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Abstract: A widely used technique for locating the position of a train during its journey involves
electrical detection: on a section of track, the train closes (“shunts”) a circuit dedicated to its location
via its wheels and axles. The quality of the wheel–rail contact is therefore particularly important
for signalling management and traffic control. In this paper, we show that the current flowing
through the track circuit induces a permanent modification and a nonlinear, frequency-dependent
behaviour of the electrical contact. We propose an analytical expression that describes the evolution
of the measured voltage as a function of current and frequency for these nonlinear behaviours. This
behavioural law was obtained using experimental measurements on a real train and could therefore
be integrated into a global model describing the track system.

Keywords: wheel–rail contact; track circuit; deshunting; reliability

1. Introduction

In many countries, most railway signalling functions require knowledge of the occu-
pancy status of portions of track called “zones”. This parameter is necessary for the efficient
and safe planning of trains [1]. In a zone, the traffic and presence of trains is detected by
means of a “track circuit”. This consists of an emitter, a receiver, and a transmission line
formed by the rails. If a train is present in the zone, the axles of the train “shunt” the signal
transmitted by the emitter, and the presence of the train is then detected at the receiver. The
reliable detection of the train by the track circuit is essential for triggering the signalling
systems adequately and, consequently, ensuring the correct management of the railway
systems.

However, track circuits have a fairly high failure rate. Chen et al. in the UK [2] and
Wybo in France reported 47 incidents in 2016 [3]. The reliability of track circuits depends
not only on the electronic circuit itself, but also on the quality of the electrical contact
between the train wheels and the rails.

While factors such as dense traffic or heavy trains contribute to good wheel–rail
contact, other factors have been identified as participating in its degradation. Among them,
we can mention the possibility of bad ballasts (inducing leakage currents), too-light axle
loads or inadequate tonnage, unsuitable wheel and track profiles, contamination (e.g., lost
material from train freight, leaves, rubber residues, dirt, oxidation), no wheel scrubbers or
disc brakes, sanding from locomotives, non-electric traction, low traffic, etc.

Much work has been carried out on the reliability of track circuits [2–5]. However, in
most cases, these studies are based on the assumption of an ideally low and stable wheel–
rail resistance. To make it so, effective “shunting” is essential and requires a good-quality
electrical contact between the wheels and the rails to avoid “deshunting”, which could

Appl. Sci. 2023, 13, 11752. https://doi.org/10.3390/app132111752 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app132111752
https://doi.org/10.3390/app132111752
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-3565-4090
https://doi.org/10.3390/app132111752
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app132111752?type=check_update&version=2


Appl. Sci. 2023, 13, 11752 2 of 14

have serious consequences for the safety of traffic. But despite the importance of these
electrical considerations, most of the studies focusing on the wheel–rail contact concern the
problems of adhesion and wear [6–8].

1.1. Quick Reminder of the Properties of Wheel–Rail Electrical Contacts

The works concerning the electrical properties of wheel–rail contact are less numerous
than those related to adhesion problems, for example. In this section, we present a brief
state of the art on this subject. Usually, in the railway field, without considering the
technological evolutions (e.g., weight reduction, etc.) that can also deteriorate the quality
of the wheel–rail electrical contact, two types of factors may be distinguished that have an
influence on it:

• The presence of what is called a “third body” between the two elements in contact.
• The existence of an oxidised layer.

The third body, present between the solid surfaces in contact, is mainly composed of
particles detached from them (the wheel and the rail) and of contaminants (such as dead
leaves, water, fragments of ballast stones, sand, oil, various pollutants, etc.), with a thickness
from a few micrometres to several tens of micrometres on the rail and wheel [9]. The study
of the role of the third body is particularly complex due to the permanent changes in the
strongly related geometric and electrical properties of this interface material throughout
the movement of the train [10]. Descartes et al. studied the influence of the compactness
and heterogeneity of the third body on the shunting ability, and they observed that the
characteristic of the third body that leads to poor shunting seems to be its heterogeneity.

