percent of medium and large trolleys are placed
on orin front of seats or in the aisle. Even at high occupancy rates of over 70%, by which ma-
king seats free can be expected, up to 20% of large and medium sized trolleys are placed in
these positions. With rucksacks and travel bags nearly the same behaviour has been observed.

3.2 Possibilities for accommodation

The basic possibilities for luggage accommodation are: overhead racks, luggage racks and
spaces between the seat backrests. In part, areas under the seats can also be used. Howe-
ver, as a rule these areas can be used only for those pieces of luggage which fall under the
category of hand luggage. In order to design luggage storage space so that even with a very
high occupancy rate all luggage can be properly accommodated, the following principles
must be observed:

» Above mentioned principles “not lifting” and “visual contact”

 Determination of the actual luggage volume

- Reliable knowledge of the shape of the luggage

In order to efficiently design the most popular storage spaces between the seats and in the
luggage racks, knowledge of the shape, size and volume of the luggage is by all means essen-
tial. Experience shows that luggage racks which are only a few centimetres, often only 5 cm
to 10 cm too narrowly dimensioned, or whose shelf heights are too high or too low, can hold
up to 50% less luggage than suitably dimensioned shelves!

The same applies to the space behind or between the seat backrests. Here 10 cm to 15 cm of
too little usable space can lead to 70% less storage space.

In addition to the appropriate sizing of luggage racks and seat spacing, it is also important
to ensure a well considered distribution of luggage storage possibilities in the vehicle. These
must be distributed as evenly as possible over the vehicle to allow good visual contact to
luggage from each seat and not impair the flow of passengers.
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4 Consequences of unsuitable luggage accommodation

Ifthe important basic principles of luggage storage space design are not respected, two serio-
us operational consequences can be expected. The passenger boarding and deboarding time
in stations will be prolonged and the actual available occupancy rate will decline up to 80%.

4.1 Passenger boarding and deboarding time

There are many factors which affect passenger boarding and deboarding time. These include
passenger related factors which manufacturers and operators have no control over. These
factors include age, gender, accompanying luggage and any kind of mobility limitation.
However, the vehicle-side factors are important. On one hand, by correct planning the pass-
enger-side factors can be correspondingly reduced; on the other hand, by improper planning
these can be exacerbated. These factors include for example, the entry height and door width,
potentially any existing level entrances, location and number of entrances, the suitability of
entrance spaces as collection areas, any restrictions to passenger flow and the overall design
of the vehicle interior.

From the perspective of passenger boarding and deboarding time the difference between the
best and the worst vehicles currently in use is at a ratio of 1:4. This means in concrete terms
that with an assumed passenger boarding and deboarding time of one minute in the best
case, the time forthe same number of passengers in the worst case can be up to four minutes!
It should be noted here that with some exceptions younger generation vehicles which are
currently in operation tend to produce higher values.

Figure 3 Time required for the boarding and deboarding process in different interior designs (Source: Tuna)

The influence of interior design between the best and worst case already produces an affect
with a ratio of 1:2 (see Figure 3). This means for example, in the best case at a high rate of pa-
ssenger exchange in conventional vehicle constructions, a passenger boarding and deboar-
ding time of two minutes can be achieved. Whereas, in the worst case it requires four minutes.
In Figure 3 fundamental concepts are presented; in such a way whereby in this example in
row seating practically only overhead racks are available and in vis-a-vis seating luggage can
be well stowed between the seat backrests. There is similar data from approximately ten ba-
sic vehicle interior categories. All findings show the clear correlation between time demand
and luggage storage. The more suitable the design of luggage storage areas, the less time is
needed for boarding and deboarding.
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4.2 Occupancy rate

From an operational point of view, the second relevant effect of well planned or vice versa
insufficiently thought out luggage storage areas, is the actual occupancy rate.

In long-distance traffic the only significant occupancy rate is the seat occupancy rate. With
unsuitable and insufficiently designed luggage storage possibilities, even this can decline
noticeably. In conventional passenger carriages with a length over buffers of 26.4 meters, a
maximum of 80 seats for standard days and 78 seats for travel days are provided (see Figure
4). This number is achieved if the remaining areas are used in suitable form for luggage sto-
rage. If this is the case, up to 100% of the seats can be occupied. If there are more seats over
these limits, it is at the expense of customer-oriented luggage accommodation; and the actual
number of available seats as well as the occupancy rate sink drastically. Previous studies by
the Research Centre for Railway Engineering at the Technical University of Vienna show that the
average achievable occupancy rate in comparable vehicles with 88 seats is only about 80%.
This means that on average only 70 of the 88 installed seats can be used (see Figure 4)! The
reason for the sharp decline in occupancy is that there is not enough luggage accommodation
capacity available and the existing areas are frequently unsuitably designed. This leads to the
fact that part of the luggage is stored not only in the aisle but also on and in front of the seats.

Figure 4 Maximum possible number of seats in passenger carriages with a length of 26.4 meters over buffers

4.3 Operating efficiency

The consequences of falsely planned luggage storage possibilities presented so far ultimately
have significant operating efficiency impacts. The hope or goal to also be more efficient thro-
ugh a greater number of seats is transformed as a general rule into the opposite. Under the
premise that the goal is to want to take advantage of the highest number of available seats,
the following circumstances always prevail:

Delays: Vehicle interiors following the idea of seat maximization inevitably lead to long station
stop times. With a high passenger exchange, four to six minutes per station are the result.
Whereas, ideally designed vehicles require only one to one and a half minutes. This fact in
the case of a close sequence of stations leads to corresponding delays.

Declining operating quality: When they cannot be made up for, the aforementioned delays
lead to a decline in operating quality. This is especially important if delays are carried over to
connecting or opposite trains, or if the results are missed connections.

Higher energy consumption: Ifitis at all possible to make up for the delays, itis only possible
by constant use of maximum line speed, which means a significant additional energy con-
sumption especially at a high rate of speed.
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Lower occupancy rate: There are seats installed which in practice are not available. At the
same time the achievable seat occupancy rate declines for 20%

Declining passenger satisfaction: The declining seat occupancy rate causes a correspondin-
gly high number of standing passengers, which accordingly reduces passenger satisfaction.
Comfort is significantly reduced by the in part “chaotic” conditions in “overcrowded” vehicles.
For nearly 18% of travellers high occupancy together with the already mentioned associated
effects means a high stress factor!

4.4 Safety

The most important criterion which is often overlooked in insufficiently estimated operating
efficiency considerations is safety. If in an emergency a train has to be evacuated, a large
number of seats at a high occupancy rate in combination with the aforementioned effects
presents a high safety risk. In air transportation a maximum evacuation time of 90 seconds
must be proven before the certification of an aircraft. In railway transportation there are no
such known provisions. However, it is understood that in most vehicles this time cannot be
met. In a fully occupied carriage with 88 seats, the absolute exit time of all passengers under
ideal conditions (no luggage during the exiting process, no backup because of crowding at
the entrance door, only two steps) with the best carriage designs approx. 120 sec. is required
and with the worst constructions, approx. 160 sec.

In anincident, rising panic must be considered in which case an orderly exiting process cannot
be expected. Above all, in this case improperly stowed luggage would lead to a corresponding
safety risk! For this reason alone it must be ensured that for every installed seat there is also
a suitable luggage storage space.

5 Fundamental planning errors

From past experience, both on the part of the purchaser as well as on the part of the manu-
facturer, fundamental errors which lead to the inefficient conditions described above can be
identified in the planning and ordering process.

Error 1: Volume calculation: Every cuboid-like object has a volume and also three definite
dimensions. As a rule In tender documents there is only information on the total volume
required for luggage accommodation. For cuboids the volume is known as the product of
width, length and height. This means that an often called for volume of approx. 0.125m3 per
passenger can either correspond to the dimensions of a midsized trolley with dimensions of
50x70x35 cm, or at the same time, a trolley with dimensions of 1x4160x30 cm! Accordingly, it
is also common practice to multiply every small cross-sectional area by the available depth
and to sum the resulting volumes to a total volume! As a rule, in practice a maximum of 50%
of the calculated volumes are available. It is therefore necessary to have precise knowledge
of the statistical distribution, shape and dimensions of the luggage!

Error 2: Disregard of passenger behaviour: If the principles of “not lifting” and “visual con-
tact” with regard to luggage storage construction are disregarded, the planned storage areas
will be only in part accepted by the passengers. In practice this leads to the condition that
up to 50% of all storage areas remain unused and yet a larger amount of luggage is stored
disruptively.

Error 3: False awareness of luggage volume: The actual luggage volume has to be calculated
foreach route and expected passenger or travel purpose mix. Frequently blanket assumptions
are made, or days are taken as a basis for calculation on which only a below average luggage
volume can be expected.

Error 4: False dimensioning: Meanwhile, luggage accommodation is increasingly being taken
into accountin vehicles with regard to the installation of luggage racks and the space between
the seat backrests. However, here it must be noted that the dimensions of luggage racks are
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often oriented to seat spacing resulting in very inefficient dimensions. The same can be ob-
served in the spaces between the seat backrests. When dimensioning the respective storage
areas itis advantageous to take into account the forms and dimensions of the luggage as well
as the storage behaviour of passengers. Seat spacing and luggage racks are often dimensi-
oned a few centimetres to small, which can lead to an actual storage loss of 50% or more.
Error 5: False evaluation criteria for orders: In vehicle orders it can often be observed that eva-
luation criteria are applied which are not logically understandable. A popular evaluation crite-
rion in tenders is to define the minimum number of seats. Usually this involves specifications
which can be classified as a psychological perception; and thus, they often jump to increments
of 100. If for example in the tender as a fictitious number it is predetermined that a train must
have 500 seats, then the hands of the manufacturer are already bound in the tender phase;
and from the outset actually efficient solutions are not possible. These figures are usually
based on a previously calculated maximum number per vehicle and thereby disregard reality.
With the fictitious example mentioned it can be expected that a maximum number of 450 seats
will actually be available in the train. Thus, it would be much more efficient to make no such
requirement, but rather to allow the manufacturers to search for efficient overall solutions. With
appropriate solutions it can be expected that vehicle design concepts can be found which in
the example mentioned offer approx. 470 seats. Seats, which in the end can actually be used!

6 Conclusion

Fifteen years of research and development as well as participation in numerous vehicle plans
make it clear that at all times with vehicle development and orders an overall optimum for ve-
hicle interiors should be sought. Many negative examples make clear that the exclusive pursuit
of a maximum number of seats can in practice lead to inefficient and dangerous situations. In
particular, luggage storage possibilities must be precisely and thoughtfully planned in order
to contribute to efficient overall systems. Experience further shows that it is very critical to lay
aside blanket assumptions about design. Each vehicle must be assessed individually in terms
of attainable overall efficiency which ultimately leads to an actual maximum seating occupancy.
Requirements for luggage storage must be thoughtfully formulated in the tender. Furthermore,
in order achieve the greatest possible degree of efficiency, where and which luggage storage
areas can beinstalled must be precisely considered in the beginning phase of vehicle planning.
Later changes are usually achieved only with great difficulty or with little effect.

Fortunately, in recent times one can discern an awareness regarding these problems. Numero-
us recent projects confirm that both on the part of the operators as well as the manufacturers,
interestin and willingness to develop efficient overall systems have emerged; and that some
efficient overall solutions can be developed with negligible additional cost.
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Abstract

Prediction, identification and elimination of conducted disturbances in DC supplied trac-
tion systems still remain a vital and urgent issue. Modern electric vehicles equipped with
power electronic converters are the most important source of conducted disturbances due
to generation of high order current harmonics, which can cause malfunction of signalling,
command and control infrastructure of a railway line. Although the problem is well reported
in the literature and experienced by the manufacturers of new rolling stock which are to be
put in service, previously unforeseen disturbances may appear in some cases. The authors
presentan idea of elimination of that kind of disturbances by applying a monitor of disturban-
ces combined with a control system of power electronic converters of a drive system. Such a
solution reduces the level of disturbances and enables the vehicle to maintain the required
power and traction force.

Keywords: electric traction, harmonics, EMC, vehicles, converters, signalling, command and
control

1 Introduction

In order to ensure compatible operation of rolling stock and signalling and control systems [1,

2], railway operators apply protective measures — technical and functional solutions to redu-

ce probability of disturbances. Typically, the methods can be divided into three categories,

according to the place of application:

« reduction of the level of disturbances at their source (a supply system [3, 4] or rolling stock
5,6, 7D;

« reduction of transmission disturbances from a source to an object;

« immunization of an object.

The above could be applied at a different stage of the life cycle of the railway system infra-

structure and rolling stock (design stage, construction, exploitation), which influences effec-

tiveness and costs of the possible solution. Examples may include:

« reduction of harmonics in a DC voltage supplying catenary (increasing number of pulses of
rectifiers, application of DC side filters [3, 4]);

- imposing limits of specific harmonics in current taken by rolling stock [2, 5, 6, 7] by applying
bulky on-board input filters, or by using special algorithms to control traction drives [8-16];

- application of installations immune to disturbances present in railway systems [1, 2].
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2 Description of a problem

Typically, AC low frequency track circuits (50 or 60 Hz) or similar ones, in the range of
1.5+3 kHz or higher are used in a DC traction system. The possibility of higher harmonics
currents causing malfunction of a track circuit in a range close to the operating frequency
of a track circuit is a perfect example of the imminent danger from higher harmonics, which
are present in return traction currents flowing in the tracks [5]. Disturbances in track circuits
derive from various sources; apart from a dominant one — electric traction, these include:
train heating equipment, power lines and other electrical equipment.This is the reason why
so many railway management boards have introduced limits for harmonics components with
defined frequency of a vehicle's current. Observance of the limits shall eliminate danger of
disturbances in the track circuits. Limits for rolling stock that have been stated by Centrum Na-
ukowo-Techniczne Kolejnictwa (Instytut Kolejnictwa-Railway Institute) in paper [7] are appli-
cable to PKP lines. Analysis of compliance with the above-stated requirements by means of
appropriate methods should be performed as early as at a design stage. Commissioning and
acceptance tests of the rolling stock, which are to be performed before the rolling stock is
placed into service, should confirm compliance of the above-mentioned criteria.

In case railway lines electrified in different systems — DCand AC with 50 Hz frequency are adja-
centto each other, the AC system may cause significant disturbances in operation of network
frequency circuits. Such phenomena have been observed in several countries, in which the
lines electrified in a DC voltage system (1.5/3 kV) and 25 kV 50 Hz system [2] run in parallel.

The amount of harmonics in a traction current increases with the increase of a traction substa-
tion load, as besides characteristic traction substation voltage harmonics, other harmonics
caused by asymmetry of substation devices are observed. Upon introducing vehicle’s con-
verters, new harmonics appearin traction current, and their frequency results from operation
of power electronic devices [3].

The paperfocuses, in particular, on the issues of disturbances from traction currents and pro-
poses to apply active on-line methods for monitoring and control of the level of disturbances
generated by a vehicle, while providing traction force necessary to maintain required traction
and operating parameters (acceleration, speed).

3 Requirements and criteria

In DC electric traction systems the most common solutions include the passive systems eli-
minating harmonics of current and voltage supplying a traction vehicle [2, 3]. It means that
in most cases active monitoring of disturbances generated both by substations and traction
vehicles is not applied. The methods used to eliminate conducted disturbances are based on
passive filters selected to fit characteristics of the devices in such a mannerthat compatibility
requirements defined by appropriate standards and guidelines [6, 7] are fulfilled at a test
stage. In order to reduce possible dangers and ensure proper operation of track circuits, one
normally uses a method of decreasing disturbances at their source:
« in a traction substation (psophometric voltage limits on a DC side of a substation (on Polish ra-
ilway lines: 0.5%, thatis 16.5 V)) by use of multi-pulse rectifiers and a higher harmonics filter [3];
« in vehicles equipped with power electronic converters, in order to decrease disturbances
one introduces the limits for: conducted emission — vehicle’s current harmonics [4, 7] and
radiated emission [1, 2]. It is recommended to apply solutions for reducing emission from
energy converters: multi-level inverters, internal filters, appropriate structure of devices [2,
11], and assuring a high level of a vehicle's input impedance, which requires installation of
large input filters [6, 9, 10, 12, 13, 14, 15, 16].

