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Abstract: To manage and ensure the safety of traffic on rail networks, trains need to be
reliably located at all times. This is achieved in many countries by electrically detecting
their presence using so-called “track circuits” installed at regular intervals on each track,
designed to detect when the wheels and axles of a train are shunting the two rails and to
act accordingly on the signaling system. Such a detection principle is highly dependent
on the quality of the electrical contacts between rails and wheels; the occurrence of high
wheel–rail contact resistances can induce malfunctions known as “deshunting”, when the
system is unable to judge the presence or absence of a train on a section of track. This
type of potentially risky event must obviously be avoided at all costs. In this article, we
focus on wheel–rail contact degradation resulting from steel oxidation, using a home-made,
scaled-down test bench that reproduces real contact in the laboratory under controlled
conditions. Given the complexity of the topic, the investigations are focused on static
contact characterizations involving different degrees of rail oxidation and slow, stepwise
variations in DC intensity.

Keywords: wheel–rail electrical contact; track circuit; deshunting; oxidation; failure

1. Introduction
The accurate localization of trains is a paramount subject for ensuring the correct

functioning of railway tracks and hence their safety. A “track circuit” system is classically
employed to provide real-time information about the presence of a train in a specific track
section. The short circuit between the two rails, created by its wheels and axle, triggers a
signal indicating the occupancy of the zone, and the signaling systems can be activated
accordingly. Maintaining the best possible electrical conduction at the wheel–rail contact is
therefore a major issue for ensuring the reliability of the track circuit system. A high contact
resistance leads to a phenomenon known as “deshunting”, where the presence of the train
is no longer detected for a certain period, resulting in a critical safety issue. The thin oxide
layer at the wheel–rail interface is a well-known cause of deshunting, especially on tracks
with low frequentation, and despite the implementation of various devices to prevent [1,2]
or reduce the occurrence of deshunting, many instances are still detected every year.

Deshunting events can have a detrimental effect on railroad management and give
rise to potentially dangerous situations. It is therefore necessary to better understand the
behavior of the wheel–rail electrical contact in order to minimize their occurrence and make
track circuits more robust to failure.
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The subject of wheel–rail contact is a complex multi-physical subject involving mechan-
ical and electrical aspects. In [3–5], the detection and impact of the mechanical deterioration
of the wheel rail was studied. The parameters of the surface, such as surface roughness [6,7],
local temperature and physical chemistry [8], have a strong influence on the wheel–rail
contact resistance. In some cases it was also reported that arcing between the wheel and
the rail could occur, thus leading to microstructural modifications of the surface [6,9]. The
state of the surface and the difficulties inherent in this multi-physical character apply not
only to the two solids in contact, but also to a layer called “third body” present in their
interface. This third body has a wide variety of components that can affect the friction at
the interface [10,11] since it can incorporate wear particles from wheels and rails, external
contaminants such as dead leaves, frost, sand, and oil, as well as rust formed naturally on
the surfaces [12]. In [13], third body samples were examined by tribological, morphological
and microscopic analysis, and their electrical conductivity, heterogeneity and compactness
properties were compared between good and bad shunting conditions.

Rust can have serious effects on the maintenance of railways, especially in costal or
humid areas where corrosion can be more severe. As matter of fact, the rain can deposit
salts or contaminants contained in the atmosphere, leading to acid rains, acting as a catalyst
to the corrosion process [14]. The rust composition was studied by Suzumura et al. using
in situ X-ray diffraction [15]. On the railhead, the main species detected were FeOOH
oxyhydroxides in various forms and Fe3O4 magnetite. From a more global point of view,
Fukuda et al. [16] examined the influence of the type of track environment and of the
traffic frequency on the thickness of rust formed on rails and wheel roughness. Using a
huge test bench involving real wheel and rail elements, they also studied the influence
of several factors, such as normal load, current intensity and oxide layer thickness on
contact resistance.

