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Frictional heat is generated at the wheel-rail interface during train operations, particularly under high slip ratios
during acceleration and braking. Thermal effects can accelerate wear, induce plastic deformation, and contribute
to thermal fatigue. Reliable modelling of wheel-rail contact that considers friction-induced thermal effects is
desirable for the accurate prediction of wheel-rail interface deterioration. Several analytical and numerical
models have been proposed to simulate thermal or thermomechanical wheel-rail loads but have rarely been
validated, especially in high slip ratio scenarios where flash temperatures exceed 200 °C. This study develops and
experimentally validates a three-dimensional thermomechanical finite element (FE) wheel-rail contact model for
high slip ratio conditions, with contact temperatures reaching 360 °C. The model incorporates key mechanical
parameters, including wheel loads, coefficients of friction, and slip ratios. Simulated rail surface temperatures
across various slip ratios (5%, 10 %, and 15 %) are compared with the flash temperatures measured with an
onboard infrared thermal camera, showing good agreement with a maximum deviation of 9.9 %. This confirms

the reliability of the model for simulating wheel-rail contact under thermal effects.

1. Introduction

Frictional heat generation at the wheel-rail interface is a significant
occurrence during train operations, especially during acceleration and
braking. Substantial wheel-rail thermal loading occurs at high slip ratios
because of the rapid accumulation of thermal energy and the consequent
increase in temperature in the contact area. This thermal loading is
known to accelerate wear and plastic deformation and cause thermal
fatigue in wheel/rail materials [1,2]. Wheel/rail materials can be easily
worn when the wheel-rail contact temperature exceeds 350 °C [3].
Thermal fatigue occurs when thermal loading alters the shakedown
behaviour and mechanical properties of materials [4,5]. The elastic and
shakedown limits of a wheel and rail can be reduced under thermal
loading, increasing the vulnerability of the steel to progressive plastic
deformation. This may lead to crack initiation and potential structural
failure, even under relatively low mechanical stresses. In addition, high
temperatures may induce microstructural transformations in wheel/rail
materials, such as the transformation of pearlite and ferrite into
austenite, followed by partial conversion into martensite beneath wheel
and rail surfaces (occurring above 720 °C with rapid cooling) [6,7]. This
deterioration of the wheel-rail interface increases maintenance costs and
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impacts the operational safety of trains. Therefore, it is important to
investigate wheel-rail friction-induced temperature and its effects on
wheel/rail damage.

Accurately measuring the contact temperature between the wheel
and rail under operational conditions is a complex, labour-intensive, and
expensive process [8], which has led to the development of analytical
and numerical modelling methods to examine the thermal loading and
temperature field at the wheel-rail interface. Several analytical ap-
proaches have been formulated to calculate the maximum flash tem-
perature induced by a moving heat flux in a single body. Jaeger [9]
investigated the problem of idealized plane heat sources of various
shapes, such as two-dimensional (2D) uniformly distributed band
sources and three-dimensional (3D) rectangular sources, moving at
constant or nonconstant velocities on the surface of a semi-infinite me-
dium. Subsequent analyses then extended Jaeger’s approach in two as-
pects: 1) by applying different moving heat sources [10,11] and 2) by
including the thermal radiation and convection to the ambient envi-
ronment [12,13]. A 2D elliptical band source was modelled in [10] to
represent the heat induced by contact. Instead of applying a predefined
heat source as in [9,10], Knothe et al. [11] calculated the 2D heat source
at the wheel-rail interface on the basis of Hertzian contact pressure and
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analytically derived the temperature field engendered by wheel-rail
sliding interactions through the application of Laplace transforms and
Green'’s function. Their study revealed that the wheel-rail contact tem-
peratures do not exceed 450-500 °C if the slip ratio is less than 2 % and
the coefficient of friction is less than 0.6. By considering the heat
interaction with the ambient environment (i.e., radiation and convec-
tion), Lewisa et al. [12] calculated the temperature field induced by
twin-disc rolling contact from partial to full slip (slip ratio from 0.5 % to
5%) and determined that the maximum contact temperature above
ambient temperature reached 113 °C under a normal contact stress of
1500 MPa and a disc surface velocity of 0.98 m/s. To investigate the
effects of contact body geometry on contact temperature, thinner and
smaller twin discs operating under the same conditions as [12] were
simulated in [13], which reported higher simulated contact tempera-
tures (199.2 °C for the thinner discs and 235.3 °C for the smaller discs)
than the results obtained in [12]. These analytical studies [9-13] indi-
cated that the instantaneous temperatures generated at the contact
interface are related to the coefficient of friction, contact pressure,
thermal properties, sliding velocity, and contact body geometry.