Furthermore, one aims at decreasing the sensibility of receivers to disturbances by: sepa-
rating operating frequency of low-current devices (signalling, command and control) from
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frequency of disturbances generated by traction devices [2, 5], shielding and earthing, chan-
ging operating principles and modes of the receivers [17], and eliminating the conditions for
disturbances transmission [2] by: separating high-current circuits (traction) from low-power
ones — signalling and control circuits (othertransmission paths of various signals, appropria-
te distances or shielding of common areas).

4 Methods for identifying and eliminating possible dangers
4.1 Traction substation equipment

For many years now, on Polish railway lines, in 3 kV DC traction substations, which are fed
with medium voltage (15, 20 or 30 kV), one has been using resonant filters (contours: for 300,
600,900 and 1200 Hz harmonics with an additional capacitor 50 pF) and a choke of 4 mH
in substations with 6-pulse rectifiers and contours for 600 and 1200 Hz harmonics with an
additional capacitor of 100 pF and a 1.8 mH choke (in substations with 12-pulse units). LC type
filters (gamma type filter— with capacitance up to 0.8 mF and inductance 4-6 mH) are used
in new or modernised traction substations, especially in those supplied with 110 kV voltage.
These filters are more efficient than the resonant filters [3, 4] applied so far.

4.2 Traction substation equipment

Modern traction vehicles that are quipped with converter drive systems constitute a signifi-
cant source of current harmonics that interfere with traction return current flowing in rails to
a traction substation. The most common solutions for the main circuits of modern traction
vehicles supplied from a 3 kV DC system include choppers supplying DC motors and voltage
source inverters feeding asynchronous motors.

Vehicles equipped with choppers are usually the sources of current harmonics with constant
frequency, which equals the converter operation frequency. In turn, the traction voltage sour-
ce inverters operate with fluent frequency change, which causes them to generate a harmo-
nics spectrum in an extremely wide frequency range, which, on the other hand, makes this
type of avehicle the one posing biggest threat to proper operation of a rail traffic management
system [2, 6, 9, 16]. When applying a voltage source inverter with sine PWM modulation, vol-
tage harmonics with the following frequencies appear in a motor's phase voltage:

f.=i-f, £j-f,, fori=odd;j=even; Q)
f,=i-f,£j-f;,, fori=even; j=odd; @)}
where:
f - carrier wave frequency;

tr
f.. — basicvoltage component frequency.

Thus, what appear in a DC link current are two groups of harmonics. The first one includes
the so-called changeable harmonics that depend on the basic frequency f_ , and their most
significant frequencies may be defined by a formula:

foey =i-f, £3:f,, fori=odd; ©)
Frequency of the so-called stationary harmonics depend only on even multiplicity of frequ-
ency — carrier wave f , which can be described by the formula:

tr?

f,,=i-f, fori=even; @)
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Example of the harmonics spectrum of traction current generated by a traction vehicle without
the method of harmonics elimination with sine-triangle PWM (fsm= 0-60 Hz, f_ =500 Hz) is
shown in Fig. 1 (results of computer simulation). One can observe several instances of limit
overrun [7] (red solid — limits), especially in a frequency range of 1500-1800 Hz. Therefore, it is
necessary to use the methods for spectrum shaping. Methods for reducing current harmonics
generated by a traction vehicle drive system can be divided by an operation mode and off-
line and on-line methods. Due to the highest operating reliability, the off-line methods can
be widely used on-board the traction vehicles. These methods include application of passive
low-pass filters of gamma type and tuning a traction converter to the limits applicable on the
routes, in which a given vehicle is to be operated. The main advantage of the solutions used
within the off-line method is their reliability.

Failure of an input filter usually results in cut of power supply to a drive system, and auto-
matic change in drive inverter modulation is not possible. The disadvantage of these types
of systems is that there is a lack of possibility to adapt to the conditions that have not be
foreseen by a designer at the test stage.

a) b)

Figure 1 Traction current harmonics spectrum of a) 2 MW vehicle with a sine-triangle PWM, without harmonics
elimination, b) 0.5 MW drive system with application of SHE and SHR methods.

Operating conditions of a traction drive system are perceived as extremely difficult ones due
to a large number of variables: change of voltage, load and a drive operating point. The large
number of variables that are random in their nature, makes it difficult to adjust passive met-
hods, which would fulfil their role under all conditions. Therefore, it is reasonable to design
and develop methods based on an on-line operating principle. Such systems must rely on
devices that monitor the condition of a drive system with a view to generated disturbances.
When a measuring system detects that the set limits have been exceeded, it shall act so as
to stop a disturbing influence of a drive system. For this type of a system to be developed, it
is essential to solve two basic technical issues. At the stage of an on-line system design, one
should develop a method for effective and fast detection of traction current harmonics. Fig.
2 shows selected elements of an exemplary system designed for measurement and acquisi-
tion of traction current waveforms [17]. Use of a LEM converter ensures the appropriate level
of separation from a vehicle's main circuit, but at the same time it requires an output signal
to be conditioned (integrating circuit). Further signal processing has been performed using
application developed in a LABVIEW environment, and it allows taking into account measuring
system frequency characteristics, and comparing the harmonics spectrum with the applicable
limits. In real systems, the examined current waveforms very often present features characte-
ristic for high-frequency distorted waveforms. In addition, there is a problem of signals varia-
ble frequency (start-up and braking) when the speed of a vehicle changes. All these factors
can cause the methods based on the Fourier's analysis to be ineffective [18]. Another issue
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consists in developing a system's response to detected disturbances. The simplest solution
is to disconnect (power reduction) a drive system from a power supply system. However, this
solution may pose several problems related to traffic disruptions. Such an option solves the
problem of disturbance generation, but it causes a new one, namely, a traction vehicle that is
on the route, butis not supplied from any source. Another solution consists in using systems
generating a signal having frequency and value the same as the interfering signal, but an
opposite phase, in order to enable signal compensation.

a) b)

Figure 2 The elements of a laboratory model of the system used for on-line monitoring of the harmonics in
current consumed by a converter from a DC network: a) a screenshot of an application developed in
the LABVIEW environment; b) LEM RA 2000-S/SP1 converter.

It seems reasonable to actively and directly influence the control strategy that is implemented
by a drive voltage source inverter. One possibility is to reduce power of a drive system. Figures
3 a and b show influence of the decreased power of a vehicle on DC-link current harmonics
for a selected operating point of an inverter drive system (results of computer simulation).
This method allows both for reducing harmonics and maintaining supply of a drive system;
however it also forces to reduce a torque, which with higher loads may influence vehicle's
movement, especially dynamics at higher speeds. Its disadvantage lies in lack of control over
values of particular harmonics, due to the fact that power decrease does not equally influence
all current harmonics (Fig. 3).

a) b)

Figure 3 Results of simulation calculations of DC-link current harmonics generated by a 0.5 MW drive system:
a) full power; b) reduced power
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In this case a more favourable solution is to tune a drive system in such a manner to mainta-
in the set torque T of traction motors for the desired speed w. For this purpose, the authors
propose to use a SHE method (selective harmonic elimination) and its modification — SHR
(selective harmonic reduction) [16] . The method allows for maintaining the value and frequ-
ency of a basic component of inverter's output voltage at a set level in conjunction with a
simultaneous regulation of voltage harmonics, and hence shaping the harmonics spectrum
of traction current. Fig. 1b shows a harmonics spectrum that has been determined based on
a computer simulation of a 0.5 MW traction drive system using a combination of the SHE and
SHR methods.

5 Conclusion

Application of the described methods for traction current spectrum shaping enables reaching
asetspeed, and thus a driving torque of vehicle's traction motors, while reducing amplitudes
of DC catenary current harmonics generated by the electric traction vehicle. Such solution
enables maintaining required traction parameters — tractive force developed on the wheels
provide appropriate movement dynamics and the compatibility requirements are fulfilled
within the set limits.

Taking into account efficiency of modern measuring signals processing systems and effecti-
veness (confirmed during laboratory tests and simulation) of the methods for inverter control
that have been proposed by the authors to eliminate current harmonics, it seems promising
to apply the described concept of a system for on-line mode operation. Operating principle
of this type of a system should be based on monitoring of current consumed by a vehicle.
In case one detects overrun, the system implements a control strategy that allows reducing
amplitudes in a range in which the overrun was discovered. Depending on the assumption, a
new control strategy may be determined in real time or loaded from the previously prepared
'map' of controllers (lookup table).

The primary advantage of this type of a system is the on-line monitoring of emission of con-
ducted disturbances generated by a traction vehicle during operation. It significantly incre-
ases the security level on a railway line by eliminating the possibility that vehicles disturb
the operation of the rail traffic management systems. However, it is required to autotest the
on-board system on an ongoing basis, so to ensure reliability and its proper operation per-
formance, and to prevent disturbances of vehicle’s operation — as a result of incorrect indi-
cations and the malfunction of the system.
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Abstract

Inthe case of guided transportation systems the acting cyclical loads in track-vehicle interac-
tion can change in wide range depending on both the type and technical state of the vehicle
and the track. Due to the urban traffic-control constraints significant additional loads can be
formed from the combined effects of weather conditions and driving style. The infringement of
tram traffic regulation especially exceeding the speed limit or both sudden start and braking
can easily cause premature degradation of the track. The intensity of addition load between
the wheel and rail was estimated by wheel modal analysis, which input data are recorded by
wheel-mounted accelerometers on an in-service tramcar.

Keywords: Wheel-mounted accelerometer, Tramway track, Condition monitoring, Wheel
vibrations, In-service tramcar

1 Introduction

The exact knowledge of track technical state is highly important for every railway company.
Nowadays there is a great variety of track measuring devices available: from track geometry
recoding trolley to track recording cars. The measurement systems can be divided into two
large groups depending on which part of the track-vehicle system is measured: Geometric
Measuring System (GMS) and Vehicle Dynamics Measurement System (VDMS). [1] [2] [3]
GMSs provide good information about the current technical state of tracks, because there is
a close relation between the current geometrical deviation of track structural elements and
track deterioration level.

VDMSs give information about irregular vehicle movements (vehicle dynamic behaviour),
from which poor track technical state can only be concluded indirectly. Therefore only dera-
ilment safety and travel comfort features are characterized. The axlebox mounted accelero-
and forcemeters are commonly used for measuring vehicle dynamics behaviour. The irregular
vehicle movement can refer to track irregularities and depending on the defect type different
exciter frequency components are registered in the measured signal. There are numerous
solutions in literature to detect different wavelength-track defects by using the techniques of
signal processing. The localisation of recorded data is mostly identified by using GPS navi-
gation devices or combined systems. However, there is a way to directly identify the position
information without GPS by using rotating wheel mounted accelerometers [4] [5] [6], but this
solution is not commonly used for condition monitoring purposes recently.

The existing solutions, which have demonstrated to be reliable, are too expensive for tramway
operators currently. Therefore this paper is aimed to introduce an accelerometer based low-
cost measurement system, which is mounted on in-service vehicle’s wheels and ensures
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the automatic detection of faulted track sections. The authors have carried out an extensive
experimental activity with an instrumented city-tram on homogeneous structured track secti-
ons. The next sections describe results and the system on which tests have been performed.

2 Vehicle-track interaction

The dynamic interaction between vehicle and track can be described by a mass-spring system
and it can be excited by failure of both track and vehicle. In orderto detect rail defect or predict
failure, the tram track and the vehicle should be analysed together, because the deterioration
of track is a self-exciting cyclical process between the vehicle, the track and the substructure.
Running through a track defect the dynamic response of different type vehicles can change in
wide range due to their variant structural arrangement. Furthermore, travelling at low speed
the vehicle often makes irregular oscillation, which is not caused by track defect, but also
due to their own inertial mass of parts of vehicle mass-spring system. Only one old tram type
was used for the test, but the comparison behaviour of different tram types will be necessary
in the future.

2.1 Characteristics of the tramcar

The GANZ type 8 rigid-axle articulated tramcar, which does not have slip protection and torque
control traction motors, was used for the test. It has a semi-automatic drum starter, which
reduces the adverse results of the sudden starts. The two powered wheelsets are situated at
both ends of the vehicle. The drum-brake is located on the driven wheel-sets, and the disc-
brake on the not-driven wheel-sets.

2.2 Investigated track section

The line test was performed in operation along the Budapest tram line 49, which is one of
the most frequented lines in the downtown. Along this tram line different track types can be
found. The significant part of the track is grooved rail formed embedded fastening system
(ERS: Embedded Rail System), but there are special track structures on sharp curves, on the
bridge and on turnouts.

3 Measurement set-up

Digital USB 3-axis accelerometers have been used for vehicle dynamic measurements. Only
two tools are available this time, so one accelerometer is mounted on a not-driven-wheel
and another one on the driven wheel on the opposite side. The investigated conical tramway
wheelset is rigid and free, so it does not have additional loads from propelling. A steel plate
provides fixing accelerometers on the wheel. It has two conical structured spacers, which
fit into the two bore-holes of wheel rim. These spacers expand and get stuck in the hole for
torsion. The holes on the steel plate provide fixing of the accelerometers by using cable tie.
The longitudinal axis of the accelerometers is perpendicular to the wheel radius, so the axis
measures the a_tangential, a, radial and a,_ lateral acceleration (see Fig. 1).

4 Theory & method

Dynamic accessory forces are developed by the forming acceleration during movement of the
vehicle, which cause damaging vibrations of the track and vehicle components. The magni-
tude of forming loads can be computed by the measured data of wheel mounted accelero-
meters. Several independent methods were used to determine the position information, to
analyse and filter the relevant frequency components of the measured signals.
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4.1 Kinematical model of the running wheel

The recorded acceleration data can be decomposed into four independent components: on
the one hand there is an acceleration component from translational motion (0 — 5 Hz) and a
sinusoid acceleration signal component caused by the gravity (5 - 10 Hz), on the other hand
the accelerometer senses the radial- and tangential accelerations, when the wheel is rotating
(Fig. 1). Furthermore, there is a noise component from wheel rail vibration. No slipping situa-
tion is assumed during the motion of the wheel.

Figure1 Sensing directions a, a,a, and the kinematical model of the running wheel: a) component from
the acceleration of gravity; b) component from translational acceleration; c¢) Radial — and tangential
acceleration components from rotation

The sensed data can be computed with the superposition of the (a), (b); (c) and the remaining
“noise” acceleration components:

. . T, ..
a,=-—gsin0+pcosd—=p+w,,
R
) Q)
a, zfgcosefp'sinefR—szr’J2 +w,

where 6 is the angle of rotation; g is the acceleration of gravity [m/s?; r_is the radius of inertial
sensor on the wheel [m]; Ris the wheel radius [m]; p is the travelled distance [m]; w_and w,
are noise [m/s?]; a _and a are the sensig axes of the accelerometer [m/s?]. Figure 2 shows the
above mentioned components of the sensed signal on running wheel a, axis.

In contrast to traditional filtering methods only the known Signal components (See Fig. 1 (a)
(b) (c)) are filtered, so the outstanding values of the residual component can refer to forming
additional loads between the wheel and rail. Therefore the modal analyses of measured si-
gnals will be present in the next section.

4.2 Modal analyses of the wheel-rail vibration

The residual vibration accelerations (w, Wy) on x and y sensing axes are determined by filte-
ring the known component of the recorded signals. These consist of the vibration of the wheel-
rail interaction and the impact of forming additional loads too (Fig. 3). Decomposing of the
residual acceleration component the additional loads can be separated from the wheel-rail vi-
brations. Running on track defect gives a broad band excitation at the wheel [7], which means
an outstanding value in the residual noise components, as well as this causes a vertical line
in its spectrogram occurring around the location of track defect (Fig. 3c). In any other cases
there is a low- (Fig. 3a) or “high”-frequency vibration (Fig. 3b) of the vehicle track interaction.
There are several methods to analyse the frequency components of a time domain signals.
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The Short-Time Fourier Transform (STFT) allows to determine the power of frequency compo-
nents of a signal by using Fourier Transform. In the function of time and frequency the power
(PSD) of coherent values can be represented on a spectrogram Fig. 3. Due to the sampling
frequency of the applied sensors being 400 Hz, the power spectrum can be accurately deter-
mined until 200 Hz (Nyquist—-Shannon sampling theorem [8] [9]).