A few years later, the understanding of wheel–rail electrical contact was enriched by
new studies carried out in parallel on a ¼-scale test bench and on site using an instrumented
regional train, both stationary and running at low speed [17,18]. The results obtained with
the reduced-scale tests proved to be fully representative of those obtained with the full-scale
tests, validating the relevance of working on a maquette to make it easier to study the
influence of the many possible parameters (load force, imposed current intensity, surface
properties, rolling speed, etc.). In the logic of this approach, the authors have developed
a flexible experimental device that can be used to faithfully mimic wheel–rail contact
conditions in the laboratory, combined with a protocol enabling different oxidation states
to be achieved on demand [19]. It is this versatile platform for studies on a much smaller
scale than those previously proposed that is used in the present work.

It has been shown in the literature that the presence of rust in the interface results
in non-linear current-voltage characteristics [20]. This is why our study focuses on the
influence of a controlled oxide layer thickness under static conditions, to better understand
its non-ohmic behavior, with the aim of identifying the maximum permissible oxidation
state in a railway network context.

2. Experimental Setup
The principle of the setup developed was described in [19]. It consists of a reduced-

scale wheel (referred to in the following as the “roller”) mounted in a carriage running
on a full-scale rail 1 m long. For the dynamic investigations, a linear motion axis allows
the roller carriage to move along the rail at a controlled, scaled-down speed. Mechanical
criteria were considered in order for the roller to be representative of the full-scale behavior
of the wheel–rail contact. In particular, the aspect ratio of the contact areas as well as the
average contact pressure at both scales are maintained. The normal force is applied to the
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roller axis by an electrical actuator. It is measured using a load cell positioned between the
actuator and the carriage and kept constant by a feedback loop. In this paper, the sizing
of the roller has been designed to mimic the situation of a train of interest used on the
French rail network (FRN). For a clean, smooth and fully conductive contact surface, with a
normal force F = 400 N, the half-axes of the resulting elliptical contact area were calculated
as a = 0.47 mm and b = 0.29 mm.

The measurement of the wheel–rail electrical contact resistance is performed using the
four-point method, as shown in Figure 1a, which illustrates the principle of this technique
applied to the test bench. A first pair of wires and connections are dedicated to current
injection, whereas a second one—as close to the contact elements as possible—is allocated
for voltage measuring. This method eliminates resistive contributions from wires and
connections. The current intensity is evaluated by measuring the voltage Vs across a well-
known shunt resistance Rs. Figure 1b shows a photograph of the concrete implementation,
where connections to roller and rail are ensured using copper thread brushes. In practice, for
the direct current (DC) tests reported in this paper, we used a KEITHLEY 2400 source meter
(Keithley Instruments, Cleveland, OH, USA) with a resolution of 5½ digits. This device
is particularly suitable for injecting current intensities over a wide range, while allowing
simultaneous measurement of voltage. It was controlled using a dedicated program under
LabVIEW 2013, which has made it possible to automate the tests by defining time profiles
for the evolution of the injected current.
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Figure 1. Electrical measurement system based on the four-point method: (a) schematic of the
electrical measurement setup on the bench, (b) photograph of the copper thread brushes (circled)
pressed against the roller and rail.

3. Electrical Behavior of a Clean Contact Taken as a Reference
To begin with, we studied a clean contact involving roller and rail surfaces derusted,

polished and cleaned to serve as a reference configuration (load force F = 400 N). We
applied a current of increasing and decreasing intensity, from 100 mA to 1 A, in 100 mA
steps. Each step lasts 60 s. The thin line in Figure 2 illustrates the evolution of the applied
current intensity. The contact voltage, measured at one point every second, is drawn on
the same figure by a thick green line. Figure 3 shows the corresponding voltage-current
U-I characteristic. It is linear and reversible; the contact is therefore ohmic, the contact
resistance Rc being constant and equal to 10 mΩ.
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Figure 2. Evolution of the contact current (-left axis) and of the contact voltage (-right axis) for a clean
contact between roller and rail (F = 400 N).
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The theoretical value of the contact resistance in the case of a single-spot elliptical
contact between two bodies of resistivity ρ can be expressed as follows [21]:

Rc =
( ρ

2a
)

f (γ) (1)

with

γ =
( a

b
) 1

2 = 1.27 (2)

Here, we have the following:
f (γ) ≃ 1 (3)

and
Rc ≃ ρ

2a (4)



Appl. Sci. 2025, 15, 471 5 of 16

Parallelepiped coupons, measuring 100 mm × 20 mm × 10 mm, were made of rail and
wheel steel in order to experimentally determine their respective resistivities. We found
very similar values, in the order of 2.3 × 10−7Ω·m; thus

Rc ≃ ρ
2a = 0.24 mΩ (5)

There is a factor of 40 between the measured value and the theoretical value. As the
surfaces are a priori considered to be oxide-free, this discrepancy would tend to indicate
that the current flow area is much smaller than expected due to the roughness, leading to
the hypothesis of a multi-spot contact. Furthermore, it is reasonable to assume that this
contact geometry did not change during the test, since the resistance remained constant
(the heating effect of the current was not sufficient to soften the material locally).

In the case of multi-spot contact, the number of spots (noted N) is influenced by
the degree of surface polish (roughness), material hardness (H), and applied force (F).
According to [22], N can be estimated by the following equation:

N = 2.5 ·10−5H0.625 F0.2 (6)

This equation is deduced empirically from the experimental results obtained in [10].
For F = 400 N and H = 840 N/mm2, N = 31 spots; for F = 400 N and

H = 970 N/mm2, N = 34 spots. The order of magnitude is therefore about 30 spots.
Combining Holm’ s [21] and Greenwood’ s [23] approaches, the contact resistance can

be approximated by the following:

Rc =
ρ

2N<a> + ρ
2r (7)

where < a > is the average radius of the spots and r is the radius of the apparent contact
area. For different values of N, we will look for the value of <a> that gives the measured
contact resistance Rc mes = 10 mΩ. For simplicity’s sake, we will assume for the theoretical
contact resistance that

ρ
2r = Rc th (8)

Let us say Rc = Rc mes−Rc th, and we will note k, the ratio between the effective
contact area, sum of the areas of the N micro-spots, and the apparent contact area (here
0.43 mm2) [24,25]. From Equations (7) and (8),

k = Nπ⟨a⟩2

πr2 = ρ2

4N(δRc)
2r2 (9)

As soon as N > 2, the value of k is less than 1%, and for N of the order of 30, k is less
than 0.01%. These extremely low values lead us to reconsider the assumption of chemically
clean contact surfaces, by which we have neglected the resistance induced by the presence
of an oxide layer at the contact level. As mentioned in [20], a thin oxide layer of only 100 Å
is capable of generating a resistance of 10 Ω/square. The presence of a microscopic “native”
oxide layer at the contact level could therefore help explain the measured contact resistance
of 10 mΩ.

4. Electrical Behavior of an Oxidized Contact
4.1. Surface Preparation

In order to study the case of an oxidized contact, three distinct areas of the rail with
different oxide thicknesses were prepared following the protocol described in [19]. After
oxidizing the rail, light sanding was carried out to adjust the desired oxide thickness, as
shown in Figure 4.
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Figure 4. Various rail zones with different oxide thicknesses.

Zone 3 featured a deliberately exaggerated oxide thicknesses in order to assess the
impact of heavy oxidation on contact resistance and to reproduce the extreme conditions
likely to cause deshunting. Zones 1 and 2, prepared by stripping the oxide layer with an
abrasive sheet, were intended to reproduce more realistic oxide thicknesses, similar to those
observed on a low-traffic track. The oxide thickness of the three zones was measured using
a Fischer Deltascope FMP30 probe (Helmut Fischer Gmbh Institute of Electronics and Mea-
suring Technology, Sindelfingen, Germany). Table 1 shows the mean value and standard
deviation of oxide thickness for each rail zone, based on 30 measurements per zone.

