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Abstract: Electrical resistance is among the characteristics that fastening systems must meet to ensure
the proper functioning of signaling systems in railway infrastructure. The EN 13146-5:2012 standard
specifies a laboratory testing method for determining the electrical resistance under wet conditions
between running rails provided by a fastening system on steel or concrete sleepers. In urban railway
tracks, the electrical resistance of fastening systems affects the stray current; however, there is no
standardized electrical resistance measuring method. There is also no definition for the minimum
value that the electrical resistance of fastening systems must satisfy to prevent stray currents. For this
reason, this paper analysis the possibility of using the standard EN 13146-5:2012 for the measurement
and analysis of the electrical resistance of fastening systems in urban railway tracks. In this study, the
electrical resistance of different fastening systems used in urban railway tracks was measured. Based
on the tests results, the modifications needed in the EN 13146-5 standard for it to be suitable for urban
railway tracks were identified. The proposed modifications include the use of a DC current source.
The test should be performed on a rail sample fastened to the concrete base, and the current circuit
should be closed by the reference electrode installed in the base. Spraying water from nozzles is not
applicable for this measurement. The test should be performed under dry conditions and at different
water levels (water on the top of the concrete base and on the top of the levelling layer). Different
water levels were used to simulate the most common conditions in urban railway tracks built as part
of the road surface, where the track-drying process is very slow. The test should not be performed
when the rails are immersed in water, because the current flows directly from the rail into the water
in such case, and the fastening system has no influence on the measured electrical resistance value. In
addition to describing the proposed changes, the calculation of the minimum electrical resistance
value that fastening systems in urban railway tracks must satisfy is also presented.

Keywords: urban railway track; rail-fastening system; electrical resistance; rail-to-earth resistance;
stray current

1. Introduction

Tram and light rail systems form the backbone of modern urban transport networks
in many European cities. Currently, rail vehicles in urban areas use direct current (DC)
for propulsion, where the overhead line is used as a conductor from the power source
(electrical substation) to the vehicles [1-3]. Vehicles use a mounted pantograph to transmit
electric current to the engine inside the train [4]. In most cases, the running rails serve as a

return conductor from the vehicle to the electrical substation [1-3].

Because rail-to-earth resistance cannot be made infinite and rail resistance is nonzero,
part of the returning current leaks from the rail and becomes stray current [2,5]. The stray
current enters a nearby metal object and flows through that object back to the source. The
current path can be very long and not harmful; however, at the point where the current
leaves the metal and enters the electrolyte, an anodic reaction occurs, causing severe
damage [6,7]. By examining the rail potential, anodic and cathodic zones on the rails and
40/). nearby metal objects can be identified. The anodic reaction leads to material loss and
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local degradation, while in the cathodic zone, the current enters back to the metal and the
structure is catholically protected [7-9]. At the points where current flows from the soil
into the rail, a negative rail potential is created, causing a cathodic zone on the rail and an
anodic zone on the nearby metal object. A positive rail potential indicates the simultaneous
occurrence of an anodic zone on the rail and a cathodic zone on metal structures [10].

According to [11], stray current causes corrosion on the rail and fastening system,
leading to sharp angles on the rails, stress concentrations, and possibly to rail failure.
However, despite the harmful influence of stray currents on rails, current research is
mainly focused on stray current corrosion on metal objects in the vicinity, i.e., buried metal
pipelines and steel in reinforced concrete or tunnels [8,9,12,13] or stray current modeling
on urban railway tracks [14,15].

Because dynamic stray currents are the result of urban railway track systems, they
must be reduced at the source to prevent their harmful consequences. This can be achieved
by decreasing the longitudinal resistance of the rail and increasing the rail-to-earth electrical
resistance, which can be achieved by insulating the rail and rail-fastening systems [16].
Currently, different types of field measurements are used to determine the rail-to-earth re-
sistance and stray current. Some of these are described in the EN 50122-2:2011 standard [17]
and in [18,19]. Despite these field measurements, it is very difficult to determine the real
stray current values because they are dynamic, change with time, and many parameters
affect them (vehicle type and driving style, number of vehicles, and soil resistivity) [20,21].
Therefore, to determine the real stray current value, long-term measurements should be
carried out or continuous stray current monitoring should be applied.