Eﬂ_:’a LA 1 v I 1 1 T 1 1 O ¥ =
- M -EJ . . S FYOES Y A
SEY eat ; : : -
TRy odar -
LT
- = -y Lemmmne- —_ - . - emmrmmmm e ——————
o rat 4o L ] [l 120 Al “En 52 e Fit
[ Tanns largd
EE I F e : ——-- e et EEE LT 1=
e UJI' — -
., =ra h Kl
crtF gy ’ "'.l' ___,.--"'Fh—— .-"ﬂ“—’"“\_
P H £ . - L —_ -,
FRE egi — : . —_—
LE
roa
a &0 " i L] 140 i ' kit HLY] i N
TR
¥ T T T ¥ T T 1 T T
; : Iy .
. et g ﬁl—.—' .
: . ':lurrun.m.n'.-:u-z:ls-s-'
-1 40 R [-H] 100 1o 1ai hED 152 Tz il
Toond iteid

Figure 2 Extraction of the sensed signal on running wheel a, axis: a) Measured centrifugal acceleration;
b) centrifugal acceleration without its gravity component; c) gravity acceleration components; d)
“noise” (vibration acceleration)
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Figure 3 Dominant frequencies at place of the outstanding values of “noise” Wi a) 150-200 Hz; b) 0-50 Hz;
) 0-200 Hz
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4.3 Localization

Localization of outstanding values can be achieved by data of wheel mounted accelerome-
ters. One way is the Extended Kalman Filter (EKF), which [5] in the case of an appropriate
chosen physical model is suitable to compute not measured vehicle parameters from the
measured data (ax, av). It should be noted, when the forming accelerations exceed the range
of the sensors, the EKF is not applicable. The next way is to compute both the rotated angle
and revolution [4]. After applying low pass filter (5 Hz) or moving average ony and x axes to
remove signal form gravity (a,, and a,) (see. Fig. 2¢), the rotated angle can be computed by
using these components, because they are sinusoid signals with constant g amplitude and
the w angular velocity of wheel. The rotated angle is computed by using this formula:

eangle a (2)

a
=arc tan| -2
gx

Where 6 rotated angle [rad], a, gravity component ony axis [m/s?], a,, gravity component

angle

on x axis [m/s?.

The travelled distance can be computed by sampling the revolutions based on rotated an-
gle. Figure 4 shows the measured accelerations on both x and y axes, the computed rotated
angle as well as the travelled distance. In the case of travelled route calculation the real
wheel diameter is taken into account. The accuracy of the computed position information is
between about 2 and 5 m thanks to the poor riding quality of the investigated tramcar. There
is a significant sudden irregular vehicle movement at every start and stop, which causes that
the first and last revolution of the rotating wheel can’t be detected between two stops. The
vehicle velocity is computed from the travelled route by derivation.
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Figure 4 Position information: a) Computed rotated angle with the identified revolutions; b) Sensed data on x
and y axes; ¢) Computed travelled route by sampling revolutions
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5 Measurement results

During the line tests the instrumented tramcar travelled about 10 km along the tramline 49 in
Budapest. In contrast to the previous section, the power spectrum of the measured signals is
represented in the function of travelled route. Figure 5 is composed of 5 diagrams: In the first
one the vehicle velocity [km/h] is represented in the function of travelled route, in the second
one there is residual acceleration after decomposition on different sensing axes, in the third
diagram the spectrogram of signal is reported, in the fourth one there is average power of
frequency domain signal along the whole travelled

Figure 5 Investigated track section between Szent Gellért Square and Kelenhegyi Street, along the tram line
49 in Budapest. (running wheel acceleration on the rim in axial direction).

section. In the last diagram the curvature of the line section alignment is represented. This
information cannot be identified from the measured signal, but adding to the diagram makes
it possible to analyse the recorded data easily. Furthermore, specific points of the turnouts
and crossings are signed by * on the curvature diagram.

Figure 5 shows an about 170 m long investigated track section. After the instrumented tramcar
started, it travelled on a diverging track of turnout, then ran on a 34 m radius curve section,
afterwards went on a straight section for about 50 m. And then meanwhile it was running on
a left-sided 100 m radius curve section, it travelled through a crossing too. The residual noise
component can refer to poor track technical state and the existing structural element of the
track too (turnouts, crossings). The outstanding values at position (a) are recorded at tra-
velling through crossing and switch part of the turnout. The outstanding values at (b1) and (bz)
refer to two failured rail weldings. On the travelled route section between 15 and 50 there are
significant corrugations on both rail running surfaces, which result in periodical vertical lines
in spectrogram of the measured signal during the whole curved section. Before and after the
55 m position information there are two different sub-structures. On Figure 5 the differences
in both elastic features and vibration-absorbing capability of the two sub-structures can be
seen clearly, because after 50 m chainage the high-frequency-components (over 100 Hz) are
more powerful than in the previous section. At the position of approximately 110 m, when the
tram travelled through a crossing, there is significant broad band excitation, lasting for about
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10 m. In this section the average power spectrum of the measured signal has two peaks: one
of them is at 50 Hz and the other one is at about 100 Hz. The 50 Hz component dominates
at curved sections mainly, while the 100 Hz component is significant, when the tram braked
intensively. The statements above are also true in the case of both radial and lateral accelera-
tions. It is important to note that the average power spectrum of lateral acceleration (sensed
on z axis) is significantly higher (about twice) than the power of the accelerations recorded
onxandyaxes (a,a).

6 Conclusion

It can be stated that the introduced measurement set-up is suitable to detect poor technical
state track section. Besides its low cost, another important advantage of this system is that
the travelled route can be determined from the measured signal directly due to the existing
gravity acceleration, which causes the sensors to be able to work as a revolution counter. The
accuracy of travelled distance is from 2 to 5 m in 300 m, which is enough for track inspectors
to find the location of the track defect. It should be noted that the using same velocity during
measurement is absolutely necessary for comparison of monitored results in the case of the
same track sections.
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Abstract

In the paper, a new power control algorithm for hybrid energy storage system (HESS) is pro-
posed. The algorithm is dedicated for vehicular applications. The aim is to enable connecting
any number of energy storage devices or generators to the system and providing universal
input for energy management strategy. Described system is based on multiple converter con-
figuration with all devices connected to one DC link. Half-bridge DC/DC converters are used
to interface between device and DC link. Theoretical analysis and simulations for the system
composed of lithium-ion batteries, supercapacitors and photovoltaic panel were carried out.

1 Introduction

Energy storage systems (ESS) are becoming one of the most important elements that improve
overall performance of applications ranging from power supply system and electric vehicles
all the way to mobile electronic devices. ESS used in traction system allow redistribution
of regenerative braking energy and support catenary during voltage decrease [1]. In power
system ESS with a power of approximately MW are used to equalize the load and improve
power quality [2]. Research and development of electrochemical batteries, especially lithi-
um-ion (li-ion) technology, indicate the possibility to increase specific energy, which now is
approximately 200 Wh/kg, by 300%. Nevertheless, they are not able to match fossil fuels
(diesel — 13000Wh / kg). Instead they become a serious alternative for vehicles operating in
big cities, where range is not priority, or, in case of restrictions on access to the oil supply and
in an era of rapid climate change. Currently available ESS have several limitations regarding
not only specific energy but also specific power, cycle life, price etc. Using the multitude of
technologies currently available on the market and the differences in the characteristics of
different types of ESS, it is possible to create a hybrid energy storage system (HESS). HESS
is a combination of two or more types of trays in one system. This solution allows to use the
advantages of the various energy storage devices in a single system.

There are a lot of connection configurations of a HESS described in a literature [3], [4]. In
electric vehicles the most often proposed HESS is arrangement of a li-ion battery and a super-
capacitor. This is justified by high specific power and cycle life of a supercapacitor on one side
and high specific energy of a li-ion battery on the other. The battery is used as main energy
source for the vehicle and the supercapacitor provides peak power during acceleration and
regenerative breaking.

The constantly growing number of vehicles and the dynamic development in the field of pho-
tovoltaic leads us to propose the use of vehicles surface as distributed sources of renewable
energy. This approach can significantly contribute to increasing the efficiency of energy con-
version by vehicles and to reduce air pollution in urban areas. Currently, it is also considered
the use photovoltaic (PV) panels in charging stations for electric vehicles [5].
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To allow for a power control of each device and connection of additional devices we selected
a configuration in which all the sources are connected to one DC link. The paper focuses on
the power control algorithm that allows connection of any number of devices to the system
and input for energy management strategy. The simulation study was conducted for HESS
consisting of li-ion battery, supercapacitor and PV panel.

2 HESS model

The scheme of the simulated HESS is presented in Figure 1. The devices models — supercapaci-
tor, li-ion battery and PV panel - are connected to the DC link (DC link capacitor C; =100 mF)
with half-bridge, IGBT, buck-boost converters. The current smoothing inductances L1=1L2 =13
=5mH are connected in series to devices. The load was modeled as controlled current source.
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Figure1 Scheme of the studied HESS.

In the Figure 2 the power control loop, which is placed in the control block in Figure 1, is
presented. The system is designed to keep fixed controlled voltage on DC link. Using the
measurements of devices currents i_L1,i_L2, i_L3, devices voltages u_Z1,i_Z2,i_Z3, DClink
voltage u_DC, load current i_o and reference values of DC link voltage u_DC_ref and power
split coefficients gammairef, gamma2ref, gamma3ref the control system is obtaining the
modulation coefficients references m1_ref, m2_ref, m3_ref for each DC/DC converter. Those
references are than used in PWM generators. The power of each device is described by (1).

P, =gammailref - P,
P,=gamma2ref - P, Q)
P, =gamma3ref- P
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Where P, denotes load power. Therefore, defining the energy management strategy comes
down to defining the values of gammairef, gamma2ref, gamma3ref, which sum should be
always equal to 1to meet power demand and keep fixed DC link voltage.
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Figure 2 Scheme of the power control system.

3 Devices models

The scheme of the supercapacitor model used in the study was presented in Figure 3b, where
Cs.and R arerespectively the capacity and equivalent series resistance of the element. The
li-ion battery model was adopted basing on [6]. The scheme of the battery is shown in Figure
3a. It consists of controlled voltage source which variable is state of energy of the battery
and series resistance R_, . The last modeled device is PV panel. In the study the simulation
model developed in [7] was adopted. The panel equivalent circuit is shown in Figure 3c. The
parameters of the devices used in the analysis were given in Table 1.

e B e

&

SR [

Figure 3 Equivalent circuit of a) the li-ion battery, b) the supercapacitor and c) the PV panel.
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Table1 Devices parameters.

Parameter Value Unit
5 Nominal voltage U, .. 48 \
'g Series resistance R_ . 6 mQ
S Capacity C,. 165 F
:’,’_ Maximum constant current | . 130 A
n Mass M. 14.2 Kg
> Nominal voltage U, , . 48 \
2 Capacity 60 Ah
3 Series resistance R | 55 mQ
=
2 Nominal power P 4,5 kw
- Mass M, 124 kg
_ Open circuit voltage Uoc_PV 48 "
% Nominal power PN_PV 120 W
S' Radiation 1000 W/m?
Temperature 300 K

4 Energy management strategy

There are number of energy management strategies for HESS described in literature. Some
of the most interesting were presented in [3], [8], [9]. In this study focused on the control
algorithm we proposed simple strategy described in Table 2.

Table 2 Vehicle operation modes.

CONDITIONS SUPER-CAPACITOR  LI-ION BATTERY PV PANEL
SOE, =* gammalref =0 gamma2ref =0 gamma3ref=0 o
=  SOE, <1 i_1_ref=0 i_2_ref=—i_3_ref i_3_ref=P, /UDC B+
% v-0a=0;P,=0 E
§ SOE, <1 gammalref=1 gamma2ref=P_ . ./P~ gamma3ref=P, /P, g
o SOE, >0 — gammaZ2ref o N
v=0;a=0;P >0 — gamma3ref €
SOE,.> 0 gammairef =1 gamma2ref=P,_ . /P~ gamma3ref=P, /P,
SOE, >0 — gamma?2ref — gamma3ref § .
§ v>0;a>0 — gamma3ref £
g PO : Pba(t limit
] SOE, =* gammailref=0 gamma2ref=1 gamma3ref="P, /P
3 SOE, >0 - gamma3ref § <«
v>0;a>0 £
PO < Pbatt limit
25 SOE, =* gammailref=0 gamma2ref =1 gamma3ref="P, /P
£9 SOE, >0 - gamma3ref g .\
sa v 0;a=0 £
s PO < Pbatt limit
° SOE, <1 gammairef =1 gamma2ref = gamma3ref=P, /P o
2w SOE, . =* — gamma3ref B
g-f‘ v>0;2¢0; P <0 €
b § SOE, =1 gammairef=0 gamma2ref =1 gamma3ref=P, /P
L=} o
o SOE, . <1 — gamma3ref o~
v>0;a<0; P <0 £
*Any value
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The gamma coefficients depend on current state of the vehicle, where v denotes vehicle’s
velocity and a its acceleration, and state of the energy of the supercapacitor SOE,. and the
battery SOE, . The PV panel power should be as high as possible regardless of the vehicle
conditions. Due to that, the panel is equipped in maximum power point tracking (MPPT)
system. In Table 2, seven possible modes of HESS operation were specified.

5 Results and discussion
The operation of the proposed system was verified on the example of an electric car, which
parameters are given in Table 3. The car performs theoretical drive cycle that allows to exami-

ne all HESS operation modes. The load current during the cycle is shown in Figure 4.

Table 3 Vehicle parameters.

Parameter value  Unit
Mass M 1500 kg
Drag coefficient C_ 0.4 -
Frontal area A 4 m?
Rolling resistance coefficient | C| 0.008 -
Rolling resistance coefficient Il C, 6*10¢  (s/m)?
Power train efficiency n, 0.8 -

Air density p 1 kg/m?

Figure 4 Load current plot.

The programmed strategy was correctly executed by the control system (Figure 5). In mode 1
the battery is charged by PV panel. Next, in mode 2, while the load power is greater than zero
due to the car’s auxiliary power (assumed 500W), which means that the car will be accelera-
ting soon, the battery and PV panel are charging the supercapacitor. During an acceleration
the battery is covering the power demand to the previously set limit P, . .. The power that
exceeds the limit is covered from supercapacitor (modes 3 and 4). At the same time the PV
panel power is added to storage devices power. While the car is driving with constant speed
the power demand is fully covered from battery and PV panel (mode 5). During a regenerative
braking whole energy is gathered by supercapacitor, while it is also charges from PV panel
(mode 6). The 12V overvoltage can be noticed while switching from mode 5 to 6. It is caused by
fast change of the load current. The load current is dropping but the devices currents are still
higher as the controller did not react yet, so the DC capacitor is charged by devices currents.
If the supercapacitor is fully charged the whole braking energy is gathered by battery while is
also charged by PV panel (mode 7).
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Figure 5 The plots of the gamma coefficients, device currents and DC link voltage during the drive cycle.