Table 1. Average oxide thickness and standard deviation in the three rail zones shown in Figure 4,
evaluated over 30 measurements per zone.

Zones Average Standard Deviation

Zone 1 6 µm 1.7 µm

Zone 2 10 µm 2.5 µm

Zone 3 65 µm 14 µm

The electrical behavior of those three zones was then evaluated by performing three
cycles of current application on each zone following the protocol described in Section 3,
with the roller surface previously polished and cleaned. The applied force was again
F = 400 N.

4.2. Slightly Oxidized Contact

Figure 5 shows the evolution of the U-I characteristic in Zone 1. Staring from 0 A, the
current is gradually increased (blue circles) by 100 mA every 60 s, then similarly decreased
(red circles). After each current increment, the contact voltage is measured. Over the three
cycles, a quasi-ohmic behavior is observed, similar to that of a clean contact, as seen in
Figure 3.

The variation of contact resistance as a function of current (Figure 6) and time (Figure 7)
shows that resistance decreases slightly with increasing current and increases slightly with
decreasing current. During the third cycle, contact resistance remains almost constant for
both directions of current variation.
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Figure 5. Zone 1—U-I characteristics in the case of a slightly oxidized contact with F = 400 N and
current I (O) increasing from 0.1 A to 1 A, then I (□) decreasing from 1 A to 0.1 A, for three successive
cycles of current application.
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Figure 6. Zone 1—Rc = f (I), contact resistance as a function of current in the case of a slightly oxidized
contact with F = 400 N and current I (O) increasing from 0.1 A to 1 A, then I (□) decreasing from 1 A
to 0.1 A, for three successive cycles of current application.
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Figure 7. Zone 1—Rc = f (t), contact resistance versus time in the case of a slightly oxidized contact
with F = 400 N and current I increasing from 0.1 A to 1 A (up to 600 s), then I decreasing from 1 A to
0.1 A (between 600 s and 1200 s), for three successive cycles of current application.
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4.3. Moderately and Severely Oxidized Contact

For these two contacts, performed respectively in zones 2 and 3 of the rail shown in
Figure 4, the results reveal a very different behavior from that observed for clean or slightly
oxidized contacts.

Figure 8 shows the evolution of contact voltage for three successive cycles of current
application (always varying between 0.1 A and 1 A in 100 mA steps), shown on the left for
the moderately oxidized rail surface (zone 2, 10 µm oxide thickness) and on the right for the
severely oxidized one (zone 3, 65 µm thickness). Figures 9–11 show U − I characteristics
and variations in contact resistance as a function of current and time, respectively.
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Figure 8. Evolution of contact current (-left axis) and contact voltage (-right axis) for three successive
cycles of current application in the case of (left) Zone 2, moderately oxidized rail surface, 10 µm thick
oxide, and (right) Zone 3, severely oxidized rail surface, 65 µm thick oxide.
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Figure 9. U-I characteristics for three successive cycles of current application with F = 400 N and
a current I (O) increasing from 0.1 A to 1 A, then I (□) decreasing from 1 A to 0.1 A, in the case
of (left) Zone 2, moderately oxidized rail surface, 10 µm thick oxide, and (right) Zone 3, severely
oxidized rail surface, 65 µm thick oxide.

Zone 2, with an oxide thickness of 10 µm, shows a different behavior from that
observed on a clean or slightly oxidized contact. Figure 9 shows that after the initial current
rise, the contact reaches a stable state with almost ohmic U − I characteristics, which almost
overlap during the second and third cycles. During the first cycle, the contact undergoes
an irreversible evolution (Figure 10), resulting in a progressive decrease in resistance. Once
the system has stabilized, a particular feature becomes apparent: the contact resistance
tends to increase as the current increases, and to decrease as the current decreases. This
trend, observable on all cycles once the system has stabilized, suggests a marked influence
of thermal effects on conduction.
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Figure 10. Rc = f (I), contact resistance as a function of current for three successive cycles of current
application with F = 400 N and current I (O) increasing from 0.1 A to 1 A, then I (□) decreasing from
1 A to 0.1 A, for F = 400 N, in the case of (left) Zone 2, moderately oxidized rail surface, 10 µm thick
oxide, and (right) Zone 3, severely oxidized rail surface, 65 µm thick oxide.