In [22] and [23], the rail-to-earth resistance was defined for different types of urban
railway tracks. However, they both defined different resistance values for the same track
type. If rails are not completely insulated, when rail-to-earth resistance field measurements
are taken, the results are highly dependent on soil resistance, which in turn depends on
location, moisture, and soil type. If a high fastening system electrical resistance is ensured,
soil resistance will not affect the stray currents. This is also confirmed in [24] where it
is shown that the resistance of the material on which the rail is laid has no influence on
the stray current density until the resistivity of the rail coating drops below 100 kOm.
Therefore, it is necessary to define the fastening system electrical resistance value used in
urban railway tracks.

In urban railway tracks, the type of fastening system is chosen based on the deflection
and vibration attenuation properties of the track [25,26]. In tracks with discretely fastened
rails, if adequate drainage is provided and no water remains in the track, the fastening
points are only discharge points for the currents; therefore, the fastening systems must
be insulated to prevent stray currents. Because the fastening system has a great influence
on the rail-to-earth resistance and stray currents, it is also necessary to determine the
electrical resistance value that the fastening system must meet. However, in the European
Union, the electrical resistance value is specified, and the measurement is standardized
only for the fastening systems used in conventional railway infrastructure, where a high
resistance, especially in wet conditions, is required to ensure the functioning of the signaling
devices [27]. This measurement is described in the EN 13146-5:2012 standard [28] as a part
of the fastening system validation.

The study presented herein is based on a previous paper presented at the 7th Inter-
national Conference on Rail and Road Infrastructure CETRA 2022 [29], which describes
laboratory measurements for electrical resistance according to the EN 13146-5:2012 stan-
dard. The measurements were performed on the W14 fastening system on the concrete
sleeper, which are also described in this paper (see Section 3). This study examines the
possibility of applying the laboratory test described in the EN 13146-5:2012 standard to
measure the electrical resistance of fastening systems used in urban railway tracks and
evaluate the influence of the fastening system resistance on the stray current.

The aim of this study is to describe the necessary modifications to the standard
procedure according to EN 131416-5 for it to be suitable for fastening system electrical
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resistance measurement in urban railway tracks. The minimum electrical resistance values
that must be met to prevent stray currents and an electrical resistance calculation equation
are also proposed.

2. Types of Urban Railway Tracks

Track structures intended for tramway traffic often differ significantly from standard
ballasted tracks, including the use of grooved rails, continuous reinforced concrete slabs
as a base, embedding the track in the road surface, and continuously supported tracks.
Track structures can be distinguished by their location (embedded in lanes shared with
road vehicles or in separate bands) and according to the fastening system. Different track
types have different rail-to-earth resistance values, which means that the track type affects
the stray current value. Therefore, it is necessary to distinguish track types in urban areas
and to define the most critical one, where the stray current is the highest. In most cases,
those are tracks embedded in lanes shared with road vehicles, in which rails are fastened
discretely, such as in the tram track infrastructure in Zagreb, Croatia, where the stray
current problem is highly recognized.

2.1. Track Types According to the Fasting System
Based on the type of fastening system, urban railway tracks can be divided into
two groups:
(i) Tracks with continuously fastened rails (Figure 1a);
(if) Tracks with discretely fastened rails (Figure 1b).

(a) (b)

Figure 1. Tracks with (a) continuously fastened rails (embedded rail) and (b) with discretely fas-

tened rails.

In tracks with continuously fastened rails (embedded rails), the rails are laid in the
grooves of the precast concrete slab, and the free space between the rail and slab is filled with
an elastic material so that the rails are fully insulated and stray current is prevented [30,31].
This elastic material ensures that the rails have continuous support throughout, with a
specifically determined elasticity in accordance with the specified conditions. The empty
tubes used here primarily serve to reduce the use of elastic material, and they can also be
used to enclose cables for signals and other functions [32]. In embedded rail systems, rails
are fully insulated using an elastic material with a defined high electrical resistance value;
therefore, stray currents are prevented.