6 Conclusions

The proposed control system allows connecting any number of devices to HESS. The power of
devices is easily controlled using gamma coefficients. An optimization of the energy manage-
ment strategy is one the most important issues in HESS. Well designed strategy can improve
the overall system performance. The optimization process can be focused on system’s effici-
ency, durability or power performance. It has also strong influence on sizing of the elements
of the system. The proposed HESS uses renewable sun’s energy in electric vehicle. The simu-
lations show that the power of PV panel are fully used during the vehicle operation. Taking
into account the growing number of electric cars it can come out as more beneficial solution
than stationary solar charger, because the car is not forced to stop.
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Abstract

An important part of the urban public transport system consists of a network of tramways which
effectively connects parts of the city and / or suburban areas. Tram is suitable for the entire
metropolitan area, in particular for wider central zone, and the transport capacity ranges from
4000 to 15,000 passengers per direction and per track per hour, depending on the method
of running the tracks. Tracks can run as integrated or segregated on-street tramways or as off-
street tramways wholly separated from pavement. The construction of the tram tracks on road
surfaces is more expensive, traffic is slower, and special attention should be given to mea-
sures for traffic regulation due to frequent conflicts with other road users. Commonly, tracks
are built separated for each direction of travel, but due to the lack of possibility for such traffic
management, a single track can be performed for both directions of travel. The planning and
construction of bi-directional single track is specific because of facilities like passing loops, si-
gnaling, etc., butalso for presence and frequency of conflicts of tram with other types of traffic.
The paper will describe solutions for tram traffic in the city of Osijek, with special emphasis
on the tram traffic on by-directional single track tramway and increase of safety measures for
conducting traffic.

Keywords: tram infrastructure, by-directional single track tramway, conflicts, safety measures
1 Introduction

Classic urban public transport system consists of two subsystems: road and rail, which differ
from each other according to subsystem type, types of management and guideance of tran-
sportation device. An important part of the urban rail system is a network of tramways.

The tram system consists of one or more electrical vehicles running on tracks along other mo-
des of road traffic or as off-street tracks, while driver's only job is to control the riding speed
of vehicle. This traffic mode allows minimum route width, higher travel quality and greater
stability. Trams have good dynamic characteristics and provide a comfortable ride, but their
reliability and speed depend on the conditions of the route. If the tram line passes through the
narrow streets with heavy traffic, together with other traffic participants, speeds will be lower,
and traffic delays greater. The best effect is achieved with off-street tracks completely separa-
ted from pavement. Thus, capacity of tram traffic driven on off-street tracks is 180 vehicles/h/
direction, while capacity of trams driven in mixed traffic flow is 144 vehicles/h/direction [1].

1.1 The position of the tram tracks in the cross-section of urban roads
Tram lines can be guided along pavement, as integrated or segregated on-street tramways, or
as off-street tramways, embedded into concrete, ballast or grass turf. Typically tracks are built

as two tramways, separated for each travel direction. However, in cross-section of urban roads
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a single tramway line intended for two-way traffic can be built and in this case it is necessary

to perform passing loops. Construction of the tram tracks on the pavements of urban streets

is more expensive than the off-street routes, and special attention should be given to traffic

regulation measures without which the tram movement becomes more difficult, and conflicts

with other road users are very common. Conflicts of tram traffic with other types of traffic can

be reduced by measures of traffic techniques, such as [1]:

- Prohibition of left turn at smallerintersections and their regulation with traffic lights at major
intersections,

- Prohibition of traffic from minor streets to the unmarked intersections — allowed only right
turns,

- The introduction of “signal island” at tramstop to prevent the entry of cars in the station
zone,

- Activation of signals at intersections that allow the tram departure before other vehicles,

« Special signal phase for tram traffic diversion that allow the movement of trams without
excessive delay,

« The prohibition of parking of vehicles,

- Labelling traffic lanes reserved for public transport — marking orinstalling specific elements
on the roadway,

« Asymmetrical railway position and movement in opposite direction (especially useful for
one-way streets).

These applications of traffic techniques have been introduced in many European cities in the
mid-sixties and give very good results. With respect to the traffic safety, off-street guidance
of tramlines is the best solution, it allows faster flow of vehicles and easier transit through
intersections.

In this paper tramway system of the city of Osijek is described, as well as a specifics of route
guidance solution in Divaltova street where tram traffic for both directions is driven on single
tramway, while a part of the tramway route runs on pavement along road vehicles.

2 Tram system in the city of Osijek
2.1 Development of tramway system

Tram traffic in city of Osijek has been ongoing for many years. 132 years ago, precisely, on
September 10th of 1884, a horse drawn tram started to operate (in that time called horse
railroad). This was the first such form of urban transport in Croatia and south-eastern Europe.
Launching the tram transport was extremely important step in connecting and modernizing
the city and a key step in integration of still unconnected city parts, a role that has been kept
throughout history [2].

Electrification of the city in 1926, created the preconditions for the start of operation of electric
trams and it has been officially opened to traffic on December17,1926. The length of the tram
tracks for electric trams in Osijek was around 10 km, including all branches and depot/ car
house area [3].

Extension of the tram network of Osijek took place on several occasions: in the 60s (Retfala
- Vidnjevac), 2006. (Pakovstina — Mackamama), 2009. (Bosutsko — Divaltova — Jug ) and
2014. (Vidnjevac) (Fig. 1.).

Length of tram tracks today is approximately 29.2 kilometres (in city and outbound tracks in
front of the depot). Tram line is fully operational and reliable for conducting tram traffic. It
consists of 41 shunts and 5 crossovers. Tram line is for the most part embedded in concrete,
approximately 25,3 km, while approximately 3,8 km is embedded in ballast [4].
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Figure1 Tram network in Osijek today [4]

2.2 Single tram line — particularities of tram traffic guidance in Divaltova street

In the city of Osijek in 2009 a single bi-directional tram line was built as part of construction
and reconstruction of important city road in Divaltova street.

The tram track consists of: 6 passing loop, 13 shunts, 9 tram stops and 1 U-turn at Velebitska
street (Fig. 2.). The tram track is 4 413m long and split into 3 sections: section 1 - from Vin-
kovacka street to Kneza Trpimira street — 1 283m, section 2 — from Kneza Trpimira street to
Srijemska street — 1536m, section 3 — from Srijemska to Velebitska street — 1594m [5]. Each
section is shown on Fig. 2, differentiated by colour according to the type of route guidance.
From route beggining in Vinkovacka street to Svilajska street tramway is segregated, running
along left side of the road. In roundabout at intersection of Hutlerova and Divaltova street
tram line crosses the pavementin an S shaped curve and than continues along the middle of
the roadway until U-turn at the intersection of Divaltova with Velebitska St.

Figure 2 General layout with sections 1, 2, 3

Type of filling material dependeds on the location. From Vinkovacka street to Huttlerova
street, where the track is in it own lane, the track is embeded into crushed stone ballast
30/50, while at level crossings and tramstops it is embeded into concrete and asphalt layer.
Tramstop platforms are performed as elevated islands (+20 cm from rail) both along the edge
of the pavemenet on sections 1and 2 where the tracks are separated in the special lane (Fig.
3a), and also on section 3 where tram traffic takes place in middle of pavement (Fig. 3b).
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a) b)

Figure 3 Tram stops: a) along the edge of the pavement, b) in the middle of pavement

2.3 Conflict of road and rail traffic on the considered section

Along the route at Divaltova street tram line passes and crosses 14 intersecstions, 8 of which
8 are tree-leged, 5 four-leged and 1is roundabout at Huttlerova street. Because of the specific
mode of traffic these are potentially dangerous places for drivers, pedestrirans and cyclists.
Especially dangerous place are pedestrian crossings at the end of the promenade Sjenjak and
in front of the school Fran Krsto Frankopan, regulated only by traffic sign.

2.3.1 Accident record

Accident data [4] for the bi-directional single track in Divaltova Street in the 5 year period
shows there has been a total of 80 accidents involving tram traffic. In figure 4. it can be seen
there is a steady decline in number of accidents in the given period from 2011 to 2015. This
means that drivers and other participants in traffic have gotten more aware of the risk for
accident and thus more accustomed to this kind of traffic situation. Contribution to drivers
awareness and decrease in occurrence of accidents can be also found in recently marked
horizontal “tram” signs on pavement of some minor streets in proximity of intersection with
Divaltova St. A closer look at distribution of accidents per location can give more insight into
problematic situations and design.

Figure 4 Total number of accidents peryear [4]

2.3.2 Route critical locations — increased number of accidents
Figure 5. shows locations with the highest number of accidents in 5 year period. A great num-
ber of this accidents occurred on smaller intersection without traffic lights, where only a few
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of them have left turn lanes. Those are intersections of Divaltova Street with minor streets
at Sjenjak area, Gacka, Reihl Kirova and Krbavska Street. It should be noted that Sjenjak
includes several smaller streets connected to Divaltova Street, not an isolated intersection.

Figure 5 Distribution of accidents per location [4]

At intersections with Trpimirova St and Svaciceva St a high number of accidents was also re-
corded even though they are regulated by traffic lights. But this is intersection of streets with
high average daily traffic, which is a possible cause of increased number of traffic accidents.
Otherinstances of accident are isolated events distributed on the whole stretch of tram line.

2.3.3 Suggestions for possible improvements

Improvements of traffic safety, without major reconstructions, can be obtained through diffe-
rent measures of traffic techniques. Horizontal and vertical traffic signalization is an example of
such measures that does not require large financial means and can be easily installed in short
time period. Decision on solution type should be based on each location specificities, exiting
signalization and occurring problems. On a given route two groups of solutions can be imple-
mented depending whether it is a minor intersection or major one regulated by traffic lights.
In major intersections that are already regulated with traffic lights a synchronization of left
turning road traffic and passing trams should be done. The greatest safety issue here are per-
mitted left turns governed by traffic lights coinciding with oncoming trams behind them. A sim-
ple signal phase that would allow tram departure before other vehicles could improve safety.
At minor intersections there is a need for placing additional horizontal and vertical signali-
zation that would emphasize the presence of the tram on the paths that would intersect with
it. On the pavement of left turn lanes in Divaltova St. it is advisable to mark horizontal “tram”
sign. Oncoming trams intersecting with the right turns in Divaltova St. could be emphasize
with vertical signalization in form of blinking yellow lights. Vehicles approaching Divaltova
St. from minor roads should have both horizontal and vertical signs warning them on inter-
secting with tramway. On certain locations yield signs should be replaces by stop signs due
to questionable sight distance and reaction time of drivers.

3 Conclusion

Tram traffic in Osijek takes place on a network approximately 29,2 km long, of which 4,4 km
is bi-directional single tramway in Divaltova St. Construction of single tramway in 2009 is
significant for connection of southern city districts and also as modernization of transit in
those neighbourhoods. However, in addition to the benefits of connecting parts of the city,
specific two-way traffic results with higher number of traffic accidents than in the rest of the
tram network where two-way traffic is separated on special tracks for each direction of travel.
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The reasons are (other than the usual: negligence), primarily in the fact that motorists, cyclists
and pedestrians do not expect the emergence of a tram in the west-east direction, a direction
that is opposite to the movement of road vehicles on traffic lanes next to it. When the single
track line opened to traffic, accidents were frequent, as confirmed by the official statistical
data, but there was also a number of “conflict” that were avoided at the last minute and were
not recorded. Road users that are daily driving, biking or walking along Divaltova St can testify
to this. Certainly it is encouraging that over time the number of accidents decreased. It took
time for all traffic participants to accept the bi-directional tram traffic on single tramway and
adjust their behavior in traffic accordingly. Still, additional traffic technique measures can
be made at different intersection as a measure of precaution to increase traffic safety. Insta-
llation of additional horizontal and vertical signalization, solutions that depend on location
specificities, doesn’t require large financial means or major reconstruction works but could
have great benefits on traffic safety.
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Abstract

Uberis an application that connects passengers with drivers who have a contract with Uber.
To order a vehicle it is necessary to own a smartphone and to register within the mobile
application by entering your name, e-mail address, a cell phone number and a credit card
number that is to be billed automatically at the end of the ride. Global positioning system in
the smartphone is used to determine the location so the passenger does not have to know
the exact pickup address. The ride order appears on the nearest driver's smartphone appli-
cation and he/she can accept or reject the ride. Uber is controversial because of its UberPop
service that connects passengers with unlicensed drivers, people that own a four-door car
and a smartphone, and have passed a background and employment history check. Due to
this service, some countries have changed laws regarding transport services. Uber's position
in these cases is constant because they are officially not a transport company, but they are
a technology company. In 2014 Uber introduced its UberPool service in San Francisco that
allows sharing a ride with a stranger who intends to ride along the same route. The savings
when joining that type of service can reach up to 40%. Uber started in Zagreb on 21 October
2015, offering fares about 15% lower than the conventional taxi service who greeted their
arrival negatively. Taxi service in Zagreb was regulated until 2010 when a partial deregulation
was conducted, allowing new companies to enter the market, the biggest and most succe-
ssful being Taxi Cammeo and Eko Taxi. The purpose and goal of this paper will be research of
demand for Uber service in Zagreb, to make a price comparison with major taxi companies
and to explore the possibilities forimproving the legislation regarding the area of taxi service.

Keywords: taxi, uber, transport service, smartphone application, Zagreb
1 Introduction

Travis Kalanick, one of Uber's founders says: “There was an Uberway before Uber. And if it has
survived, the future of transportation would probably already be here”. It was called Jitney Bus
[1], and the idea behind it was that every driver can put a sign on his or her carto drive anyone
anywhere they want to go for a jitney (which was a slang for a nickel, a five-cent piece). Within
the first year, in 1915 the Jitney bus had a 150K rides per day in Los Angeles and much more in
total across the country; in comparison, Uber is doing 157K rides per day today. The “trolley
guys”, as he calls them, were not happy about this and got to cities across the country, had
regulations put in place to slow down the growth of the Jitney. What happened was that by
1919 Jitney was regulated out of existence.

Now, almost 100 years later, Uber operates successfully in Zagreb, saying they have 50K pe-
ople opening the Uber app in the first two weeks after launch, and 13K even before Uber was
launched. Furthermore, [2] 8K users was registered in first two weeks and the average driver
score was 4.8 (out of 5) which makes Uber Zagreb drivers one of the best in the area.
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The idea behind this paper was to see what Uber is, how it was launched in Croatia, what
stood (and still stands) on its way in terms of legislation, to compare it with the conventional
taxi service in Zagreb and to answer the question why Zagreb (and any other city) needs Uber
and what are the advantages that Uber bring to the community.

2 About Uber
2.1 History

Uber Technologies Inc. is an American company that develops and offers the Uber mobile
application, the application that connects potential passengers with drivers who use their
own vehicles. The company was founded in San Francisco in 2009 and started marketing
the free mobile application in 2011. That same year Uber expanded to New York City, Chicago
and Washington, D.C. and later that year in Paris, France. Since then they continued their
expansion to Toronto, London, Sydney, Singapore, Johannesburg and other markets such as
Seoul, Tijuana, Peking and Delhi. 2014 saw them entering smaller markets such as Warsaw,
Anchorage, Copenhagen and Lagos. As of April 2016, Uber services are available in 405 cities
in 60 countries on all 7 continents. In October 2015 Uber came to Zagreb, the capital and the
biggest city of Croatia (Figure 1).

Figure1 Uberapplication openings since launch (left) and trip route coverage (right) [2]

2.2 Uber services

Uber was started with an idea of a luxury transport which can be hailed via mobile phone,

but has developed into something much more over the years. New services were offered and

they can be chosen in the application while detailing a pick-up location. Those services are:

» UberT — Potential passengers can hail the official taxi service in that particular town. In New
York City, for example, those are “yellow” taxi cabs with a medallion and Boro taxi cabs. Uber
charges the application usage and the passenger pays the driver himself.

» UberX — The most famous Uber service. Usually cheaper than the official taxi cabs for 15-20%.

» UberPop — A service that connects potential passengers with unlicensed drivers that have
a contract with Uber and have passed their background check. This service is the cause of
great controversy which escalated into riots in the city of Paris.

» UberPOOL - Launched in 2014, this is Uber’s most affordable service. It allows ride sharing
with strangers who intend to go the same route. Fare savings can reach up to 40% and if the
application cannot find another passenger the sole passenger gets a 10% discount.

» UberMOTO - A low-cost motorcycle transport service launched in February 2016 in Bangkok.
Passengers can pay the cab fare in cash or with a credit card.