Lewis et al. [11] conducted an experimental study to investigate the effect of sand-
blasting on the electrical insulation of a wheel–rail contact. Indeed, the presence of sand
can compromise the quality of the contact. Static and dynamic tests were performed. They
observed a transition in the contact resistance according to the quantity of sand between
the two elements. They proposed a model of electrical insulation by assuming either a total
separation of the two metallic parts by a layer of sand, or a partial contact of the disc with a
certain amount of sand. They also observed [12], for instance, that the larger the grain size
of the sand, the less it affected the degradation of the wheel–rail contact.

Concerning problems related to surface oxidation, several studies have been conducted
as early as 1960 [13–16] to better understand the shunting phenomena in the case of a
stationary or moving train. These studies were carried out either at scale one or at smaller
scales (e.g., cylinders rolling on one another or in a ball/plane configuration) to more
precisely study the effect of an oxide layer on the contact, for example. From an electrical
point of view, the injected signals corresponded either to those of the track circuit or to
“laboratory” signals. The studies focused on two parameters: the contact resistance and
the breakdown voltage (i.e., the voltage sufficient to allow the current to flow between
the wheel and the rail). In the case of shunting at standstill on scale-one devices, and also
on laboratory devices at a smaller scale (e.g., two cylinders rolling over one another), the
studies showed that beyond a certain voltage the contact resistance sharply decreases. This
voltage depends on various parameters, such as the time of application of the voltage,
the contact pressure, and the degree of hygrometry. Moreover, the contact resistance and
the breakdown voltage do not seem to be correlated a priori. The main results can be
summarised as follows:

• The breakdown voltage depends on the contact pressure, the environmental conditions
(oxidation, pollution), the contact surface, and the speed of movement.

• The measured contact resistance may show an irreversible change, which would
correspond to a change of state in the contact.

• Time constants have been found in the evolution of the contact resistance and the
breakdown voltage.

Indeed, it was observed that the current in an oxidised contact can only flow when
the oxide layer is “cracked”, since even a very thin oxide layer is sufficiently resistive to
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create a high resistance. Thus, an oxide thickness of 100 Ǻ is enough to create a “sheet
resistance” of 10 Ω/square. For the current to pass, it is necessary to have “cracking” of
the layer under the effect of a stress (mechanical, electrical, chemical, or thermal). Several
phenomena leading to the passage of the current have been proposed. Among them,
Holm [17] proposed two types of “fritting” phenomena:

• Type A fritting: After local melting, the metal fills the “cracks” and establishes the

contact. This mode of fritting takes place for a large oxide thickness (greater than 50 Ǻ).
The film oxide film is slashed by the tension. This phenomenon is irreversible.

• Type B fritting: The conditions leading to fusion are not reached. This mode of fritting

takes place for small oxide thicknesses (i.e., less than 50 Ǻ). In this case, the oxide is
pierced by the metallic roughness peaks that establish the electrical contact through
“spots”.

In 2008, Fukuda et al. [18] highlighted the role of the main parameters influencing the
contact resistance. They studied the influence of the rail rust thickness, the roughness of
the wheels, the car load, and the current flowing in the track circuit. They quantified how
the rust thickness depends on environmental conditions (e.g., industrial, seaside, rural, or
mountain sites) and on the density of rail traffic. The influence of these parameters was
then studied on lab equipment simulating realistic wheel–rail contact conditions at low
speeds.

In 2012, measurements of the electrical behaviour of a wheel–rail contact were per-
formed both on a 1:4-scale laboratory bench and on an instrumented car on a real track [19].
These measurements of contact current and voltage were made in view of a statistical
approach that highlighted the typology of the I–V curves. Thus, both in the laboratory
and on the outdoor site, nonlinear I–V characteristics were observed for various values of
mechanical loads and speeds. The nonlinearity is all the more important when the wheel
or rail surfaces are oxidised.

Moreover, saturation in the I–V characteristics occurs for values in the range of
0.4–0.6 V, which does not depend on the current intensity through the contact. This leads
to an irreversible transition in the behaviour of the contact (when the train is stopped). An
interpretation of this phenomenon has been proposed based on an electrothermal process
in granular media (the Branly effect) [20].