In contrast to analytical models, finite element (FE) models can
address transient thermal contact issues while considering complex ge-
ometries and material complexity, including plasticity, temperature
dependence [14], and dynamic wheel-rail interactions. Vo et al. [15]
developed a 3D FE model for a rail subjected to multiple thermal loads
from passing locomotives, employing Goldak’s heat source model [16].
A simulation with a slip ratio of 8.5 % indicated that the rail-surface
temperature can reach 522 °C after one wheel pass and 723 °C after
six passes. However, the heat source of the model was calculated on the
basis of Hertzian contact pressure. Such a simplification can potentially
lead to deviations in the thermal results from the actual values. Naeimi
et al. [14] proposed a 3D dynamic thermomechanical FE wheel-rail
contact model in which the heat source was calculated on the basis of
the tangential load and micro-slip between the elements in contact. The
simulated peak contact temperatures with slip ratios of 10 %, 18 %, and
26 % were 284 °C, 498 °C, and 756 °C, respectively. Lian et al. [8]
presented a 3D FE wheel-rail contact model to consider the super-
imposed thermomechanical loads induced by multiple wheel passages.
Their study indicated that the maximum temperature of the rail surface
after 9 wheel passages can reach 776 °C, with a slip ratio of 9.43 %.

In terms of model validation, attempts were made in [17] to validate
the analytical model presented in [12] for low slip ratio (below 5 %)
wheel-rail contact scenarios via infrared cameras. The results indicated
that the measured contact temperature ranged between 100 and 150 °C
with a slip ratio of 5 %, which aligned well with the simulated results in
[12]. However, although FE models of thermal contact between wheels
and braking blocks [18-20] or braking pads [21] have been experi-
mentally validated via infrared cameras, no validation, to the best of the
author’s knowledge, has been reported for FE wheel-rail thermal contact
models with high slip ratios (above 5 %) that may induce significant
thermal damage.

In this study, a 3D thermomechanical FE wheel-rail contact model
was constructed, and the model was validated with a carefully designed
laboratory test. Wheel-rail contact across a range of slip ratios from 2 %
to 35 % during braking was reproduced using the TU-Delft V-Track test
rig, which is a downscaled wheel-rail interaction test rig, and the cor-
responding contact temperature was captured with an onboard high-
precision infrared thermal camera. This measurement captured real-
time flash temperatures induced by wheel-rail contact up to 670 °C.
Section 2 presents the thermomechanical FE contact model, the meth-
odology for measuring wheel-rail contact temperature, and the
approach for calculating the slip ratio. Section 3 first presents the
measurement data processing and then examines the correlation be-
tween the measured temperatures and slip ratios. A comparative anal-
ysis between the simulated and measured wheel-rail contact
temperatures is subsequently presented. Section 4 presents the main
conclusions. The primary aim of this study is to experimentally validate
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the proposed FE model by comparing the simulated wheel-rail contact
temperatures with those obtained from experiments conducted on a V-
Track test rig.

2. Method
2.1. Numerical model

A 3D thermomechanical FE wheel-rail contact model was con-
structed, incorporating its geometrical, mechanical, and material char-
acteristics (R260 and R350HT rail grades) in the V-Track, as depicted in
Fig. 1. This model is capable of replicating the motion of a wheel trav-
elling along a track at a predefined slip ratio during braking. The same
braking process of the wheel was measured on the V-Track, as described
in Section 2.2. The simulation procedure of the FE model includes four
steps: 1. Modelling of wheel-rail contact in the V-Track test rig (pre-
processing in ANSYS); 2. Static equilibrium of the wheel loading on the
rail (implicit solution); 3. Dynamic rolling of the wheel along the rail
(explicit solution); 4. Results output and analysis (postprocessing with
MATLAB). The implicit-explicit sequential analysis (combining steps 2
and 3) can effectively mitigate initial dynamic excitation.