» UberBlack — The original Uber service which includes luxury vehicles.
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» UberSUV - Passenger transport with spacy vehicles.
» UberXL — Passenger transport for large groups.

2.3 How Uber works

To orderaride itis necessary to own a smartphone and to register within the mobile applicati-
on by entering a name, an e-mail address, a cell phone number and a credit card number that
isto be billed automatically at the end of the ride. Global positioning system in the smartpho-
neis used to determine the location so the passenger does not have to know the exact pickup
address. Booking aride in advance is not possible. Before confirming the order, the passenger
can entera pick-up and a drop-off address and get a price estimate. Once completed, the ride
order appears on the nearest driver's smartphone where he or she can accept or reject it. It
is possible to keep track of the vehicle that has accepted the ride. Driver's and passenger’s
contact information is also shown so they can contact each other if needed. The ride can be
cancelled free of charge within five minutes, after that a fixed fee is charged to the passenger’s
account. An automated message is sent by the application upon the car’s arrival. The driver
starts the ride on the application and the passenger is shown the route and the estimated
time of arrival. After the ride, the credit card specified in the app is automatically charged
and the bill is sent via e-mail. The application allows bill sharing with other passengers. The
driver and passenger can rate each otherin application with a score from one to five stars.
Uber charges a base fare, the distance and the time spent driving regardless of whether the
vehicle is moving or not. Prices vary from city to city but each one has a fixed minimum fare to
be paid ifthe fare is lower. Uber uses an algorithm that increases the costin time of increased
demand, such as rush hour or a city-wide emergency. It is called “surge pricing”, a method of
pricing in the free market that involves the raising or lowering of prices depending on supply
(how many cars are available) and demand (how many passengers want to ride in them). So-
metimes prices for Uber services, depending on the intensity of demand, are increased by a
certain percentage, and at other times they could even be doubled or tripled, and these fare
hikes take effect during periods of high demand for cars (e.g. rush hours, dates of concert
events, and during rain and snow storms or public transport strikes). Depending on supply
and demand, the fare may be increased tenfold. However, the potential passenger is always
shown this information before confirming the ride.

3 Legislation

When Uber announced its presence in Zagreb, they faced many obstacles related to legisla-
tion, mainly due to a lack of understanding what Uber really is. Uber is perceived as a taxi
company by the authorities and the conventional taxi companies thus expected to follow the
rules that all other taxi companies in Zagreb have to follow.

3.1 The reasons for banning Uber around the world

What most people will first remember when someone says “Uber” are riots in Paris in January
2016, then Uber being banned in Brussels in September 2015 and articles like “Uber ordered
to shut Brussels service within 21 days ...” etc. What they do not know is that in fact the pro-
blem was the UberPop service where the drivers were independent individuals that undergo
only Uber's internal check and they have to have a valid driver's license for at least 3 years.
And there is the problem — an “ordinary” driver can become a competitor with the taxi dri-
vers who have to undergo a much thorough check and have to obey all applicable laws and
regulations. Yes, UberXis, more or less, “common ground” but, in case of Zagreb, drivers that
use Uber can and should be able to continue working if they have a company that offers the
services of renting a vehicle with a driver.
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What should be emphasized, and it was not in Zagreb's case, is the way Uber operates — along
with taking share of the markets and earning profit like any other company they try to improve
the market by encouraging people to share rides and reduce the use of their own vehicles,
increasing the mobility and lowering the pollution and the use of public space for parking.
One of the positive examples is Estonia — one of EU's most advanced countries speaking in
terms of using ICT — where the Tax and Customs Board and Uber created a working group to
examine what are the appropriate solutions for payment of taxes for the expanding sharing
economy services across Europe (like Uber, Airbnb and Coursera). The goal of the pilot pro-
jectis to produce a new tax declaration platform and simplify the process of tax declaring for
Uber's partner drivers. The first results are expected in 2016 and Marek Helm, the Director
General of tax and Customs Board, says [3]: “Earning a revenue and payment of taxes on
it should not be a burden. It is the tax authority's work here to think about how in the co-
operation with businesses to create smooth and transparent technical solutions that give
businesses the assurance that things are in order.” Looking from one point of view this is a
great marketing from (and for) Uber, but looking from another — this shows how Uber wants
to do business.

3.2 Why drivers that use Uber and Uber itself do not have to meet the legal requirements
and other taxi drivers in Zagreb have to?

The answer is fairly simple — Uber Croatia LLC is not a taxi company and drivers that user Uber
app are not taxi drivers. Uberis a company registered to represent and promote the company
Uber and to do market research [4]. Uber drivers are not taxi drivers, they own a company or
work for one that is registered for chauffeur service. If they are employed or own a taxi com-
pany they have to remove the TAXI signs when taking a passenger with Uber, they must not
use a yellow lane like taxi drivers can etc.

After an article that, after only three sentences, concludes “Uber is legal in Croatia” [5], an
e-mail was sent to the Ministry of Maritime Affairs, Transport and Infrastructure. On 4 March
2016 an answer was received “confirming the article as Uber Croatia LLC in fact does marke-
ting and product promotion for the Uber application owned by a Dutch company UBER B.V.
and that Uber Croatia LLC does not manage the Uber application for the area of Zagreb. In the
following period the Ministry will control the compliance with the Croatian Road Transport
Law and other legislation on taxi transport in Zagreb for the drivers/companies that use the
Uber application. Furthermore, they forwarded the case to the Tax Administration, Customs
Administration and the Croatian Competition Agency to further process this issue.”

On 21 March 2016 an answer was received from the Tax Administration stating that the Cro-
atian Tax Law does not allow them to disclose the information on tax proceedings, and the
Customs Administration confirmed that they never conducted an inspection control of the
company Uber Croatia LLC. An answer from the Croatian Competition Agency states that they
did not initiate any proceedings in this matter as it is not in their jurisdiction.

The Court Register in Zagreb stated on 6 April 2016 that they are aware of the “Uber issue”
and that it is not possible to register a company with the chauffeur service and they suggest
their clients that want to work with Uber to register the company for renting motor vehicles
given that this is “a broader term than chauffeur service”.

This article describes the challenges Uber is facing and will have to face in the future — shortco-
mings in the legal system (it is not possible to register a chauffeur service), disinformation in
the news, and linking the UberX service with taxi. In the above mentioned answer from the
Ministry they stated “they will control the compliance with the Croatian Road Transport Law
and other legislation on taxi transport in Zagreb for the drivers/companies that use the Uber
application” which simply does not make sense — they are not taxi drivers. The best example
fordisinformation are articles where the question “Who is can be an Uber driver?” is answered
with “Uber drivers do not have a taxi licence and a taximeter, almost anyone with a valid driver
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licence and a vehicle can apply to be an Uber driver” [6]. The only thing the disinformation
brings is more dissatisfaction and anger for those who would like order in this area of tran-
sportation, and many of them currently working in Zagreb taxi service.

3.3 How and why did the Customs check “Uber drivers”?

On 12 December 2015 an “incredible action against Uber drivers” was conducted [7], stopping
more than 50 drivers in different locations around Zagreb. Four of them were found in violation
ofthe Croatian Transport Law and the Regulation on Taxi Transport in Zagreb thus violating the
law prohibiting and preventing the carrying out unregistered activities, punishable by Article
10 of that same law — their vehicles were impounded and they were fined. The same thing
happened as in the case of the Ministry's response above — the drivers that use Uber were
treated as taxi drivers which they simply are — not. The process not being finished neither
side wanted to comment its outcome, and Uber officials during the Startup Wednesday [8]
said that “they rented the vehicles for those four drivers to be able to work the day after and
paid for the fines”.

4 Price comparison between taxi services in Zagreb and Uber

For the comparison shown in the Figure 2 below the route from the city centre to the Zagreb
Airport was used, a distance of 16.4 kilometres in two different periods of the day — 8 a.m.
(rush hour) when it takes about 40 minutes to make that trip and 8 p.m. when it takes less
than 30 minutes. The variables for the calculation were: the price of a call (if the taxi service
does not have a mobile application), the start price, the price per kilometre and the price per
minute.

Figure 2  Price comparison

The practice in most cities where they have UberX shows that UberX is cheaper than the taxi
service. In the future Uber plans to introduce the UberPOOL service to lower the trip costs even
more. Atthe momentyou can only share aride with a person that is standing next to you — you
input his or her e-mail address in the application and the price will be split.
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5 Conclusion

Zagreb needs Uber mainly because the taxi services in Zagreb is missed the opportunity to
improve [9] in a way that will make Uber just “another player in the field”. They could have
lowered the prices improving their operations so that more people can use the taxi service
on a daily basis, they could have tried to change the regulations so rides can be shared, and
they could have established a much higher quality control of their drivers' services — they had
more than five years to do that.

If the fare price was taken out of the equation, Uber's biggest competitive advantages are
convenience and transparency of services. No cash changes hands (thus the opportunity to
hide the profit is none) and there is no need to have your credit card on you. When you arrive
atyour destination you can simply walk out the car, your account will be automatically charged
and an e-mail receipt will be sent to you — and life is much easier because there is no need
to have any change or to collect and track paper receipts. Both unprofessional drivers and
rude passengers are weeded out because they get to rate one another after the ride and see
the rating before they accept the ride — and a consistently low rating will force both of them
out of Uber.

One of Uber's goals is “get more people into fewer cars” [10] — a goal everyone with common
sense should have — less cars, less parking spaces in the city area and that combined with
stimulations for the use of hybrid cars can get us to a better, cleaner and less noisy society.

The negative aspect of Uber is surge pricing, as seen in London during the tube strike [11].
However, if there is no cheap (yet high-quality) alternative to public transport the passengers
are stuck either walking or taking a far more expensive taxi service. Another negative aspect
is one that has not struck Zagreb yet — a battle to provide the cheapest service between Uber-
like applications. Unfortunately, this battle is being fought on the backs of drivers, who bear
most of the expenses and this can only add extra stress for the drivers and, if not corrected,
will bring about poor service in the long term.

Uber will most definitely stir thigs up in Zagreb even more when they introduce the UberPOOL
service. As seen from this paper drivers that use Uber are (still) considered taxi drivers even
by the authorities and Croatian Law considers taxi ride to be “a ride where passengers are
picked up based on one order and charged with only one receipt”.
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Abstract

The arterial traffic network in Japan has been almost established because main points are
connected by rail, air routes and expressway. The travel time is significantly reduced as com-
pared to before due to speed up the arterial traffic in recent years. As a typical example of
the arterial transportation include the Shinkansen, air plane and long-distance expressway
bus. The Shinkansen and air plane is in the very competitive state in Japan. Because diffe-
rent preeminent transportation in the region in areas where both can be selected. On the
other hand, long-distance expressway bus develops with the expansion of the expressway
network. It has become a popular transportation around the student due to low fare compa-
red with the Shinkansen and air plane. In this way the arterial traffic has changed with the
development of the arterial traffic network. In addition, it is utilized by the personal attributes
have influence on the easy to select transportation. The purpose of this study is to analyze
how usage behavior changes by the development of the arterial traffic network, and creation
of a transportation choice model considering the personal attributes. Behavior in Japan are
analyzed using Inter-Regional Travel Survey in Japan and Air Passengers Observational Survey
by Ministry of Land, Infrastructure, transport and tourism Government of Japan. As a result
of this study, it become clear that person has a high annual income easy to select air plane,
user has remained from sleeping limited express to the long-distance expressway bus, the
boundary to select the Shinkansen or air plane.

Keywords: arterial traffic, behaviour, Shinkansen, expressway, Inter-Region Travel
1 Introduction

Arterial traffic network connecting between cities has continued to expand. This has led to
major changes in human behaviour. In Japan, the Shinkansen network has been conducted
since 1964 the Tokaido Shinkansen was opened. Today, the Shinkansen network has conti-
nued the expansion. In 2011, Kyusyu Shinkansen whole line, in 2015, Hokuriku Shinkansen
between Nagano Kanazawa, in 2016, Hokkaido Shinkansen between Shinaomori Shinhakoda-
te-Hokuto has opened. In addition, the highway is opened to traffic in the last year of Tokaido
Shinkansen opening. It was only 71.7 km long at first, but current total extension of highway
in Japan is 10685 km long. Ultimately aims to total length of 14000 km, the construction work
is still progress.

In Japan, main points are linked by arterial traffic such as the Shinkansen, highway and air
lines. Therefore this network would said to almost completed. These arterial traffic are in the
very competitive state due to expansion of network. For example, the Shinkansen to airline
and the Shinkansen to long-distance expressway bus (highway bus) are very good examples.
In orderto win such competitive state, each transportation working to improve level of service
(LOS). Such as speed up, price cuts, and so on. Improvement of LOS is carried out for expan-
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sion of passengers. But this case is concern that excessive service provision is offered. It is
essential in order to provide the appropriate services to understand the user characteristics
of each transport.

The purpose of this study is to analyze how usage behavior changes by the development of
the arterial traffic network. In this study to target the arterial traffic network such as the Shi-
nkansen, highway bus, and airline. Behavior in Japan are analyzed using three time points
Inter-Regional Travel Survey in Japan by Ministry of Land, Infrastructure, transport and tourism
Government of Japan. By using this data, it will be cleared about user characteristics and the
influence and a change in the travel behavior when a new arterial traffic was opened to the
existing OD pair.

2 Methods of analysis
2.1 Inter-Regional Travel Survey in Japan

Inter-Regional Travel Survey is carried out the arterial traffic user as a target by Ministry of
Land, Infrastructure, transport and tourism Government of Japan. This is a national scale sur-
vey to investigate the trip from origin to destination beyond the prefecture by using arterial
traffic. From the survey results, it is possible to grasp the reality of the trip such as, who, where
to where, when, what purpose, what transportation, and so on. Table 1 shows corresponding
investigation and arterial transportation. These survey results are integrated into one and to
set magnification factor by a statistical method. In this study using three time point (2000,
2005, 2010) survey data. The number of trips of each transportation of each survey as shown
in table 2.

Table1 Corresponding survey and transportation (in Japanese)

transportation survey(japanese)

airline M REBEFAE

railway BRRSKERERERERAE

car 2EER- HTRIBEERE

ship BR7I)— BEREMRERBAE
highwaybus BRNAREREFAE

Table 2 Number of trip data

number of data
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2.2 Overview of analysis

Figure 1 shows a map of Japan segmented in 207 zone. In this study using a magnification
factor set to this zoning based. To extract the required data by the screening. Then, remove
the dummy data inserted for setting magnification factor and partitioning the trip by the
representative transportation.

URBAN TRANSPORT
CETRA 2016 — 4" International Conference on Road and Rail Infrastructure



Figure1 Japan segmented 207 zone

3 Basic analysis
3.1 Number of trips and Modal share

The number of trips shown in table 3 and 207 zone based modal share shown in table 4. The
number of total trips has been decrease with each inning. Modal share has not a large diffe-
rence. It can be seen that car is selected easily and demand of travel by car is increasing year
by year. The railway share is high in the Tokyo metropolitan area and Keihanshin area. Car
share had become higherin the surrounding area of major metropolitan area.

Table 3 Number of trips
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Table 4 Modal share (207 zone based)
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3.2 Attributes of the user

Itisincluded personal attributes such as gender, travel purpose, age in survey data. In 2000
and 2005 survey are also included annual income of data. Table 5 through Table 8 shows
that result of basic counting about personal attributes. Relationship between gender and
transportation is that the proportion of men of air, car, rail is high. This is due to business
trips. From the Table 6, bus is popular in young people and air is easy to use a layer of from
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40s to 50s. Because bus is low price, it is popular with young people such as students. From
the Table 7, air user it can be seen that the proportion of high-income earners is high. The
average annual income of bus users is about 1.5 million yen, the user of the low income was
shown to be dominant. The average of annual income of Japanese is 4.14 million yen. Car is
likely to be selected for all purposes be seen from the Table 8.