Among the works concerning the study of wheel–rail contact resistance in degraded
conditions, we can cite [21,22]. The authors introduced the notion of imperfect contact.
They attributed the degradation of resistance to a very thin but robust and stable oxide film,
rich in chromium. This contact has a highly variable resistance when the voltage varies.
According to the authors, this resistance evolves in an irreversible way when the voltage
increases because of a very fast electrical breakdown followed by a thermal breakdown.

In addition, various approaches have been proposed to take into account the degrada-
tion of the wheel–rail contact. In [23], the authors studied the influence of the degree of
pollution on wheel–rail contact resistance under static conditions. They defined three differ-
ent degrees: a clean contact state, and two polluted states, which result in a multiplication
of resistance by a factor of 1–5 for degree one and a factor of 6–10 for degree two. These
coefficients are given by a normal statistical distribution law. In [24], the authors introduced
oxidised wheel–rail contact in the form of an additional capacitor in the track circuit. In [25]
the authors considered that the oxidised contact behaves like a semiconductor, either like a
diode or a transistor.

1.2. Objectives and Organisation of the Paper

The work presented hereafter aims at proposing a model of wheel–rail contact that
can be integrated at the level of the track system. It is a question of associating the contact
with a behavioural law allowing the contact to be described by a characteristic U = f (I, f).
This behavioural law is obtained from nonlinear U(I) curves observed at scale one and on
the 1:4-scale bench, as mentioned above. We were particularly interested in the influence of
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an oxide layer (one of the elements likely to constitute the third body, in this case formed
intentionally) on the behaviour of the contact impedance, and we also sought to estimate
the dependence of this contact impedance on the frequency of the injected signal. The rest
of this paper is organised as follows:

• Section 2 is dedicated to the description of the reduced-scale experimental setup imple-
mented. This setup, already described in [19], is briefly recalled, and the preparation of
the surfaces of the wheel and rail models and the method for electrical measurements
are detailed. The main results focused on the influence of the intensity and frequency
of the injected current are reported.

• Then, Section 3 proposes a comparative analysis of the results between the reduced-
scale and full-scale tests. It then discusses different analytical expressions fitting the
experimental curves observed at both scales, which can be used as behavioural laws.

• Finally, Section 4 discusses the behaviour of the voltage–current characteristic curves
in the presence of an oxide layer, and especially the irreversible evolution linked to
the maximum current flowing through the contact.

2. Experiments on a Reduced-Scale Laboratory Bench
2.1. Mechanical Experimental Setup

The general principal of the detection of a train by a real-life track circuit is shown in
Figure 1. An emitter sends a time-dependent signal down a transmission line formed by
the rails. If a train is present between two consecutive pairs of insulated joints, the axles of
the train “shunt” the signal transmitted by the emitter. If the recorded signal is below a
predefined threshold, the train is considered to be present in the section.
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Figure 1. General principle of train’s detection by a track circuit.

The mechanical part of the experimental setup, developed by H. Chollet et al. at the
French Institute of Science and Technology for Transport, has been described in detail in
reference [19]. We can simply recall that the reality of a railway axle standing on its rails is
simulated by “wheel” and “rail” elements of simplified geometry, made at 1/4 scale from
steels identical to those of the real elements. Size reduction follows precise similarity laws
based on mechanical considerations. Rolling tests can mimic travel at a linear speed of
a few km/h, with a normal load corresponding to the weight per axle of a real wagon,
applied to the experimental wheelset via a pneumatic jack. In the present study, we aim
to be representative of rolling stock characterised by a load per axle of 12.4 tons, which
translates on the scaled model into an applied vertical load of 7.7 kN.

2.2. Preparation of Steel Surfaces

The running surfaces of the model’s wheels and rails were prepared in such a way as
to have, on the one hand, a “sound” state serving as a reference, and on the other hand, a
“degraded” state intended to reproduce the deterioration undergone by the rolling stock in
service.

In the first case, the rail surface was ground and brushed to a shiny finish, while the
wheel surface was left with its slight natural oxidation.
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In the second case, a specific oxidation protocol (described in [19]) was used to impose
accelerated rusting of the rail surface, which was then dried and compacted by rolling. The
average thickness of the oxide layer that formed was assessed by a magnetic inductive
method at 5.9 µm (standard deviation of 0.86 µm) in the tread, and 41.9 µm (standard
deviation of 8.75 µm) on either side of it.