The preprocessing of FE modelling included geometry and material
modelling, structural discretization, and the definitions of boundary
conditions (including contact pairs), loads, and initial conditions. In
terms of the geometry within the FE model, the track model spanned a
total length of 1.75 m, encompassing 14 sleeper spans, and included a
0.065 m solution zone along the rail. The rail was fixed to the sleepers
through fastenings in three directions. The sleepers were supported by
the ballast and the subgrade, which were represented by the rubber pads
and plywood layers in the test rig. A wheel with a radius of 65 mm (1/7
scale of the field wheels) and a half axle were modelled. Two distinct sets
of temperature-dependent material parameters that have been widely
used for wheel-rail thermomechanical behaviour modelling [8,14,15,
22-25] were employed, with one set detailed in Tables 1 and 2 [8,14,15,
23,25] and the other set listed in Table 3 [22,24]. The thermal con-
ductivities in Tables 2 and 3 were downscaled (1/7 scale) in this study
on the basis of the similarity law [26]. The parameters in Eq. (2) of this
study can be appropriately scaled, while temperature remains unscaled,
according to [26]. Consequently, the measured temperature in the
V-Track test rig can directly represent the corresponding values in the
full-scale wheel-rail contact under field conditions. The simulation re-
sults obtained with different sets of material parameters are compared in
Section 3. In the discretization process of the model, the primary sus-
pension springs in the V-Track test rig were modelled via compressed
spring-damper elements. These elements connected the wheel axle to
lumped mass elements, which were simplified from the wheel axle box
and the guiding block of the V-Track test rig, as described in Section 2.2.
The wheel, rail, and sleepers were modelled with 8-node solid elements.
The fastenings, ballast, and subgrade were modelled with spring-damper
elements. To improve the calculation efficiency, a partially refined mesh
strategy was applied. The finest mesh size of the top surface in the so-
lution zone of the rail was 0.18 mm (x-axis) x 0.20 mm (y-axis)
% 0.20 mm (z-axis). The FE model comprises 577,907 elements and 646,
016 nodes. The minor axis of the contact patch covers 13 contact ele-
ments; thus, sufficiently accurate contact solutions can be obtained for
engineering applications [27].

An implicit-explicit sequential analysis was conducted to simulate
wheel braking along the rail. The longitudinal (rolling direction) and
lateral degrees of freedom of the wheel were first constrained to calcu-
late the static equilibrium in the implicit analysis, where a gravity wheel
load of 4000 N was applied. The longitudinal constraints of the wheel
were then released in the explicit model for wheel rolling simulations,
where a friction coefficient of 0.45 between the wheel and rail was
applied. This applied friction coefficient was measured from the V-
Track, based on the wheel-rail friction force and normal contact force
recorded using dynamometers. When friction saturation occurred under
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Running direction
T
Angular velocity Solution zone
0.065 m
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Fig. 1. Thermomechanical FE model of wheel-rail contact on the test rig.
Table 1
Temperature-dependent mechanical material parameters.
Temperature, T Young’s modulus, Poisson’s Coefficient of thermal Hardening modulus, Yield strength Yield strength of Yield strength of
(°C) E (GPa) ratio, v expansion, a (x107°°C™1) Ep (GPa) of R260 R350HT wheel
24 213 0.295 9.89 22.7 583.0 779.0 500.0
230 201 0.307 10.82 26.9 585.1 781.1 502.1
358 193 0.314 11.15 21.3 518.8 714.8 435.8
452 172 0.320 11.27 15.6 432.4 628.4 349.4
567 102 0.326 11.31 6.2 251.1 447.1 168.1
704 50 0.334 11.28 1.0 136.2 332.2 53.2
900 43 0.345 11.25 0.1 113.4 309.4 30.4
bl the angular velocity was controlled accordingly to simulate specific slip
Table 2

Temperature-dependent thermal material parameters.