For zone 3, corresponding to the severely oxidized contact, Figure 9 also shows that,
during the first cycle, a rapid evolution of the contact occurs as the current rises. This
is reflected in a rapid drop in contact resistance, both during each constant current step
and as current intensity increases. This phenomenon can be seen in Figure 9 for currents
below 0.6 A and in Figure 11 up to 300 s. Such behavior could result from an increase in
the contact area due to the flattening of surface asperities under the combined effects of
mechanical stress and Joule heating [25–27].

Let us take a closer look at a possible scenario. Initially, contact resistance is high due
to the oxide layer present in the interface. As the current increases, Joule heating leads
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to a local increase in temperature (at the asperities) [28]. This increase in temperature
leads to a progressive modification of the oxide layer, manifested by a decrease in its
electrical resistivity [29]. At the same time, the hardness of the materials (steel and oxide)
decreases [30], while the contact force remains unchanged. This results in a widening of
the effective contact zone due to local breakdowns in the oxide film and flattening of the
asperities, both promoting larger metal-to-metal contact areas.
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Figure 11. Rc = f (t), evolution of contact resistance for three successive cycles of current application,
in the case of (left) Zone 2, moderately oxidized rail surface, 10 µm thick oxide, and (right) Zone 3,
severely oxidized rail surface, 65 µm thick oxide.

Then, as the current continues to increase, the evolution of contact resistance gradually
stabilizes, indicating a slower change in the contact, as shown in Figure 10 after the current
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has been increased from 0.6 A to 1 A. According to [28] this stabilization phase is reached
once the influence of the oxide layer on the resistance is reduced. As reported in [28,31,32],
the initial contribution of the oxide film can constitute up to 99.9% of the total contact
resistance, thus explaining the magnitude of the drop in contact resistance measured in our
case, from 25 Ω to less than 1 Ω.

The first current cycle therefore led to significant and irreversible changes in contact,
resulting in a clear improvement characterized by an increase in effective contact area
and a reduction in contact resistance. In the second and third cycles, further irreversible
contact modifications were clearly observed (U-I characteristics do not overlap between
increasing and decreasing current), but to a lesser degree and with a significantly lower
initial resistance than in the first cycle. The behavior observed at the decreasing current
in the second and third cycles reflects a more stable contact state, suggesting that the
conductive paths are no longer significantly modified by the application of the current.
For the third cycle, the value of the contact resistance at low current has hardly changed
between phases with increasing and decreasing currents.

5. Conclusions
Using a reduced-scale experimental setup that realistically mimics wheel–rail contact

for real equipment identified as potentially “bad shunters”, we have studied in detail the
electrical contact resistance under static conditions (corresponding to a stationary train)
and under DC.

We compared non-oxidized and oxidized rail surfaces with different oxide thicknesses
at a contact force of 400 N (equivalent to a loaded railcar at full-scale), increasing then
decreasing the current in steps of 0.1 A between 0.1 and 1 A. In the case of a “clean”
contact, the U-I characteristics prove to be linear and reversible. In the case of oxidized
contacts, initial resistance is much higher, and increasing current is accompanied by several
rapid drops in resistance, reflecting an irreversible evolution that we interpret as both
the appearance of fractures in the oxide layer and the flattening of asperities softened by
heating due to high local current densities. On return, as the current decreases, the U-I
characteristics are almost linear, with much lower resistance values.

This study illustrates the ability of our test bench to investigate the various phenomena
(mechanical, electrical, thermal, chemical and electrochemical) likely to affect wheel–rail
contact resistance. In a future article, we will report on a study carried out under more
realistic conditions (moving train and AC injected track signal).
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