The tram track infrastructure in Zagreb is an example of a track with discretely fastened
rails. In this track, the rails are laid on levelling layers every 1 meter, with the levelling
layers built on a reinforcement slab. On each levelling layer, the rails are fastened to the
concrete base with direct or indirect fastening systems [33]. In a direct fastening system,
the rail is laid on an elastic pad and a steel plate. The steel plate is installed in the levelling
layer, and the rail is fastened to the steel plate using fastening clips and anchor bolts. The
anchor bolts provide anchorage for the entire fastening system in the concrete. The direct
fastening system characteristics for the tram infrastructure in Zagreb are shown in Figure 2.
In an indirect fastening system, the rails are laid on an elastomer pad and a steel plate.
The rails are fastened to the steel plate with fastening clips and T-bolts, while the anchor
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bolts are dislocated and serve only to anchor the steel plate to the concrete base [33,34]. An
example of an indirect fastening system is shown in Figure 3. In these type of tracks, the
rail-to-earth resistance depends on the type of fastening system, the electrical resistance of
the concrete slab, and the electrical resistance of the soil. Because each fastening point in
this type of track represents a discharge point for the current [35], its electrical resistance
must have a certain characteristic to prevent the current from flowing from the rail to the
concrete slab.

Anchor bolt
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Figure 2. (a) Cross section of a direct fastening system. (b) Real-scale sample of the direct fastening
system used in the tram track infrastructure in Zagreb, Croatia.
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Figure 3. (a) Cross section of an indirect fastening system. (b) Real-scale sample of the indirect
fastening system used in the tram track infrastructure in Zagreb, Croatia.

2.2. Track Types According to Their Position with Respect to Road Traffic

Tracks can be embedded in lanes shared with road vehicles or built in separate rail
corridors. When they are embedded in a car lane, they must be paved so that road vehicles
can use the track surface for driving (Figure 4). With this track type, it is very difficult to
provide proper water drainage, and the drying process takes a very long time; accordingly,
the water remains in the tracks for most of the year [34]. If the fastening systems are not
properly insulated, the rail-to-earth resistance depends on the resistivity of the concrete
and can vary greatly during the year because the electrical resistance of concrete depends
on many parameters, as described in [36] and [37]. When the rails are in direct contact
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with water, the current flows directly from the rail into the water, resulting in a very low
rail-to-earth resistance.

CROSS SECTION A-A
Concrete slab
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Figure 4. (a) Paved tram track structure in Zagreb, Croatia, built as part of the road surface cross
section, as shown in (b).

3. Electrical Resistance Measurement of Fastening Systems and Sleepers According to
the EN 13146-5-2012 Standard

The EN 13146-5:2012 standard [28] describes the electrical resistance measurement of
fastening systems on concrete or steel sleepers. Different fastening systems have different
electrical resistance values. According to [38,39], the electrical resistance of the Nabla
fastening system on a concrete sleeper is greater than 15 k(2, and that of the W14 fastening
system on a concrete sleeper is greater than 5 k().

Furthermore, according to the EN 13146-5-2012 standard [28], the electrical resistance
measurement must be performed under cover and protected from rain and draughts in
a room with an air temperature ranging from 15 to 30 °C. Because the sleeper must be
sprayed with water during the test, four nozzles should be placed above the sleeper. Each
nozzle should spray 7 £ 1 L of water in one minute. Before the measurement, the electri-
cal conductivity of water must be determined according to the EN 27888 standard. The
electrical conductivity of water should be measured at a reference water temperature of
25 £ 0.1 °C. If the conductivity measurement is not possible at the reference temperature,
the temperature correction factor defined in the EN 27888 standard can be used; however,
according to [40], a conductivity measurement made with the sample at the reference
temperature is always more accurate than a temperature-compensated measurement. Tem-
perature is important because the conductivity of water increases with temperature and
can affect the electrical resistance of the fastening system [41]. Electrical resistance measure-
ment according to the standard is also described in [27], including the testing methodology,
necessary equipment, and the dependence of electrical resistance on variables such as water
conductivity, temperature, and relative humidity.

The laboratory measurement according to [28] of the fastening system electrical re-
sistance on a concrete sleeper B70 2.6 W-60 [29] is further described as an example of
standardized measurement. Type 60 E1 rails, with a length of 50 cm, were used in the test.
The rails were placed on an elastic pad and fastened to the sleeper using a W14 fastening
system. To perform the test, the sleeper was placed on two electrically insulating blocks
to prevent current leakage from the sleeper. An AC power supply of 30 = 3 V RMS and
50 + 15 Hz was used for measurement. The voltage during the test was 31 V, and the
current depended on the electrical resistance of the sleeper and fastening system. Voltage
and current were measured using a multimeter with continuous logging of parameters on
a personal computer. Prior to testing, the electrical resistance of the multimeter and current
conductors used to connect the current source to the tested sample was measured. The
multimeter was connected to a 10-k() resistor, and the current and voltage were measured.
The measured electrical resistance was 10,00044 kQ).
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The prepared samples and test equipment used for the measurement are shown
in Figure 5.