2.3. Adaptation for Electrical Measurements

Finally, the device was adapted to perform contact resistance measurements at both
wheel–rail contacts using the four-probe method. The rails were electrically insulated
from the frame by interposing a Kapton film. For each side, current supply and voltage
measurements were performed using copper brushes pressed against the inside of the
wheel and rail, as schematically shown in Figure 2. For the experiments reported in this
paper, we used a low-frequency generator associated with a voltage supply (20 V max).
Current intensity was determined through the measurement of the voltage drop at a 1 Ω
resistor terminals; its maximum value was about 6 A.
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Figure 2. Principle of the electrical contact resistance measurement the by four-probe method; on the
(left side), intentionally rusted surfaces; on the (right side), “clean” reference surfaces. Black arrows
represent copper brushes for measurements of current feeding (bottom) and contact voltages (U1

and U2).

2.4. Results

As already mentioned in the Introduction, in this article we focus only on static tests.
For each case, we will consider representative voltage–current characteristics taken over a
few periods.

2.4.1. Influence of the Current Intensity

In a previous study carried out by the SNCF under railway conditions (i.e., at scale
one), it was observed that the highest track circuit current intensities caused an irreversible
modification of the electrical behaviour of the wheel–rail interface (for the usual frequency
of 2300 Hz). We therefore sought to reproduce this effect on the bench. In order to achieve
this goal, for the same frequency of 2300 Hz, we first imposed current intensities of 1.25,
3.7, and 5.2 A before applying a maximum intensity of 6.3 A; finally, the initial intensities
were applied again. The corresponding characteristics are presented in Figure 3. The curve
relating to the maximum current is plotted with black symbols, while the curves relating to
the other currents are plotted with coloured symbols—blue before the maximum current is
imposed, and red after. We can see first that all of the curves are nonlinear, which was also
observed during tests at scale one as soon as the current was higher than 1 A. But we can
see above all that, whatever the current applied, the curves obtained after the maximum
current intensity sequence are superimposed on the characteristic relating to the latter. This
attests to an irreversible modification of the interface by the highest current intensity.
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after a sequence at maximum intensity of 6.3 A, for three different current values (signal frequency:
2300 Hz).

2.4.2. Influence of the Frequency

To study the influence of the frequency, we chose to consider two current values: one
below 1 A, leading to nearly ohmic characteristics (800 mA), and the other above 1 A, to ob-
serve nonlinear behaviours (6 A). Three frequency intervals were chosen: 230 Hz–1.8 kHz,
2.3 kHz–18 kHz, and 23 kHz–40 kHz, with four frequency values considered in each. The
results of these tests are presented in Figures 4 and 5. In the first case (Imax = 800 mA),
the characteristics are quasilinear, with identical slopes for 230 Hz and 2.3 kHz, and then
hysteresis starts to appear for 23 kHz, with the average slope remaining approximately
the same. In the second case (Imax = 6 A), the characteristics are clearly nonlinear. Quasi-
superimposable up to 9 kHz; they then show an increasingly pronounced hysteresis as the
frequency increases. At the highest frequencies, the tension–current characteristic evolves
towards a shape close to an ellipse, together with a slight decrease in the maximum voltage.
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3. Full-Scale Experiments on a Real Train and Proposition of Behavioural Laws

After carrying out the investigations described in Section 2, our goal was focused on
correlating the nonlinear behaviour observed on a reduced scale with that of a real-life
experiment. Finally, on the basis of the similar behaviours observed, we developed and
tested an electrical behavioural law for the wheel–rail contact. Knowledge of such a law
could be very useful to railway engineers when facing the deshunting phenomenon or
designing new transportation systems.

3.1. Full-Scale Experimental Setup

A wheel–rail contact resistance measurement campaign was carried out by the SNCF
using a specially instrumented railcar on a straight section of track in Normandy, charac-
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terised by low traffic levels of just a few trains per day. Power was supplied via the track
circuit. The experimental device, described in [19], was installed in front of one of the
wheels on the railcar’s front axle. Using copper rollers applied to the wheel and the rail,
it measures the wheel–rail voltage drop both at standstill and when the train is moving
at low speed. Current intensity is measured using a Rogowski coil around the axle’s axis.
Successive series of electrical data were recorded as the train moved slowly (~1 m/s) along
a 100 m section of line. Prior to the tests, a few-meter section of rail was brushed and
degreased to provide a “clean rail” reference.