Temperature, T Specific heat capacity, ¢ (J/ Thermal conductivity, 1 (W/

(O] kg°C) m°C)
0 419.5 8.53
350 629.5 5.84
703 744.5 4.32
704 652.9 4.31
710 653.2 4.29
800 657.7 3.57
950 665.2 3.86
1200 677.3 4.35

high slip ratio conditions, the adhesion coefficient, i.e., the ratio of
friction force to normal load, can be taken as the measured friction co-
efficient. The measured lateral friction force was close to zero with a
careful control of the angle of attack in the V-Track. A fixed boundary
condition was thus applied to the wheel axle in the lateral direction to
minimize the simulated wheel-rail lateral force and its influence on the
contact temperatures. The nodal displacements, obtained from the static
equilibrium calculation, served as an initial condition for the explicit
model. Another initial condition was the initial temperature of the wheel
and rail, which was assumed to be 200 °C. The measurement was con-
ducted with a continuous increase in slip ratio from 2 % to 35 %, and the
simulation conditions were designed to be consistent with the experi-
mental setup. In the test, by the time the slip ratio reached 5 %, the
wheel had already been braking for a period, leading to heat accumu-
lation in both the wheel and rail. Therefore, in the simulation, the initial
temperature was not set to ambient but accounted for this accumulated
thermal effect to better reflect the actual conditions observed in the
experiment. The translational velocity of the wheel was 16 km/h, and

ratios during braking.

In this study, to address the complexities of the wheel-rail thermal
contact phenomenon, both mechanical and thermal solvers were
employed in the simulation. During wheel-rail frictional contact
(calculated in the mechanical solver), kinetic energy is transformed into
heat (calculated in the thermal solver), which consequently induces
wheel-rail geometrical changes and affects the temperature-dependent
material properties (employed as geometrical and material inputs for
the mechanical solver). Concurrent operation and data exchange be-
tween the two solvers can be realized via a two-way coupling method-
ology implemented in LS-DYNA. The computation time steps of the two
solvers were as follows: 1.06 x 1078 for the mechanical solver and
1.00 x 107° for the thermal solver. Note that for both solvers, a small
computation time step prolongs the computation time, whereas a large
time step may induce numerical instabilities.

The governing equation of the mechanical solver involving the
thermal effect is defined in Eq. (1) [28,29]:

Mii(t) + C(T)iu(t) + K(T)u(t) = Feu(t) +&(T) M

where tis the time. ii(t), iu(t) and u(t) are the acceleration vector, velocity
vector, and displacement vector, respectively. M, C(T), K(T), Fex(t), and
g(T) are the mass matrix, damping matrix, stiffness matrix, external
mechanical load vector, and thermal load vector, respectively. T is the
temperature, which is a function of the time and location of the FE nodes
and varies throughout the simulation, as calculated in the thermal
solver. Eq. (1) indicates that the damping, stiffness, and thermal load of
the model are temperature dependent. This ensures that the thermal
effect can be included in the mechanical solver. An explicit time inte-
gration scheme [30] was adopted to solve the equation.

The governing equation of the thermal solver is presented in Eq. (2)
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Table 3
Temperature-dependent thermomechanical material parameters.
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Temperature, T Young’s Poisson’s Coefficient of thermal Hardening Specific heat Thermal Yield Yield strength
Q) modulus, E ratio, v expansion, a (x 10°° modulus, Ep capacity, ¢ (J/ conductivity, 4 (W/ strength of of R350HT
(GPa) °c™ (GPa) kg°C) m°C) R260
25 209 0.30 11.0 20.9 490.1 6.81 583.0 779.0
100 207 0.30 11.6 20.7 499.9 6.99 583.0 779.0
650 105 0.36 14.8 10.5 571.5 8.26 477.0 673.0
1000 50 0.39 15.7 5.0 617.1 9.06 415.4 611.4
1450 2 0.40 16.1 0.2 671.8 10.91 151.3 347.3
[31,32]:
’ ke aTn +k n +k =Q 3)
d k0T+6 k0T+0 e 10yt = e @ G a
ax \ " *ox oy “ 0z 4 o
Q = 6ﬂvsp(xy) @

where p is the density of the material, and c is the heat capacity. ky, k,
and k, represent the thermal conductivity in the x, y, and z directions,
and I(x,y,z,t) represents the internal heat generation rate per unit
volume. An implicit method using a generalized trapezoidal time inte-
gration algorithm was employed to solve Eq. (2) with given initial and
boundary conditions. Because wheel braking was simulated in this study
and the wheel-rail interface had been heated due to the braking friction
force, an initial temperature of 200 °C was used, i.e., T;;, », = 200 °C.
The boundary condition of the thermal contact problem is given in Eq.
(3) [31,32] concerning the heat flux boundary (4):

g | P
=] Driving steel Rotation

frame = direction
L

where ny,ny,and n, are the normal vectors in the x, y, and z directions.
Q is the heat flux at the nodes due to friction, which relies on the cal-
culations of wheel-rail contact in the mechanical solver. § is the heat
partition to one contact body, and (1- §) is thus the heat partition to the
other contact body. In this model, § is assumed to be 0.5. u is the coef-
ficient of friction, and v; represents the relative sliding velocities of the
nodes between the wheel and rail. P is the local surface contact
pressure. The test was conducted indoors on a laboratory test rig with
negligible airflow and a relatively low wheel speed, minimizing
convective heat dissipation. Given that radiation and convection occur
at a much slower rate compared to thermal conduction, these effects