Figure 5. (a) Sample for the electrical resistance testing. (b) Equipment used for the measurement.

One rail was connected to the positive pole of the current source, and the circuit was
closed by connecting the second rail to the negative pole. The current entering the rail
connected to the positive pole flows through the fastening system and sleeper to the other
rail and returns to the current source (Figure 6).

® A=

Figure 6. Current circuit for detecting the electrical resistance of the fastening system.

After the current was switched on, the spraying of water from the nozzles started and
lasted for 2 min, as required by the standard. The measurement starts before the nozzles
start spraying the water to determine the electrical resistance under dry conditions and must
continue for at least 10 min after the water spraying has stopped. This measurement was
repeated for two other similar test samples. If this is not possible, the same sample can be
used for all three measurements. In this case, the next measurement can be performed after
120 h, which is the time required for the sample to become surface-dry. The measurement
was performed three times with the same sample. During the drying period, the equipment
remained connected to the rails, and only the current source was switched off.

Prior to the measurement, the electrical conductivity of the water was measured ac-
cording to the EN 27888:2008 standard [42] using an adequate conductometer (Figure 7).
Because the water temperature was 15.8 °C, the temperature of the water sample taken for
the electrical conductivity measurement was increased to 25 °C. The measured electrical
conductivity was 775 uS/cm. The water conductivity was too high; therefore, deionized
water was added, and the conductivity measurement was repeated until the water con-
ductivity was in the range of 50 £ 5 mS/m, as recommended in [28]. The measured water
conductivity before the test was 492 uS/cm (49.2 mS/m).
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Sl Analytics

Figure 7. Measuring the electrical conductivity of water using the SI Analytics Lab 945 conductometer.

The electrical resistance from all three measurement cycles was plotted as a function
of time, as shown in Figure 8. The electrical resistance of the sample in the dry state is high,
but since the measurements were performed on the same sample, the resistance in the dry
state decreases with each cycle, since the sample is only surface dry after the drying period.
After the nozzles start spraying water, the electrical resistance decreases drastically. The
minimum value of resistance in cycle 1 is 5.81 k(}, in cycle 2 the minimum value is 5.69 k()
and in cycle 3 it is 5.32 k(). The spraying with water lasted 120 s, and after the end of the
spraying, the electrical resistance starts to increase when the sample starts to dry.

700
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Figure 8. Electrical resistance of the W14 fastening system as a function of time for all three mea-
sured cycles.

The minimum electrical resistance of the fastening system and sleeper was calculated
as the arithmetic mean of the minimum values from all three measured cycles.

4. Proposed Modification to the EN 13146-5-2012 Standard for the Electrical Resistance
Measurement of Fastening Systems in Urban Railways Tracks

Because different types of track structures can be found on tramway tracks, where rails
are usually not laid on the sleepers and vehicles use DC current for driving, the electrical
resistance measurement method defined in the EN 13146-5:2012 standard cannot be applied
without modifications. In this section, the proposed test setup for a convenient electrical

resistance measurement for slab and embedded tracks usually found on tramway tracks
is described.
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4.1. Sample Preparation

Laboratory tests should be performed on a real-scale sample with the rail fastened to
the concrete base using all components of the fastening system. A single fastening point
is sufficient for testing; however, a reference electrode must be installed in the concrete
base during construction. This reference electrode is used to close the current circuit. For
our purpose and to analyze the electrical resistance of fastening systems in urban railway
tracks, laboratory measurements were performed on the fastening systems used in tracks
with discretely fastened rails that are characteristic of the tram infrastructure in Zagreb
and on an embedded rail sample. The sample preparation procedure corresponded to
the in situ track construction procedure. First, a concrete block was prepared for each
sample. Two steel ribs were placed in each block, representing the reference electrode. The
levelling layers for discretely fastened rail samples were made in situ using the top-down
method, primarily adjusting the rail direction and height and then pouring the levelling
blocks. When preparing the samples, the steel base plates were raised approximately 5 cm
above the concrete block, which corresponds to the height of the levelling blocks on the
tracks (Figure 9a), and levelling blocks were poured using micro-synthetic concrete. Finally,
the 50-cm-long rail samples were placed on steel plates and fastened to the base. For the
continuously embedded rail sample, the rail was placed in the groove of the concrete
base and isolated with an elastomeric material (Figure 9b). All samples were placed in
plastic tubes.