Table 5 Relationship between gender and transportation
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Table 6 Relationship between age and transportation
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Table 7 Relationship between annual income and transportation
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4 Changes of arterial traffic network

Figure 2 shows the changes of the Shinkansen, highway and number of airports user. And
Table 9 shows chronology of arterial traffic network.
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Figure 2 Changes of arterial traffic network (2000~2010)

Table 9 Chronology of arterial traffic network
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5 User characteristics

In this chapter, a more detailed analysis by cross tabulation of travel purpose and personal
attributes. Table 10 shows the results of cross tabulation of purpose and gender. The majority

of the business trip is a male. On the other hand, the majority of tourism trip using air, bus
and railway is a female. Car user is almost male. From Table 11, it can be seen that the bus
is mainly used by young people at homecoming and private. In addition, percentage of low

income is higher.
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Table 10 Cross tabulation of purpose and gender
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Table 11 Cross tabulation of purpose and age
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6 Changes in modal share

Figure 3 shows the difference between modal shares of tourism of each survey. From Figure
3, it can be said the air and rail share has risen. The spread of mobile terminal is estimated
to be a factor. It would be make easy to take a reservation for transportation. In addition,
railway share is increased in trackside area when the shinkansen stretch opening. A similar
trend is also seen in air share. The opening of Central Japan International Airport increased
air share in Aichi prefecture. In this way, the development of arterial traffic network change
the transportation mode of residents in the vicinity of that.
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Figure 3 The difference between the share of 2000 to 2005, 2005 to 2010

7 Conclusions

Itis suggested that the choice of transportation is different depending on annual income. For
example, relatively air user has a high income but bus user has low income. It is estimated
that has become popular around the student due to expanding the number of bus routes.
From the analysis of difference of modal share, the conversion has been confirmed of the exi-
sting transportation by the development of new transportation. In the future, the construction
of transportation choice model considering user characteristics and OD pair.
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Abstract

Urban areas globally, and especially the ones of the European environment, face a great
amount of challenges today: the economic crisis, climate change, transport system relying
on fossil fuels, and the health risks caused, directly or indirectly, by transport. Increasing
transport demand produced by several factors burden the existing urban transport system
with more demanding solutions. The existence of a need for increasing mobility to satisfy
traffic demand, along with space, energy, environment and financial issues requires a new
approach in resolving urban transport problems of the world. Therefore, a new transport po-
licy vision requires redefining the existing urban transport strategy in a way that traditional
strategic approach in transport planning shifts to the integrated traffic planning. The Euro-
pean Commission adopted transport strategy, “Action Plan on Urban Mobility “ in 2009. As
a consequence, sustainable urban mobility plans (SUMP — Sustainable Urban Mobility Plan)
have been implemented in several European cities. Croatia is at its beginnings in developing
sustainable urban mobility plans. The paper will present the European planning documents
related to urban mobility, the purpose and objective of planning and the development of
sustainable urban mobility plans in the European cities.

Keywords: transport policy, sustainable urban mobility plan, European Union, transport
strategy, sustainable urban transport system

1 Urban traffic

The global urbanization trend and the economy prosperity of cities generate the induced
transport demand in daily migrations. The questionable urban mobility is becoming a funda-
mental issue in the cities worldwide, especially the developing cities. The existing liability
models in cities (in terms of economy, environment, space, energy and society) are becoming
unsustainable, especially in long-term periods. The urban areas are especially burdened due
to the excessive private car usage. The significance of public spaces for the citizens (in terms
of pedestrian and cycling infrastructure, green urban areas, recreational areas, etc.) becomes
essential for the future city prosperity. The private car usage generates transport demand,
which produces the ever-increasing external costs in urban communities. The rational traffic
demand reduction of private car arises as an imperative, since the external costs of the local
community are a result of the increased private car usage, in form of increased traffic conge-
stion, noise, air pollution, health issues, road accidents, decreased population density and
uncontrolled suburban sprawl. When considering city development, the excessive private car
usage in daily migrations causes a regressive investment policy, which consumes significant
financial assets for the investment in construction and maintenance of road infrastructure.
The examples of the developed cities, which tried to resolve the problems by building addi-
tional road infrastructure, suggest that the described problem could not be solved in this
manner. The additional roads actually induced additional road traffic, which created even
higher deficit in terms of capacity in the near future.
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The experts concluded that the change in the current traffic doctrine is essential for the chan-
ge in modal split of city trips, especially the motorized modes of transport. The solution for
the urban traffic system had more relations to politics instead of traffic engineering. Therefore,
considering a new traffic doctrine, the urban traffic system is seeking new goals such as su-
stainable traffic system, better quality of life, social equity and social integration [1].

The challenges of the existing urban traffic system are big because, in addition to daily mi-
grations caused by mobility by gravity, the most interurban transport ends in urban areas [3].
The cities in the European environment consist of 70 % of total population, and contribute
by 85 % of GDP in the European Union. In addition, the cities are responsible for 70 % of the
greenhouse gas emissions (GHE: 40% C02 and 70% of other pollutants) on global scale [2, 3].
In this manner, the responsibility of politicians on national, regional and local level and the
local administration in solving transport problems is even higher and more significant [3],
since without an efficient and sustainable transport system in urban environment and its
gravitational areas, there is no prosperity — neither in economy, nor in environment, space,
energy consumption and society.

2 Transport strategy of the European Union

The adoption and the and the conduction of traffic policy on the European level (European
Union Traffic Policy) is a demanding task. The European Union recognized that the cities, i.e.
urban communities have to be a fundamental priority when solving transport problems in
terms of number of residents, population density, economy and traffic.

Therefore, based on the first transport strategy of the EU (WHITE PAPER 2001; European tran-
sport policy for 2010: Time to decide), the European Commission adopted the following docu-
ments (by recognizing and taking into account and the extent of problems caused by traffic
in urban areas): GREEN PAPER 2007; “Towards a new culture for urban mobility” [2], and
eventually, the “Action Plan on Urban Mobility 2009.” [3]. The stated documents put the focus
on traffic issues in the urban environments of the EU.

Following the transport strategy of the 2001 White Paper, the EU Commission introduced the
WHITE PAPER 2011; “Roadmap to a Single European Transport Area — Towards a competitive
and resource efficient transport system” in 2011 [4]. In accordance with the previous determi-
nation on solving the urban traffic issues as a priority, and based on the already introduced
“GREEN PAPER” from 2007. and “Action Plan on Urban Mobility” [3] from 2009., the European
Union introduced several documents in 2013: “Together towards competitive and resource-
efficient urban mobility” [8], “A Concept for Sustainable Urban Mobility Plans” [9], “A call
to action on urban logistics”[10], and “Targeted action on urban road safety”[11]. All these
documents offer concepts for solving urban transport problems.

In an effort to make the conduction of the transport policy in EU cities operational, the Com-
mission conducts a series of activities by projects supported by the EU funds. Some of these
projects are: “CIVITAS”, program “7th RTD Framework Programme”, “European Innovation
Partnership (EIP) Smart Cities and Communities”, “Intelligent Energy Europe programme
(STEER)”, “The urban dimension in Community policies”, “CLARS” platform, project “Do the
Right Mix”, project “European Mobility Week”, and, following the “7" RTD Framework Pro-
gramme”, the “HORIZON 2020” program. With the activities, projects and funds stated, the
Commission conducts the transport policy in the urban areas of the EU state members stron-
gly, efficiently and vigorously.

3 Analysis of concepts for creating urban transport plans and their goals
When considering the concept for creating sustainable urban mobility plans, the first action
is to refer to the framework determined by the Urban Mobility Package [6], which consists of

the actions stated below:
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« Definition of the purpose and the goal — SUMP has to enable the accessibility of the urban
space while ensuring a high-quality transport system with the “functional city” as a goal.

« Definition of a long-term vision and a clear implementation plan which has to define the
future development of mobility, infrastructure and services, with short-term implementation
plans, implementation period, clear responsibility delegation and the identification of the
financial and other resources necessary.

- Estimation of the existing and future needs, with clearly determined goals related to the
SMART goals. (S — specific, M- measurable, A — achievable, R — relevant, T- time-limited)

» Well-balanced integrated development of every transport mode: public transport, cycling,
walking, intermodal journeys, road safety, road transport, mobility management and the
ITS implementation.

» A good horizontal and vertical integration in terms of cooperation on the national, regional
and local level, and the cooperation on the local level with every urban mobility stakeholder.

« A participation approach within the development and the implementation of the plan with
the users — citizens.

- Continuous monitoring of plan conduction, with audits and reporting if necessary.

* Quality ensuring by creating mechanisms for a high-quality and properly-evaluated plan.

Therefore, the stated framework certainly has to be taken into account when analysing local
urban problems, and the guidelines also have to be included during the determination of the
purpose and the goals of the Sustainable urban mobility plans. Itis clearthat the purpose and
the goals will be specific and related to the local conditions; however, the determination of
goals also needs to consider the following 10 basic principles of SUMP development:

 The planning of a “humane city”, which has a proper population density,

» Optimization of the road infrastructure by using ITS,

» The development of a city oriented on public transport,

» The development of non-motorized modes of transport — walking and cycling,

» The implementation of improvements for integrating public transport,

» Monitoring vehicle usage,

« Parking supply management,

» The promotion of clean vehicles,

» The implementation of communication solutions,

» A comprehensive approach to the challenges and problems.

4 The indicators of a sustainable urban transport system

The definition of the indictors related to the strategies and measures of a sustainable tran-
sport system in the urban environment is neither simple nor easy task. There are a series
of indicators which are related to the sustainable transport system, but the crucial are the
dominant ones. When considering the indicators, the important is not to repeat them, and
that they are relevant, measurable, and available. In terms of urban mobility, the expectedly
relevant are the following indicators:

« Availability of mobility and space supported by a high-quality infrastructure,

« Quality of infrastructure: safety, comfort, and security (in terms of user experience)

- Costs and the cost availability

» The impact on the environment and health

» The impact on the economy in general (through investments and tax policy)

The availability of mobility for users is the availability of several modes of transport for diffe-
rent social categories of residents in the total mobility. There is a series of indicators which
closely determine the indicators of availability of mobility and space: modal split, travel time
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(by purpose), trip length (by purpose), and land-use indicators. The quality of infrastructure
and safety, comfort, and costs are divided into following indicators: quality of infrastructure,
easiness and comfort while using a mode, safety, security, cost availability, etc. The indica-
tors related to economy are investments, operating costs, pricing policy, etc. The indicators
related to the environment and health are divided into: air pollution indicators, resource
expenditure indicators, health risk indicators and others. Indicators related to the economy
policy in general are: finance potential for funding the Plans and the allocation of funds by
tax policy and financial measures on the national, regional and local level.

5 Strategies and measures for a sustainable urban transport system

According to Bohler; Hiiging: Urban Transport Energy Efficient, GIZ GmbH, Berlin 2012 [5], the
strategies which are implemented by traffic and other experts when developing a concept of
sustainable urban transport system (i.e. conditionally sustainable transport system in terms
of energy) can be categorized as one of three global strategy groups: Avoid/Reduce, Shift/
Maintain, and Improve. Fig. 1 shows the concept of a sustainable urban transport system as
an A-S-l approach.

Figure1 The concept of a sustainable urban transport system — the A-S-l approach [5]

Avoid/Reduce is the avoiding or reducing the need for travel, in which the purpose and the
objectives are achieved with the help of various instruments (by using planning, regulati-
ons, economy, information technology). Shift/Maintain is the achievement of a shift to the
energy efficient modes of transport by using public transport and non-motorized modes of
transport, which cost less per passenger transported while being rational in terms of space
consumption. The goals can be achieved by using various instruments (by using planning,
regulations, economy, information technology, and urban transport technology). Improve is
the improvement of the vehicle energy efficiency by applying technology achievements, in
form of less fuel consumption per kilometre crossed, the implementation of technology im-
provements, reduction of GHE per kilometre crossed, and the improvements in vehicle fleet
management. This can be done by using information and technology instruments. According
to the strategies stated above, there is a series of measures implemented in order to achieve
the purpose and the goals set. The measures are grouped into five fundamental instruments:
« Planning instruments (urban space management — space and traffic planning)

« Regulation instruments (pollutant emission standards, safety, speed limitations, parking

policy, space reallocation, etc.)
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« Financial instruments (fuel tax, zonal charging, car park charging, green zone charging, pu-
blic transport subsidizing, etc.)

« Information instruments (public mobility management campaigns, marketing, and the pro-
motion of the sustainable modes of transport)

« Technology instruments (fuel efficiency improvement, implementation of clean vehicle tech-
nologies, implementation of ITS for the transport system optimization, etc.)

6 Instead of conclusion

The goal of the paper was to point out the need to change the approach in space and traffic

planning of urban areas to the professional community, based on the concise analysis of the

regulation framework, the concept of a sustainable transport system, its indicators and the

analysis of strategies and measures for a sustainable urban transport system. It has become

obvious that the countries in the European environment can be divided into three groups [5]:

« Countries that conduct activities on introduction and implementation of Sustainable Urban
Mobility Plans based on their national transport policy (Italy, France, Germany, Belgium, The
Netherlands, United Kingdom, Norway),

« Countries that are making efforts and conducting activities for the adoption of the Sustai-
nable Urban Mobility Plans (Spain, Portugal, Austria, Slovenia, Hungary, Poland, Sweden,
Finland, Estonia)

« Countries that have not adopted the sustainable mobility approach on their national level
(Croatia, Czech Republic, Slovakia, Romania, Bulgaria, Greece, Latvia, and Lithuania)

Instead of a conclusion, the paper presents a statement — it is necessary to make efforts in
developing a Sustainable Urban Mobility Plan for the Republic of Croatia as soon as possi-
ble, because, besides the systematic approach in solving urban transport problems, a Plan
will be a condition for granting EU funds intended for the development of sustainable urban
transport systems.
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Abstract

Developing cycling traffic helps urban centres to advance sustainable citizen mobility. The rea-
son for researching cycling traffic issues in a beginner city (City of Zagreb) stems from poor sa-
fety numbers, an increase in volume, unclear development policy, an inadequate infrastructure
and legislation. The question arises, did current cycling policy and programs advance cycling?
We analyse the current state of cycling traffic and cycle promotion policy in order to assess the
actual impacts of these various interventions on the level of cycling. A comprehensive search
of available literature, including data from the City Office, has been made. This review pa-
per suggests that development of cycling traffic requires coordinated programs and a holistic
planning strategy which includes all stakeholders. Results could serve as a beacon light for
similarly sized beginner cities, especially those who are located in Eastern Europe.

Keywords: cycling traffic; policy and safety; sustainable urban mobility
1 Introduction

Systematically developed cycling traffic is, along with adequate public transportation, one
of the most significant forms of achieving sustainable level of citizen mobility. Certain cities
have in the last ten years doubled or quadrupled the number of cycling trips while serious
cyclistinjuries decreased by 10 to 40 % [1]. Studies [2,3] conclude that main attributes which
define a quality cycling infrastructure are: a roadway’s physical, functional and operational
characteristics (lane width, design speed, manoeuvring space, existence of sharp turns and
obstacles), motor vehicle speed, intersection sight distance, presence of intersections and
street trees (shading). Experiences of cities and countries under evaluation of cycling traffic
policy and program measures are demonstrated in detail by Pucher et al. [1]. A similar fra-
mework to study the City of Zagreb (Zagreb) is applied here.

From conducted studies on cycling traffic in Zagreb, one can conclude that the initial research
was the critical analysis of the current state. Kel¢ec-Suhovec [4] presents the possibilities
and the general need for considering the development of cycling within the General Plan
for Urban Zoning (GPUZ), and the utilisation of the bicycle as a means of commuting. Matos
et al. [5] state the importance of city authorities in the development of cycling traffic. Later
research emphasises the advantages of cycling for the environment and human health [6],
and the need to implement a public bicycle sharing systems (PBSS) [7]. An insufficiently
clear development policy, a non-existing systematic monitoring and analysis of the current

URBAN TRANSPORT

379



380

state, an increase in volume, a large number of traffic accidents, inadequate infrastructure
and legislation, a small number of high quality studies raise the question: Did current cycling
policy and programs advance cycling in Zagreb?