\ Customed steel

Track systems

 ~

frame

Thermal camera

Rotation
direction -
L

Fig. 2. The V-Track test rig. (a) V-Track components; (b) wheel assembly; (c) schematic drawing of the rail section distribution.
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were neglected in the model, as heat primarily conducts into the rail and
wheel within the 1.09 ms timeframe, making external heat dissipation
mechanisms insignificant.

2.2. Measurement

In this section, the structure of the V-Track test rig is briefly intro-
duced, and the temperature measurement methodology is described.
The V-Track test rig is capable of reproducing real-life wheel-rail fric-
tional rolling contact [33] and has been widely employed to investigate
related problems [34]. As illustrated in Fig. 2, the V-Track includes a
ring track system and two wheel assemblies connected to a driving steel
frame that rotates around a vertical axis centred on the ring track. The
rails and cylinder wheels used in the V-Track were cut from real-life rail
heads and wheel rims, respectively, to ensure identical thermal behav-
iour. A more detailed description of the V-Track wheel assembly can be
found in [26]. The angular velocities of the driving steel frame and the
wheel axle were recorded by two separate encoders with a data acqui-
sition rate of 16.67 kHz. Propelled by a motor through the driving steel
frame, the wheel assemblies moved at a constant velocity of 16 km/h
along the track in this study. The wheel angular velocity was initially
controlled to approximately 68.4 rad/s. A braking torque was then
applied to one V-Track wheel with another motor to generate the desired
slip ratio from 2 % to 35 % and the wheel-rail longitudinal force. At the
same time, the temperature field as close as possible to the contact patch
was measured. Note that the applications of the braking torque effec-
tively changed the wheel angular velocity but had a trivial influence on
wheel assembly translation velocity, which was kept constant by the
frame-driving motor. A 4000-N vertical (normal) wheel load, producing
a maximum contact pressure of 1.01 GPa, which is similar to that in the
field, was applied via the primary suspension of the wheel assembly
(shown as two springs in Fig. 2(b)). The angle of attack was designed to
be as small as possible to minimize the wheel-rail lateral force. The
wheel-rail contact forces were recorded via dynamometers [35] with a
data acquisition rate of 16.67 kHz.

As shown in Fig. 2(c), a ring track with a radius R of 2 m is mounted
onto 100 uniformly distributed sleepers using fastenings. It consists of
five rail sections made of different materials—B360, R370, R350 HT,
and R260—that are connected through five rail joints, i.e., J1-J5. The
rails have identical profiles, featuring a head curvature radius of 60 mm.

Fig. 3 shows a close-up view of the installation of the thermal camera
used to measure the contact temperature in the V-Track. To capture the
temperature field as close as possible to the contact patch, a high-speed
infrared thermal imaging camera (FLIR X6900sc) was securely mounted
on a customized steel frame on the trailing side of the wheel. Moving in
synchronization with the wheel assembly, the camera focused on the
running band just behind the wheel-rail contact area, enabling the
measurement of contact temperature immediately after wheel passage.
The thermal camera was connected to a remote-controlled laptop, as

Rolling direction
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shown in Fig. 2(a), for data acquisition. The temperature data were
recorded with a sampling frequency of 1 kHz for more than 20 s, during
which the wheel assembly ran seven cycles along the track. The
measured temperatures, ranging from 250 to 670 °C, were pre-
determined on the basis of the FE simulation results. The calibrated
emissivity value for the rail surface is 0.83 (with a standard deviation of
4 %).