(b)

Figure 9. Sample preparation for the laboratory measurement: (a) discretely fastened rail and
(b) embedded rail.

4.2. Testing Methodology
4.2.1. Current Circuit

Because the urban railway tracks are operated with DC current, the electrical resistance
measurement should be performed using the DC current from the laboratory rectifier. In
this test, as the current leaks from the rail through the fastening system into the concrete
base, the rail should be connected to the positive pole of the current source, and the circuit
needs to be closed with the reference electrode installed in the concrete base (Figure 10).
It is recommended to perform the test using the current voltage expected in the rails at
the tracks. According to [43] a high rail voltage can be dangerous for people near the
tracks, so the maximum rail-to-earth voltage must be 90 V, which is also the maximum
voltage that should be used in the laboratory test. During the test, the current and voltage
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were measured continuously with a multimeter. Prior to the measurement, the electrical
resistance of the test instrument should be verified.

LABORATORY
RECTIFIER

REFERENCE ELECTRODES INTERCONNECTED
V — voltmeter A — ampermeter

Figure 10. Current circuit during the test.

Before starting the laboratory test, it is important to check whether there is a good
connection between the rail and conductors. If this is the case, the resistance between them
must be below 0.1 Q). In this test, the measured resistance was 0.01 Q).

The current circuit in Figure 10 can be shown as resistors connected in series (Figure 11),
where the electrical resistance of the fastening point Rrp depends on the resistance of the
rail Rrayr, fastening system Rrg, and concrete Rcoy and can be calculated using 1.

Rrp = RraiL + Rps + Rcon 1)

RraiL—Electrical resistance of the rail
Res— Electrical resistance of fastening system
Rcon—Electrical resistance of concrete

|

RAIL

PR A
|
L]+

CON

|

Figure 11. Current circuit during the laboratory test as resistors connected in series.

The electrical resistance of the rail is almost zero and can be neglected; therefore, the
final resistance value at the fastening point depends on the resistance of the fastening
system and concrete.

The electrical resistance of the fastening system depends primarily on the resistivity
of the elastomeric components. If the fastening system is not sufficiently insulated, the
electrical resistance of the concrete has a significant effect on the measured resistance. If,
by contrast, a high electrical resistance of the fastening system is ensured, the concrete
resistance does not have a significant influence on the measured resistance.

To verify that the anchor bolts are adequately insulated from the steel plate in indirect
fastening systems, the voltage in the anchor bolts can be measured. If they are sufficiently
insulated, the voltage in the bolts should approach zero. The electrical resistance can also be
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measured when the circuit is closed by connecting the negative pole to the anchor bolt. In
this case, the dominant resistance in this circuit is the resistance of the elastomer elements.

Owing to the described challenges regarding drainage in tracks embedded in road
surfaces, the test should be performed under dry conditions and at various water levels
relative to the top surface of the concrete slab, as described next.

4.2.2. Testing under Different Conditions

The standard describes the electrical resistance measurement for classic railway tracks,
where the rails are laid on sleepers and embedded in a ballast. In this case, the drainage
capability is substantial, and in the case of precipitation, the water flows to the lower part of
the structure without building up in the track at the fastening system level. Therefore, the
test was performed by spraying water using the nozzles, simulating heavy rain conditions.

In the case of tracks paved on a car-running surface, the drying process is very slow;
therefore, the concrete base and levelling layers are wet most of the year, which leads to
their low electrical resistance. Accordingly, to analyze the resistance of fastening systems,
various conditions should be simulated in laboratory tests. The measurement must be
performed in the following cases:

(i) Casel: dry condition (Figure 12a);
(if) Case II: when the water is on top of the concrete base (Figure 12b);
(iif) Case III: when the water is on top of the levelling layer (Figure 12c).

(a)

(b) (c)

Figure 12. Conditions for the fastening system resistance measurement: (a) Case I: dry condition;
(b) Case II: when the water is on top of the concrete base; and (c) Case III: when the water is on top of
the levelling layer.