3.2. Electrical Behavioural Law at 230 Hz and 2300 Hz

Interestingly, the nonlinear behaviour and hysteresis phenomenon observed at a
reduced scale, as shown in Section 2 (Figure 5), were also witnessed in the railway site tests
under real conditions, as one can see in Figures 6 and 7. One can note that the nonlinearity
is slightly less pronounced compared to the 6 A curves pictured in Figure 5, since the track
circuit only allowed a current of 2 A to flow. The voltage current characteristics in this real
case are therefore in between those obtained with the laboratory bench. Consequently, it
was deemed interesting to investigate which behavioural law could fit those data to serve
as a model for railway engineers.
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For each frequency and intensity, a nonlinear regression of U = f (I) was performed
over several periods, containing around 2 million points. It was found empirically that the
tension–current curves could be satisfyingly approximated by the following nonlinear law:

U = a exp(bI) + c exp(dI) (1)
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where a, b, c, and d are the regression parameters, while U and I are the contact tension
and the current through the contact, respectively. The nonlinear regression was carried out
using the nonlinear least-squares solver function in MATLAB (R2022b).
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In practice, it was found that c ∼= −a and d ∼= −b; consequently, (1) can be simplified
as follows:

U = 2a sinh(bI) (2)

Figure 6 shows how, at low frequencies (230 Hz and 2300 Hz), the nonlinear model
proposed in (2) accurately fits the experimental U = f (I) series. The estimated coefficients
a and b are given in Table 1. The experimental series chosen in this example exhibit very
similar behaviour to those in Figure 3.

Table 1. Coefficients of the fitting law for I = 3 A.

f (Hz) a b

230 0.0588 0.3844

2300 0.06148 0.3728

3.3. Electrical Behavioural Law at 23 kHz

The methodology introduced in the previous section had to be modified, since in
the case of a tension–current characteristic without hysteresis we made the assumption of
a contact simply modelled by a variable resistance. Therefore, at higher frequencies, an
inductive contribution had to be introduced to account for the experimentally observed
hysteresis effect. The first step consisted of estimating the resistive part with (2). The
inductance was estimated in a second step via the following method:

• The cycle was separated into two fronts (rising and descending);
• Each front was adjusted with the empirical model described previously:
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Ur,d = ar,dexp(br,d I) + cr,dexp(dr,d I) (3)

where the subscripts r and d represent the rising and decreasing phases of the cycle,
respectively.

Using the following expressions, we found that the quantities Ur,d − 2asinh(bI) and
dI
dt can be considered proportional, since their ratio is constant over a wide range. Therefore,
one can write

U = 2asinh(bI) + L
dI
dt

(4)

The estimated coefficients are given in Table 2. As one can see in Figure 7, this model
fits the experimental data at 23 kHz with fairly good agreement. This model can be easily
extended for modelling at other frequencies.

Table 2. Coefficients of the fitting law with hysteresis at 23 kHz.

Ieff a b L

2 A 0.099 0.394 9.05 × 10−8

3 A 0.066 0.362 7.4 × 10−8

4. Discussion of U(I) Curves in the Case of an Oxidised Fixed Contact

It is interesting to study the influence of the peak value of the current injected into
the contact. To do this, we will distinguish two cases presented in Figure 8: two current
sinusoidal waves of the same frequency, but with different peak current values (Imax):
Imax1 < Imax2. The figure also distinguishes the first period (solid line) from the subsequent
periods (dashed lines).
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4.1. Case of a Low Peak Current

In this case, we plotted the contact voltage in arbitrary units against the instantaneous
value of the current, as shown in Figure 9. This curve is valid both for the first current
period and during the steady state (i.e., the following periods). An increase in voltage
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corresponding to a “high” contact resistance is observed, which is independent of the
current value. The curve is approximately symmetrical: the maximum values of the
voltages Uc1 and U’c1 seem to be opposite to one another. The current flow does not seem to
have any influence on the contact resistance (i.e., on the size and nature of the contact area).
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for a current wave of “low” peak intensity. The figure is valid for the first and subsequent current
periods.