To target the camera as close as possible to the wheel-rail contact
area, a small projection angle 6, i.e., the angle between the projection
line of the camera and a horizontal line (shown in Fig. 3(b)), is desired.
Moreover, to avoid possible collisions between the camera and the rail, a
safe distance from the lens to the rail top is needed, which results in an
angle of @ = 11° in this study. The distance from the trailing edge of the
camera-targeting patch (denoted by the red solid semicircle in Fig. 3(b))
to the wheel-rail contact patch (denoted by the yellow solid semicircle)
can be calculated via Eq. (5):

[ = rtan(arctan(h/d)/2) (5)

where [ is the distance from the camera-targeting position to the centre
of the wheel-rail contact patch, r is the wheel radius, which equals
65 mm, h denotes the distance from the lens centre to the rail top sur-
face, approximately 5.5 mm, and d is the longitudinal distance between
the lens centre and the camera-targeting position, which is 28.5 mm.
The value of [, which is equal to 6.25 mm, can be calculated via Eq. (5).
We use 2a to denote the longitudinal length of the contact patch. By
dividing (l-a) by the translational wheel speed of 16 km/h, a time lag of
the temperature measurement after wheel-rail contact can be obtained,
which is 1.09 ms. The simulated contact temperatures after 1.09 ms
were thus compared to the measured rail surface temperatures, which
will be presented in Section 3.3.

2.3. Slip ratio calculation

The slip ratio is defined as the difference between the translational
velocity and the circumferential velocity of the wheel divided by its
translational velocity. As mentioned before, two encoders installed in
the test rig were applied to record the angular velocity of the driving
steel frame wg and the wheel axle w. The translational velocity of the
wheel assembly V,, can then be obtained on the basis of the driving steel
frame velocity wg and ring track radius R according to Eq. (6):

Vp:deR (6)

However, when Eq. (6) was used to calculate the wheel translation
velocity V), a sine-wave pattern was observed over the angular position
(location as an angle measured from a fixed reference point) along one
ring-track circle, as shown by the black curve in Fig. 4. This was a
measurement error induced by a slight misalignment between the
encoder centre and the rotational centre of the driving steel frame. The

Thermal
camera

"~ Camera-
targeting patch

(b)

Fig. 3. Installation and position of the thermal camera. (a) Camera installed on a customized steel frame; (b) camera-targeting patch.
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Fig. 4. Two methods to obtain the translational velocity of the wheel assembly
during the measurement.

measurement error exceeded 10 %, with an average value of 16 km/h
and a maximum value of over 18 km/h, which is unacceptable for the
next-step slip ratio estimation, where high-precision velocity measure-
ments are needed.

An alternative method to calculate the wheel translation velocity was
thus proposed, as defined in Eq. (7):

Vo =wwo X1 (2]

where wy, is the angular velocity of the wheel under free rolling contact
conditions: a nominal zero longitudinal wheel-rail friction force was
achieved by applying a small positive torque to the wheel axle to
overcome the negative torque induced by mechanical friction, e.g., from
the gearbox. In wheel-rail free rolling contact, the slip ratio is also zero,
e., the wheel translation velocity equals the wheel circumferential
velocity, because the wheel-rail friction force is zero. The measured
translation velocity obtained with this alternative method is also pre-
sented in Fig. 4, which presents a steady trend along the track circle.
Consequently, the measured slip ratio can be calculated via Eq. (8):

Sinfwriwwofw

x 100% (€)]
Vi WDyo

where S denotes the slip ratio, V, is the wheel translation velocity, and @
is the wheel angular velocity.

3. Results
3.1. Measurement data processing

A regression analysis was conducted in this study to correlate the
measured slip ratio and the temperature during braking. However,
because the wheel velocities (and thus the slip ratio calculated on the
basis of wheel velocities via Eq. (8)) and temperature data were
measured separately, each using separate timing systems, data syn-
chronization was required to conduct the regression analysis accurately.
Fig. 5 presents the measured temperature data and the synchronized slip
ratio during a wheel braking process. The synchronization method is
described below. In Fig. 5, the temperature data points at each instance
represent the measured peak temperature within the camera-targeting
patch, as presented in Fig. 3(b). The labels S1-S5 and J1-J5 corre-
spond to the rail sections and joints depicted in Fig. 2(b). The moments
at which the wheel passes the joints are denoted by the vertical pink
dashed lines and were determined from the angular positions along the
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Fig. 5. Maximum temperature within the camera-targeting patch and the
slip ratio.