The test does not need to be carried out in a submerged state (when the rail is in
contact with water) because when the water builds up and does not drain from the tracks,
the rails are in direct contact with the water and the current flows directly from the rail to
the water, so the type of fastening system used does not affect the electrical resistance [32].

During the test, the current circuit must be turned on continuously, and the electrical
resistance measurement should be performed continuously for one hour in each case in
Figure 12. After finishing the measurement in Case I, water should be poured over the top
of the concrete base, and the next measurement should be conducted after 72 h because,
according to [44], the concrete should be immersed in water for 72 h to reach a water
saturation of more than 95%. For Case III, the water level should be increased to the top of
the levelling layer, and the measurement can start after 72 h. By pouring water into the test
samples, the electrical resistance is reduced if the fastening systems are not appropriately
insulated, as stated in [24]. Prior to the measurement, the electrical conductivity of the
water should be measured. This measurement is described in the EN 27888 standard
and should be 50 = 5 mS/m. The samples before starting the measurement are shown
in Figure 13.
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Figure 13. Samples before starting the experiment and electrical resistance measurement.

4.3. Calculating the Electrical Resistance of Fastening Systems

For each case in Figure 12, the average electrical resistance value must be calculated.
Because the drying process of urban railway tracks built as part of the road surface is very
slow, the electrical resistance reference value should be the value corresponding to the most
unfavorable conditions, that is, when the water level reaches the top of the levelling layer.
If the fastening systems are adequately insulated, the electrical resistance is not reduced by
the wet concrete base and levelling layer. The measured electrical resistance for the five
fastening systems in Figure 13 are shown in Figure 14. It can be observed that the different
water levels in the specimens do not affect the electrical resistance when the electrical

resistance of the fastening system is high (indirect fastening system II and continuously
fastened rail).

M Casel mCasell mCaselll

Direct system I

10,000
. mCasel mCasell mCaselll
< 8,000
g
& 6,000
A
&
E 4,000
© 2,000
5]
0
Direct system I Indirect system I Indirect system II Continuosuly fastened
(a) (b)

Figure 14. Measured electrical resistance values in different cases for: (a) two different direct
fastening systems and an indirect fastening system where anchor bolts are not insulated, (b) an
indirect fastening system with insulated anchor bolts and a continuously fastened rail sample.

A high electrical resistance is achieved in Indirect system II owing to the good insula-
tion of the steel plate from the levelling layer and anchor bolts. As the electrical resistance of
elastomeric materials can vary greatly depending on the fillers added to the rubber during
manufacture [45], the electrical resistivity of elastomeric components of fastening systems
must be among the defined properties in indirect fastening systems, and the electrical
resistivity measurement of elastomeric elements should also be standardized. In this study,
the electrical resistance was measured on an elastic rail pad, and the electrical resistivity
was calculated. If all elastomer components of the fastening systems are made of the
same material, the electrical resistivity for all elements can be calculated by measuring the
resistance of only one element, e.g., the rail pad.

To measure the resistance of the rail pad, the pad should be placed on the steel plate
with the rail placed on the pad. The rail should be connected to the positive pole of the
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current source and the steel plate to the negative pole (Figure 15). In this type of circuit, the
dominant resistance is the that of the elastic pad.

Steel plate

Figure 15. Measuring the electrical resistance of the elastic pad.

By measuring the current and voltage, the electrical resistance can be obtained, and
the electrical resistivity of the material can be calculated as follows:

p =R 2)

~| N

where R is the calculated resistance based on the measured current and voltage, S is the
surface of the contact between the elastic pad and rail or elastic pad and steel plate, and L
is the elastic pad height.

5. Minimum Allowed Fastening System Electrical Resistance in Urban
Railways Tracks

The stray current value depends on the rail current, voltage, longitudinal rail resistance,
and rail-to-earth resistance. Current flows through the rail, but each point of the fastening
system represents the discharge point for the current, and the stray current value depends
on the electrical resistance of the fastening system.