4.2. Case of High Peak Intensity

It is interesting to distinguish the first period from the subsequent ones.

4.2.1. Phenomena Observed during the First Period

In Figure 10, we have plotted the contact voltage (in arbitrary units) as a function of
the instantaneous value of the current intensity (also in a.u.) during the first current period.
Several phases can be seen on this U(I) curve:

• Phase 1 (in blue): An increase in the contact voltage associated with a high contact
resistance. The value of the contact resistance is almost independent of the current
value.

• Phase 2 (in red): Above a certain value of the current, the contact resistance (U(t)/I(t))
decreases and a nonlinear behaviour appears. This can be interpreted as an increase
in the contact area due to local softening in connection with Joule-effect heating. A
change in the nature of the material within the contact area is also possible. This phase
starts during the increase in I(t) and continues during the decrease in I(t).

• Phase 3 (in green): Below a certain value of the current, the voltage varies almost
linearly with the current. During this phase, the heating of the contact zone is no
longer sufficient to continue to modify it.

• Phase 4 (in orange): This phase includes the second half-period of the first alternation
(I(t) < 0). The voltage evolutions are quite similar to those observed during the
first three phases. When the current intensity increases in absolute value, heating
is generated, which modifies the contact zone, always in the way of a decrease in
contact resistance. When the current intensity increases again, (I(t) tends towards 0),
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the Joule effect is insufficient to modify the size and nature of the contact zone, and
the dependence of the voltage on the current intensity becomes linear again.

• During the first period of the current there is therefore an irreversible evolution of the
contact, which tends to decrease the contact resistance.
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4.2.2. Phenomena Observed during the Following Periods (Steady State)

In Figure 11, we can see on the one hand the U(I) characteristic for the first period (in
black), and on the other the U(I) characteristics in steady state (in red).
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Several Remarks

• The U(I) characteristic becomes repeatable over the periods. We have a steady state.
This can be interpreted as indicating that the contact zone no longer varies over time
due to the Joule effect.

• The branch at I(t) < 0 is superimposed on the end of the characteristic of the first
period (i.e., the return part of phase four), which seems to indicate that the contact
zone “changes” mainly during the first period. It stabilises on the lowest values of the
contact resistance.

• The repeatable characteristic is not linear. At high values of I(t), the contact resistance
seems to increase, which can be explained by an increase in the resistivity value of the
material within the zone. However, this variation in resistivity seems to be reversible.

When the sinusoidal current frequency increases, the appearance of a hysteresis cycle
cannot yet be explained. An estimate shows that it is not due to the inductive effect of the
current loop formed by the measuring circuit.

5. Conclusions

In this study, it was found that the wheel–rail contact has a clearly non-ohmic be-
haviour, contrary to what one might expect. The measurements were performed on a
1:4-scale laboratory bench. The recorded voltages at different frequencies and current
intensities, over thousands of signal periods, allowed us to emphasise some very peculiar
behaviours.

It was observed that during the very first periods of the current flowing through the
contact, a permanent modification was induced, resulting in a reduced contact resistance,
closer to ohmic behaviour. Furthermore, nonlinear characteristics were observed and a
frequency-dependent hysteresis phenomenon was evidenced. Those observations empha-
sise the major security issue where the electrical wheel–rail contact may exhibit higher
impedance during the first periods of the signal, resulting in the problematic non-detection
of a train.

The physics behind these phenomena is not yet clear, and preliminary explanations
have been discussed in this paper. Nonetheless, it is still important from the traffic and
safety management point of view to be able to cope with this behaviour, since similar
observations were found in real railway conditions. Consequently, analytical behavioural
laws have been proposed to account for them, and they could be integrated in further work
to improve the reliability of the detection systems.

Further investigations are in progress on the basis of a more sophisticated setup
in order to better control all of the influencing physical parameters, and especially to
understand the role of the oxidation state of the surfaces in both the static contact and the
rolling contact.
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