This paper aims to review the current state of cycling traffic, its policy and program interven-
tions and assess the actual impacts of these interventions on the level of cycling in Zagreb.
Forthis purpose, a comprehensive search of relevant and available literature has been made.
Data from the departments of Urban Development and Traffic were also used. Section number
two enumerates known basic cycling data of Zagreb in terms of volumes and safety, while
the development of infrastructure, of PBSS, of legislation and of promotional activities are
described in section three. Section four draws final conclusions.

2 Basic Cycling Data in Zagreb

The administrative surface area of the City and County of Zagreb covers 3,701km? (6.53 % of the
Republic of Croatia), and is inhabited by 1,107,623 residents, according to the census of 2011,
or 25.84 % of Croatia’s population [8]. In 2013, there were 470,787 motor vehicles registered,
constituting a motorization rate of 425 vehicles per 1,000 inhabitants [9]. The City of Zagreb
covers flat and hilly terrain of 641 km?2. Planning of cycling traffic began in the 1980s when the
first GPUZ was passed. At that point, cycling traffic and provided infrastructure were exclusively
oriented toward recreational and sports purposes (e.g. recreational and sports centre “Jarun”).

2.1 Volume

First official cycling volume data was recorded in 1999 for the purpose of a traffic study [10].
This study showed that only 0.7 % of the daily trips were made by bicycle. It is interesting to
note that 51 % of households claimed to have at least one bicycle. In the study performed by
ISIP-MG [11], measurement of cycling traffic at 16 locations was carried out, mostly on the city’s
busiest traffic corridors. Measurements were conducted for one week in April 2010 from 11.00
a.m. to 1.00 p.m. and from 3.00 to 5.00 p.m. (Figure 1.a). Weather conditions were appropriate:
it was mostly sunny with dry pavement, but data about air temperatures is not known. Based
on these limited measurements, it can be assessed that there is a certain amount of increase
in cycling traffic (Figure 1.a). Furthermore, the Faculty of Transport and Traffic Sciences (FTTS)
from the University of Zagreb measured cycling traffic at certain locations for the needs of the
project CiViTAS ELAN Zagreb [12]. Measurements were conducted for one week in April 2008
and 2012 from 4.00 to 5.00 p.m. Weather conditions were appropriate: it was sunny with dry
pavement and air temperatures were normal for this time of year in these areas (Figure 1.b).
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Figure1 Cycling volume: a) hourly at 16 locations [11] and b) average number at four locations [12]
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By comparing the results one can conclude that at the observed locations a significant incre-
ase in cycling traffic was recorded between 2008 and 2012, ranging from 17.2 % to even as
much as 72.3 %. The PRESTO project in 2010 showed that a third of the students use the
bicycle to get to the University on a daily basis [13]. The census from 2011 gathered data on
commuting to work/school, but it is not analysed in general and here.

2.2 Safety

The Zagreb Police Department is responsible for traffic safety monitoring in the city and co-
unty. The data for 2011 and 2015 on the number and consequences of traffic accidents invol-
ving cyclists is shown in Table 1. In general, the number of traffic accidents with 355 per year
is high. For 2015, in relation to 2011, Table 1 shows a significant reduction in all classifications
where the total number of accidents fell by 30.43 %, and fatalities by 85.71 %. According to
statistical reports [9], the most frequent causes of traffic accidents involving cyclists are the
following: failure to use cycling paths/lanes, riding on sidewalks, and no lights at night.

Table1 Numberand consequences of traffic accidents involving cyclists in the area of the City of Zagreb from
2011 t0 2015 [9]

Number of traffic accidents Year Difference 2011/2015
involving cyclists 2011 2012 2013 2014 2015 [%]

participants 414 404 345 327 288 -30,43

fatalities 7 2 1 3 1 -85,71

injured 297 309 251 242 224 -32,59

seriously injured 84 85 69 90 72 -14,28

slightly injured 229 238 188 157 157 -31,44

3 Cycling Policy and Programs in Zagreb

In this chapter only the most significant and latest cycling policy and programs activities are
shown.

3.1 Administrative framework

Responsible for the planning, implementation and coordination of the cycling traffic program
in the city and county is the municipal “Traffic Section” department. This department is res-
ponsible for proposals preparation and technical solution regulations of cycling traffic. The
broader coordination includes representatives of the Cyclists Union and cycling associations
and defines implementation priorities for individual activities. Their activities are: visiting
disputed locations and suggesting measures that can therein be implemented; taking partin
the design process for the forthcoming reconstructions and building of public traffic surfaces;
and analysis of the cycling safety level. So, development and improvement of cycling traffic in
Zagreb is focused on interventions that can be listed as follows: the development of cycling
infrastructure, implementation of a PBSS, amending legislation for cycling traffic and various
educational and marketing activities.

3.2 Cycling infrastructure
As of 26" of January 2016, there are 138 km of recreational and sports cycling trails on the
Zagreb side of Medvednica Nature Park (Figure 2), which sums up to approximately 390 km in

total. Technological measures are being taken to further develop cycling infrastructure: lowe-
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ring of curbs and bevelled ramps, adjusting the signal equipment on signalized intersections,
marking cycling surfaces red, installing fixed/elastic posts and staplers for the protection of
cycling lanes and creating cycling lanes during the reconstruction of important roads.

Over 90 % of cycling routes have been arranged as cycling lanes on the walkway of city roads
separated from the pedestrians by a yellow line. Only in the city centre on one main longitu-
dinalroad a cycling lane was established in the pavement section of the road spanning 1,300
m. Project ELAN [12] resulted in a significant improvement of the cycling infrastructure within
the ELAN corridor (Figure 2) and outside of it as well. Thus, 150 parking spaces at 15 locations
were introduced within the corridor, while 190 additional parking spaces were introduced
outside of it at different points-of-interest (shops, theatres, concert hall, PT stations etc.).
In 2015, 212 and in first two months of 2016, 16 bike racks were added at various locations.
Within the GPUZ cycling paths are projected to be extended by 5 to 7 km per year. The prio-
rity for expansion are directions and branches of the central part which are not adequately
interconnected as well as parts where entirety and continuity of a certain direction have not
been ensured. In collaboration with the cycling associations a need arose to build the cycling
magistral (Figure 2). This would enable an unobstructed connection from East to West. The
cycling magistral would be two-way and at least 2.5 m in width. Further extension ~20 km of
itis planned in 2016. In 2016, another cycling path 2.0 km long is planned connecting Veliko
Polje and Buzin in the south part of the city. Also, Greenway project in 2017 is going to extend
another 121 km of cycling paths/lanes throughout the city.

- EP—
;

o FRYEETE

i y

il

h

e

:}v-\.
g Fr

Figure 2 Existing cycling network in Zagreb, 26" January 2016

3.3 Public Bicycling Sharing System

A PBSS pilot project led by a private partner nextbike was started in June of 2013. At the mo-
ment 16 locations with around 100 bicycles are in operation. Bicycle stations have been placed
in city locations with highest frequencies of pedestrians. The Studocikl pilot project providing a
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PBSS to the University of Zagreb’s Borongaj campus was designed and initiated within CiViTAS
ELAN [12]. The idea was to provide students and faculty staff easier transportation between
the two remote locations of the FTTS. The Borongaj campus currently consists of three facul-
ties with a total of 4,500 students. The FTTS currently has about 1,450 full-time students, 710
part-time students and 179 members of staff. The Studocikl project has three basic features:
20 blue bicycles with logos, two depots (headquarters of FTTS at Vukeli¢eva Street and at Bo-
rongaj campus) for bike disposals and a web portal for login and logout. The service is free of
charge for users, and maintenance costs are covered by FTTS. The rentals and disposals can
be done during workdays (8.00 a.m. — 8.00 p.m.) and Saturdays (8.00 a.m. — 4.00 p.m.). At
Sundays the service is not available. All the bicycles meet the requirements of current Croatian
legislation. The web portal is used to monitor bicycle depots in real-time in order to provide
information about currently available bicycles and depot occupancy online [14].

3.4 Cycling traffic legislation

Existing cycling legislation consists of national legislation: Law on the Safety of Road Traffic
(NN 158/13), Ordinance on Traffic Signs, Signalization and Road Equipment (NN 14/11), Ordi-
nance on Ensuring Accessibility of Buildings for Persons with Disabilities (NN 78/13), Ordinan-
ce on Basic Conditions to Which Public Roads Outside of Settlements Must Adhere from the
Traffic Safety Aspect (NN 110/11), Ordinance on Technical Requirements for Vehicles in Road
Traffic (NN 51/10), and local legislation: Decision on Traffic Regulation in the City of Zagreb
(SGGZ 23/03) and Decision of Adopting the GPUZ (SGGZ 7/13) [15-21].

The Law [15] defines: cycling areas (paths/lanes), behaviour and movement of cyclists in/
on traffic/roads exclusively for motor traffic, the movement of motor vehicles with regard to
cycling, and the ability to ride a bike according to age. Management of cycling traffic through
the signalization is defined in [16]. Width, clearance of cycling paths and lanes are defined
in the regulation [18] as the conditions for setting cycling racks and design of demarcation
of cycling paths/lanes from public area is defined in [17]. Technical requirements and traffic
equipment that bicycles must meet for safe traffic are defined in the technical guidelines [21].
During this study a new Ordinance on cycling traffic and Ordinance on cycling infrastructure
[22]isin the process of public announcement. Review of this legislation should be the subject
in next papers.

3.5 Promotional activities

The Department’s promotional activities consist of financing various educational, and sports
activities related to cycling safety and different modes of transport (regulation checks, driving
skills, production of cycling maps, manuals and others).

As part of the European Mobility Week, every year expert conventions on traffic safety and su-
stainable mobility in urban centres are held. The activities are focused on educating citizens
and children about traffic culture and to encourage the use of public transportation, bicycles
and walking. To promote the cycling culture by organizing targeted educational and promoti-
onal activities, in 2012 the Cycling Information Centre was opened. Also in the Centre, there
is a European Cyclists Federation (ECF) point where citizens can get current information about
their activities and programs [23]. Since 2012 the Cyclists Union has been organizing the bi-
annual cycling festival Pedalafest. Being part conference part festival it aims to popularize the
bicycle as a means of transport in the city. The program encompasses panels and workshops
led by distinguished lecturers from abroad who present concrete solutions for improving the
conditions for the use of bicycles as an sustainable and healthy means of transport [24]. Pe-
dalafest also hosts a Critical Mass. In 2015, the “Police on bicyles” initiative was introduced,
starting with 18 fully equipped bicycles. Also, the Orange bike ride will be organized at the
beginning of May for the first time in Zagreb as a part of European cycling challenge.
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4 Conclusion

This review sums up the available evidence of a wide variety of cycling policy measures in
the beginner city of Zagreb. Sections 2 and 3 show that a lot of policy measures have been
introduced. Nevertheless, the crucial limitation is that there is generally insufficient data
and before/after research. This is especially true for data on the volume, structure and mo-
vement of cyclists on paths/lanes and the state of traffic safety. As a result, these data do
not adequately address the direction of causality, such as whether current cycling policy
and programs advance cycling or whether cycling demand led to increased levels of cycling.
Therefore it’s not possible to evaluate which measures and pro-bicycle policy packages are
the most effective.

Experiencing cycling in Zagreb reveals that one of the most pressing problems remains the
cycling network’s discontinuity, i.e. the lack of wholeness, connectedness and compactness.
As far as sustainable urban mobility is concerned, cycling traffic in Zagreb is a relatively new
area of action. Bearing this in mind, inexperience of all stakeholders is present, especially
with the city’s executive and its experts. This poses a complex challenge. Results may serve
as a basis for the creation of a coordinate and holistic planning strategy for development of
cycling traffic in Zagreb. Also, they could serve as a beacon light for similar size beginner citi-
es, especially those that are located in South-eastern and Eastern parts of Europe. The need
for further research implies the implementation of: systematic measurement and analysis of
volume, structure and movement of cycling traffic; extensive expert studies; improving and
extending the existing cycling network; connecting the cycling network with the near-by citi-
es and EuroVelo corridors [25]; upgrading PBSS and preventive activities. Also, the existing
cycling-related legislation should be extensively complemented, according to local characte-
ristics and aligned with European recommendations and standards.
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Abstract

The Long-Term Bridge Performance (LTBP) Program is a 20-year research effort by the U.S.
Federal Highway Administration (FHWA) to collect scientific performance field data from a re-
presentative sample of bridges nationwide that will help the bridge community better under-
stands bridge deterioration and performance. The products from this program will be a collec-
tion of data-driven tools, including predictive and forecasting models, which will enhance
the abilities of bridge owners to optimize their management of bridges. The paper describes
a key product of the LTBP program, the Bridge Portal, which contains bridge performance-
related data mined from existing sources (National Bridge Inventory, State Highway Agency
bridge element level data, national weather data, traffic data, weigh-in-motion data, bridge
maintenance data, and other data sources), but it also serves as a central repository for all
field data collected through the LTBP Program. Additionally, the Bridge Portal also functions
as a research and decision-making tool by implementing bridge life-cycle and deterioration
modeling using both mined data sources as well as LTBP-acquired field data to allow users
to investigate bridge performance on many different levels.

Keywords: Bridge Portal, National Bridge Inventory (NBI), National Bridge Element (NBE),
Bridge Infrastructure Management, Bridge Database

1 Introduction

In 2008, the FHWA launched its largest bridge research effort, the LTBP Program. The LTBP Pro-
gram is a 20-year research endeaver to collect scientific performance field data from a repre-
sentative sample of bridges accross the U.S. This will assist the bridge community to improve
understanding of bridge deterioration and performance. The products from LTBP pro-gram
will be a collection of data-driven decision making tools, including predictive models. The
final outcomes will enhance the abilities of bridge owners to optimize their management of
bridges [1].

Bridge performance is a multifaceted problem affected by performance of materials and
protective systems as well as individual components of the bridge, and performance of the
structural system as a whole. The behavior of any single bridge or element of a bridge is attri-
buted to multiple factors, many of which are closely linked [2].

LTBP Bridge Portal was developed to bridge owners and scientists to get a better understan-
ding of performance of bridges. It is an intelligent web based platform that mines different
data set such as Historical National Bridge Inventory (NBI), National Bridge Element (NBE),
traffic, environmental, bridge elevation, inspection, and maintenance data as well as data
acquired through LTBP field testing. LTBP Bridge Portal utilizes all different mined dataset
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to develop advanced forecasting and deterioration models to predict the future condition of
bridges. LTBP Bridge Portalis publicly accessible form https://ltbp6.rutgers.edu web address.

2 LTBP Bridge Portal Datasets

This section explores the different datasets of LTBP Bridge Portal as a web based platform. In
particular, the LTBP Bridge Portal provides the bridge information in three main categories,
including NBI, NBE, and LTBP program field data.

2.1 NBI

With the purpose of having a unified system for bridges and tunnels, NBI has been compiled
by FHWA since 1972 to create a novel database. NBI is a comprehensive database system
including all the bridges and tunnels passing over/below the road network within the territory
of the United States. The database includes more than 100 different characteristics mainly
describing the structures’ identification information, bridge types and specifications, opera-
tional conditions, geometric data and functional description, inspection data, etc. Currently
LTBP Bridge Portal houses historical NBI data from 1992 to 2015 and is programmed in a
manner to easily provide the detailed information about the status of each individual bridge
or tunnel. Every year, at the beginning of February, FHWA provides the collected NBI data
for the previous year which are instantly uploaded to LTBP Bridge Portal shortly afterwards.
Additionally, NBI reports contain the structural condition of bridges in three main categories
of deck, superstructure, and substructure.

2.2 NBE

As discussed, NBI provides the condition states only for bridge deck, substructure, and su-
perstructure levels while it lacks detailed evaluation of bridge components. The FHWA and
bridge owners nationwide have recognized the benefits of having more detailed element level
bridge inspection condition data to better show the severity and extent of bridge condition
deficiencies. This results in designing more efficient and successful repair and maintenan-
ce plans. In the proposed NBE system, the elements are defined under seven categories,
including Deck/Slab, Superstructure, Substructure, Bridge Rail, Joint, Bearing, and Wearing
Surface and Protective Coatings. All elements have four defined condition states ranking
from good to serious condition. Starting from 2015, it is mandatory for all states to submit
their NBE data to FHWA. Shortly after this data is publicly available on FHWA website, it will
be transferred to LTBP Bridge Portal.