According to the EN 50122-2:2011 standard [17], damage to individual tracks does not
occur over a 25-year period if the average stray current per length of a single track line does
not exceed I = 2.5 mA /m. Based on the maximum allowed stray current and the maximum
voltage in the rail, the minimum rail-to-earth resistance value can be calculated as follows:

URrg
I/

where RRg min [Q2km] is the minimum allowed rail-to-earth resistance value, Ugg [(?] is
the rail potential, and I/2 is the maximum allowed stray current per rail, as defined in
the standard.

According to [35], each fastening point represents the discharge point for the current,
and the rail-to-earth resistance depends on the number of fastening points per unit length
and their electrical resistance. In this case, the minimum resistance at the fastening point
Rpp cq1c can be calculated as follows:

®)

RRE, min =

RF P,calc

RRE, min = T ;; 4)
REp, cale = RREmin'1

where RRg min [(2km] is the calculated minimum rail-to-earth resistance value, Rrp, ¢, [2]
is the calculated minimum electrical resistance at the fastening point, and 7 is the number
of fastening points on 1 km, per rail.
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To prevent stray current in the urban railway track, the measured Rrp value deter-
mined by the laboratory test must be equal to or greater than Rpp .y, (as in Equation (5)).

Rrp > REp caic 5)

All components of the direct fastening systems used in this laboratory test are in
direct contact, so the final electrical resistance value for these types of fastening systems is
close to zero, and the resistance at these fastening points depends only on the resistance of
the concrete.

The final electrical resistance in indirect fastening systems depends on the resistivity
of the elastomer used to insulate the anchor bolts and the resistance of the concrete. If we
neglect the electrical resistance of the concrete, which can vary greatly depending on many
parameters, 2, 3, and 4 can be used to determine the minimum electrical resistance that the
elastomeric material must meet to prevent stray currents.

6. Accuracy and Repeatability of the Proposed Measurement

To confirm the accuracy of the measurements, the measurements were performed
in three cycles, as specified in the standard. If the measurements are performed on the
same sample, a drying period of 120 h is specified between each measurement. After the
drying period, the sample is only surface dry, so the measured value under dry conditions
in the next cycle will differ greatly from the previous cycle, as can be seen in Figure 8.
As described in [27] the relative humidity of the sleeper increases with the number of
measurement cycles. It should be noted that the drying process of urban railway tracks
embedded in lanes shared with road vehicles is very slow and their concrete slab and
levelling layer are usually only surface dry; therefore, the mean measured resistance in all
three measurement cycles can be considered as a representative value for the dry condition.
Because the measured electrical resistance depends strongly on the electrical resistance of
the water, which in turn depends on its temperature, the water resistance must be measured
before each cycle.

Considering the wide range of environmental conditions in conventional railway
infrastructure, the effects of different conditions are minimized in the measurement defined
in the standard, where the measured electrical resistance value represents the resistance
between the sleeper and fastening system. In addition, in urban railway tracks, many
parameters that are not simulated in laboratory measurements have an influence on rail-to-
earth resistance, such as the electrical resistance of the soil and the electrical resistance of
the water that remains in the pores of the concrete slabs [36,46]. However, if the measured
electrical resistance of the fastening system is high, other parameters do not affect the
electrical resistance, as shown in Figure 14.

7. Conclusions

Because of the significant corrosion damage that stray currents cause in urban areas,
it is necessary to prevent it at the source. In urban railway tracks, stray currents can be
determined by measuring the rail-to-earth resistance, but the stray current value depends
on many parameters; therefore, it is difficult to determine the actual values via a single field
measurement. The rail-to-earth resistance depends on the type of track, type of fastening
system, track drainage characteristics, and soil moisture.

Stray currents can be prevented by insulating the fastening systems in the tracks using
discretely fastened rails. However, the electrical resistance of the fastening system is not
among the characteristics that the fastening systems must satisfy; it is a consequence of other
characteristics. Furthermore, the electrical resistance measurement is also not standardized.
In this study, the EN 13146-5 standard for the electrical resistance measurement of fastening
systems used in urban railway tracks is analyzed and modifications to the standard are
proposed to make it suitable for the electrical resistance measurement of fastening systems
in urban railway tracks. The minimum electrical resistance values that fastening systems
must satisfy to prevent stray currents are also defined.
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Reducing stray currents at the source results in significantly lower maintenance costs
for the track infrastructure and all nearby structures. Therefore, it is necessary to achieve
high rail-to-earth resistance using fastening systems that are appropriately insulated and
whose electrical properties are determined in laboratory tests.
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