2.3 LTBP program data

Underthe LTBP program, the scientific performance field data from a representative sample of
bridges nationwide are collected to provide the bridge community with a better understanding
of bridge deterioration and performance. The LTBP acquired data will be stored on LTBP Bridge
Portal. The following data types are being collected and recorded from the selected bridges,
followed by brief description for completeness:

2.3.1 Non-Destructive Testing (NDT)

Per the main objective of the LTBP Program, five different NDT techniques are employed on
selected bridges in order to follow the deterioration and performance of bridge decks over
the time spatial. The tests include Impact Echo, Ultra Sonic Surface Wave, Ground Penetration
Radar, Half Cell Potential, and Electrical Resistivity.
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2.3.2 Visual inspection
In addition to NDT data, LTBP program collects detailed visual inspection data from bridges
and store them on LTBP Bridge Portal.

2.3.3 Bridge Weigh in Motion

Bridge Weigh-in-Motion (BWIM) is a technique which uses an existing bridge to weigh trucks
while they are moving at full highway speeds. Different sensors are installed on bridge girders
to measure the response of bridge components as the vehicles crossing over the bridge. The
real-time outcomes of the BWIM system are fourfold: 1) providing each passing vehicle’s indi-
vidual axle weights, gross vehicle weight, time and lane of passage, 2) providing the vehicle
speed as well as axel classification, 3) pre-selection of overweigh trucks for enforcement
purposes, 4) calculation of Average Daily Traffic (ADT) data for individual and/or all lanes of
bridge.

3 LTBP Bridge Portal Main Components

Besides the capability of LTBP Bridge Portal as a central repository for NBI, NBE, and LTBP
Program data, it provides specific components to improve the existing knowledge of bridge
performance. These Modules include deterioration modeling, data management toolboxes,
and a set of complementary features; following is a brief description for completeness:

3.1 Deterioration modelling

Deterioration Modeling is an important part of bridge management and in order to maintain the
inventory of bridges with optimal cost, bridge owners need to know how bridges deteriorate.
LTBP Bridge Portal uses advanced statistical methods to develop deterioration models for
bridges. The expected condition-rating curve of a bridge is generated in two steps: 1) mode-
ling, which generates the deterioration models for the said bridge; and 2) prediction, which
utilizes the deterioration models to generate the curve. In order to predict the future condition
of bridges, LTBP Bridge Portal uses Weibull models.

This process is solely based on the data, every year after new data is mined and new NBI and
NBE is imported to the LTBP Bridge Portal, the system will update the available condition
predictions for bridges and represent the data.

3.2 Data management tools

LTBP Bridge Portal has advanced capability for mining data from different data sources, sto-
ring the data in highly customized and optimized database, searching and retrieving data.
The database is optimized for optimum speed using the state of art method optimization
techniques including normalization, denormalization and indexing. The tables in the Data-
base are connected in a way that storing very large longitudinal datasets are possible but
searching the system will be very quick. The most complicated queries will take less than 5-6
seconds to perform.

In addition, there is an advanced document management and file server which is used to host
all LTBP field data as well as bridge documentation.

3.3 Advanced features and functionalities

In addition to data management and deterioration modelling functionalities described abo-
ve, LTBP Bridge Portal comprise numerous functionality which enables users to query and
visualize data in different ways. Below are a list of the most important functionalities with a
short description of each:
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3.3.1 Advanced search

LTBP Bridge Portal utilizes a state of the art search capability which is not only very easy to use
but also extremely quick. The search boxes use auto completion so the user can fill the forms
by only spelling part of a word. Upon execution, the search query is translated to a JavaScript
Object Notation (JSON) object which will be transferred to different page for optimized per-
formance. Users can perform any search on any field of the datasets available in the system.

3.3.2 GIS

LTBP Bridge Portal features a very advanced GIS module which is capable of rendering up to
150,000 bridges on the map. Each bridge is represented by a circle and user can change the
size and color of the circles based on different attributes. For example it is possible to associate
the size of circles to the traffic of the bridges and the color of bridges to the deck condition and
observeifthereis any relationship between the two. The map feature is developed using advan-
ced WebGL technology and is only supported by web browsers that are developed after 2014.

3.3.3 Multi-Dimensional charts

In order to visualize the data, LTBP Bridge Portal offers different visualization methods, these
include one dimension bar chart, pie chart, and donut chart and multi dimension bar charts.
Using these charts, it is possible to quickly visualize the data based on different factors and
discover particular trends in the data.

3.3.4 Historical trends

As explained before, LTBP Bridge Portal database keeps all historical NBl and NBE informati-
on. This includes historical condition and traffic data. Users can observe how the condition
of a certain bridge changes through different years and using other methods available in the
system, she can get an understanding of the factors that caused the change in the condition.
LTBP Bridge Portal also visualize these trends in state level for different categories of bridges
(e.g. state or locally owned bridge) which can be used by states to get a deep insight into the
effectiveness of their rehabilitation and maintenance practices.

4 Case study
In this section, a brief case study is employed to introduce an example of LTBP Bridge Portal

application. Here it is intended to select bridges with age of less than 20 years which are
located in North-East of U.S., being in poor or worse deck condition.

Figure1 Search view, including the selected criteria with defined constraints
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First, the advanced search is being employed to add the filters and set the constraints. Fig.
1 pertains to the LTBP Bridge Portal advanced search indicating the applied filters with desi-

gnated constraints.
After executing the search, user can see the result in a tabular format from the results page.

Fig. 2 shows the schematics of the results page.
Next, the data is visualized on the map, each circle is representative of a bridge. Fig. 3 shows

the resulting bridges on the map.

Figure 2 Results page showing bridge information in a tabular format

Figure 3 Bridges are shown on the map; color of each bridge corresponds to the material kind used in the bridge
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In the following, the charting capabilities of the system is utilized to visualize the data based
on different factors. Fig. 4 shows the number of bridges per state and Fig. 5 demonstrates the
number of bridges per structure design and material type.

Figure 4 1-D chart, a bar chart displays the number of bridges in each state

Figure5 2-D chart, comparing the distribution of selected bridges based on material kind and structure
design

394  TUNNELS AND BRIDGES
CETRA 2016 — 4" International Conference on Road and Rail Infrastructure



5 Conclusions

In the work described herein, the basics of LTBP Bridge Portal is discussed. The LTBP Bridge
Portal is a key product of LTBP Program which is a research effort by the FHWA to collect sci-
entific performance field data from a representative sample of bridges nationwide. The basic
components as well as advanced features of the platform was introduced to map a clearvision
for bridge experts. The application of LTBP Bridge Portal was then described by an example
of case study. For the case of study, the LTBP Bridge Portal was employed to select bridges
with age of less than 20 years in North-East U.S., having a poor or worse deck condition. The
outcomes of the case study were then portrayed using different toolboxes implemented in
the system.
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Abstract

Air-coupled acoustic sensing opens opportunities to dramatically increase the speed of data
collection. The evaluation of feasibility of air-coupled sensing led to the development and
implementation of a prototype air-coupled ultrasonic system (ACUS) for simultaneous collec-
tion of impact-echo and surface wave data in concrete bridge decks. The basic sensor unit
of ACUS is a hexagonal air-coupled sensor array, which includes a solenoid-driven impact
source at the center and six air-coupled sensors (ACSs) with parabolic acoustic reflectors
(PARs) at vertices of the hexagon. Primary interests of air-coupled acoustic testing are related
to detection of delamination using impact echo (IE), and measurement of concrete modulus
and evaluation of depth of vertical cracks using surface wave testing. The performance of the
hexagonal arary was evaluated on a validation bridge containing numerous artifical defects
(delaminations, surface-breaking cracks, segregated aggregates, partially grouted tendon
ducts, and accelerated corrosion test regions). The results from performance evaluation on
delaminated and cracked sections of the validation bridge are presented.

Keywords: bridge decks, delamination, cracks, impact echo, surface waves, air-coupled
sensors, microphones

1 Introduction

Two problems of high concern in deterioration of concrete decks are development of dela-
mination and vertical, surface breaking cracks. Delamination is most commonly caused by
rebar corrosion, but it can be also induced as a result of repeated overloading, freeze and
thaw action and other sources. Similarly, vertical cracks can be a result of corrosion, concrete
shrinkage and other causes. Delamination and vertical cracks are illustrated in Figure 1. As
shown in the figure, vertical cracks can propagate to any depth, while delaminations are
generally horizontal cracks of a varying depth.

Delamination has been most effectively evaluated using impact echo (IE) method [1, 2]. Howe-
ver, in actual surveys of reinforced concrete components, especially bridge decks using con-
tact sensors, a lower test production rate and somewhat inconsistent coupling conditions
are encountered. Both issues can be effectively improved by using contactless or air-coupled
sensors (microphones). Previous studies have demonstrated that air-coupled sensors are
effective in improving signal consistency and test speed in IE testing [3, 4, 5].

The following sections discuss the use of air-coupled sensing in evaluation of delamination
and characterization of vertical cracks with respect to their depth. The first part of the paper
discuss the basics of air-coupled sensing and use of parabolic reflectors to enhance the si-
gnal. The second partillustrates air-coupled sensing by presenting results from delamination
and vertical crack surveys.

TUNNELS AND BRIDGES

397



398

Figure1 Vertical crack on the surface of a bridge deck (left), a core with a vertical crack (middle), and a core
with a vertical crack and delamination (right)

2 Air-coupled sensing and parabolic acoustic reflectors

Alr-coupled acoustic sensors (measurement microphones) have many advantages. However,
because of a low microphone sensitivity, the signal analysis is often complicated due to low
signal-to-noise ratios of the sought signal. Several issues need to be overcome. One of them
is a commonly weak signal as a result of a large impedance difference between the air and
concrete, resulting in significant energy losses between the source and receiver. The other
common problem is often present traffic noise in actual field testing, mostly at frequencies
less than a few kHz. To improve the sensitivity of an air-coupled sensor (microphone), is by
using a parabolic acoustic reflector (PAR) [5, 6].

A typical wave field during air-coupled testing with PAR is illustrated in Figure 2. The image
represents a snapshot of a finite element simulation using finite element program ABAQUS.
The generated wave fields are a result of application of an impact on the surface of a concrete
plate. The movement of the plate surface as a result of propagation of impact induced stress
waves will lead to generation, or “leaking”, of acoustic wave energy into the interfacing air.
One of the dominant components of the response to an impact will be first symmetrical Lamb
mode (S,ZGV), which in this case will correspond to the frequency of oscillations for the full
plate thickness. The resulting periodical waves can be oberved in the figure. The second do-
minant waves are leaky surface waves, which represent leakage of the surface waves in the
plate into air. According to the Snell's law, and based on the typical surface wave velocity in
concrete, and compression wave velocity in the air, the leaky angle is about eight degrees.
The third marked component represents the direct acoustic wave as a result of the impact.
Finally, some higher air-pressure waves can be observed within the PAR.

Parabolic acoustic reflectors (PARs) were introduced to improve the signal-to-noise ratio of
the signal. The PARs operate under the assumption that any incident plane wave parallel to
the axis of the parabolic surface is reflected toward the focal point. Because the length of the
wave paths to the focal point are the same, the acoustic waves of the same frequency will be
in phase at the focal point. Therefore, the use of parabolic reflectors can effectively enhance
the valuable stress-wave components in the air-coupled IE testing. An extensive numerical
and experimental study was conducted to evaluate the effect of the size, shape and position
of the PAR on the air-coupled IE testing [7]. As shown in Figure 3, for evaluation of concrete
slabs of about 200 mm thicknes, an optimum PAR diameter is about 150 mm, and the rim
angle should be about ninety degrees. The PAR should be within a distance equal or slightly
larger than the plate thickness. Within that distance, the signal of the first symmetrical Lamb
mode will be fully in phase.
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Figure 2 Snapshot of the air-pressure field generated by an impact on the surface of a concrete plate

Figure 3 Optimal parameters for the PAR

Figure 4 Hexagonalair-coupled acoustic array: parabolic reflectors with microphones and an impact source in
the center (left), and application of the array in evaluation of a concrete dam
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Six PARs with acoustic sensors (microphones) in there focal points were assembled into a
hexagonal acoustic array configuration, as shown in Figure 4. The hexagonal arrangement was
selected to enable building of larger arrays from the same units. However, the unit itself can
be used as an independent system for delamination detection using impact echo principles,
and for depth estimation of surface breaking cracks using surface wave testing principles.
Both applications are illustrated later. The unit consists of six PARs of a 150 mm diameter
and a linear solenoid type impact source in the center of the array. In the case of surface
wave testing, a source outside the perimeter of the hexagonal array needs to be used. The
radial distance between the source and microphones is 150 mm. The height of the PARs can
be varied. However, the system is typically used with the distance between the surface of the
tested element and microphone from 60 to 80 mm.

3 Delamination and crack assessment by hexagonal array

The implementation of the hexagonal acoustic array is illustrated by the results of delamina-
tion and vertical crack evaluation on the Rutgers Validation Bridge (RVB). The RVB is a bridge
structure 9 m long, 3.6 m wide, with a reinforced concrete deck 20 cm thick supported by three
steel girders. The deck has numerous embedded artificial defects: delaminations, vertical
cracks, ducts of various type and grouting conditions, concrete segregation, and an area un-
dergoing accelerated corrosion. Types of defects embedded in the deck are shown in Figure 5.

Figure 5 Hexagonal air-coupled acoustic array on the validation bridge (top), schematic of embedded defects
and deterioration in the bridge (middle), and the delamination evaluated (bottom)
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The array was used in evaluation of a delamination of 0.6 m by 0.6 m, and about 7 cm deep.
The survey was conducted by moving the center of the hexagonal array in 0.3 m increments
in both longitudinal and transverse directions. As illustrated in Figure 6, the dominant frequ-
encies in the spectra of the response of the deck to an impact, clearly point to frequencies
describing a sound and delaminated deck. The sound deck condition is established when the
dominant peak matches the frequency of the first symmetrical Lamb mode. The delaminated
condition is recognized through a much lower dominant frequency of flexural vibrations of
the upper delaminated section of the deck.

Figure 6 Frequency spectrum from IE survey at a location with no delamination (top), and a location with
shallow delamination (bottom)

A more accurate position and description of a delamination can be achieved by using informa-
tion from two receivers symmetrically placed with respect to the source [8]. This is illustrated
in Figure 7 by a frequency response plot. The receivers in this case were moved in 0.15 m
increments. Presentation using information from two receivers clearly points to the position
of the center of the delamination, and at the same time describes zones of the delamination
away from the center where the dominant response is, as expected, going to be at frequencies
corresponding to higher flexural modes.

Finally, the air-coupled acoustic array was used in estimation of the depth of four vertical sur-
face breaking cracks in the deck. The evaluation was conducted by placing two of the array's
sensors symmetrically with respect to the crack, and application of an impact in line with the
sensors, as shown in Figure 8. The depth of the cracks was estimated using the procedure
outlined in [3]. The results provide a generally good agreement between the estimated and
actual depth of the cracks, with the actual depth being slightly underestimated.
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Figure 7 The frequency response surface above and in proximity of a 0.6 by 0.6 m delamination

Figure 8 Placement of the acoustic array with respect to the vertical crack (top), and the comparison of
estimated and actual depth of cracks (bottom).
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Conclusions

Air-coupled sensing can be effectively used, instead of contact sensing, in the assessment of
delamination and vertical cracks. Placement of receivers in an hexagonal arrangement around
the source significantly improves the speed of data collection. It also enables a more advan-
ced impact echo analysis from signals of two symmetrically placed receivers with respect to
the source, and evaluation of depth of vertical cracks using an external impact source.
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