track that were recorded together with the wheel velocities. As illus-
trated in Fig. 5, the wheel travelled in a braking manner from the rail
Section 1 (S1) to Section 4 (S4) between 4.45 s and 7.2 s. Subsequently,
after passing Joint 5 (J5) at 7.25 s, the wheel returned to S1 for the next
cycle. Throughout the wheel braking process from 4.45s to 8s, the
temperature increased from 250 °C to 670 °C. Note that the temperature
data beyond the predefined measurement range, i.e., from 250 °C to 670
°C, were truncated in the measurement. In the subsequent regression
analysis, this truncated data was excluded to ensure accuracy. Corre-
spondingly, the slip ratio, which was calculated via Eq. (8), increased
from approximately 2-35 %.

The maximum temperature within the camera-targeting patch and
the slip ratio were initially synchronized by shifting the data so that they
corresponded at the joints and then assessed with a frequency domain
analysis for fine-tuning. The locations of the joints (pink lines) were
known for the slip ratio measurement (blue curve) because it was
measured together with the wheel angular position along the ring-track
circle. The locations of each joint are indicated with two pink vertical
lines, one for entry and the other for exit of the joint. In the temperature
measurement (orange curve), peaks (P1, P2, and P3 in Fig. 5) were
identified at joints of poor quality because such joints have a locally
reduced wheel-rail contact area and thus increased contact pressure,
increasing the temperature. These joints were J3, J4 and J5. The tem-
perature curve was shifted so that J3, J4 and J5 matched their locations
in the slip ratio curve, and the two curves were roughly synchronized.

To obtain more accurate synchronization, a frequency-domain
analysis was performed. A power spectral density (PSD) analysis of
the measured temperature and slip ratio at S3 is shown in Fig. 6. Both the
PSDs of the slip ratio and temperature data exhibit a dominant frequency
at 118.5 Hz, denoted by the vertical black dashed line in Fig. 6. This
frequency corresponds to the P2 resonance of the wheel-rail system in
the V-Track [36] and indicates a notable correlation between the
measured temperature data and the slip ratio data. The temperature and
slip ratio data were then filtered with passband frequencies of
118-119 Hz. The filtered results before synchronization are displayed in
Fig. 7(a).

A correlation analysis was then used to synchronize the measured
slip ratio and the temperature by calculating their correlation co-
efficients P [37] across various time shifts to find the best alignment. P
quantifies the linear relationship between two variables, ranging from
—1 (fully negative) to + 1 (fully positive). Before the frequency-domain
synchronization, P was —0.13, i.e., the case in Fig. 7(a). The measured
slip ratio was then incrementally shifted, and the correlation was
calculated at each step until P achieved 0.98, as shown in Fig. 7(b),
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indicating that the two signals were well synchronized.

3.2. Regression analysis

The analytical model presented in [11] indicates a linear correlation
between the slip ratio and the maximum contact temperature when the
contact pressure and thermal parameters are constant. Although the
temperature measured in this study was not the maximum temperature
within the contact patch, but the temperature field immediately behind
the contact patch, given the absence of a known relationship, a linear
regression analysis was employed to process the measurement data.
Future research can be conducted to further characterize this relation-
ship. Based on the linear regression analysis, the correspondence be-
tween the measured slip ratio and temperature was obtained via Eq. (9):

T =8.36 x S+ 260 )

where S and T are the measured slip ratio and temperature (°C),
respectively. The coefficient of determination, R?, was calculated to be
0.72, indicating that approximately 72 % of the variability in the
dependent variable T can be explained by the independent variable S in
the regression Eq. (9). The temperature T measured from 5.8 s to 7.7 s
(mostly ranging between 250 °C and 670 °C) as a function of the slip
ratio S, as well as the derived linear regression fitting, are plotted in
Fig. 8. The regression equation performs well in fitting the data; there-
fore, the wheel-rail contact temperatures can be estimated on the basis
of this regression equation with input slip ratios. The remaining 28 % of
the variability that cannot be explained by the linear regression
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relationship may be due to the contact pressure varying over time in
real-life wheel-rail rolling [38], and the thermal parameters could need
to be further calibrated.

3.3. Model validation

3.3.1. Simulation cases and results

The previous section demonstrated the linear correlation between
the wheel-rail contact temperature and slip ratio and the possibility of
predicting the contact temperature on the basis of the slip ratio. Three
slip ratio scenarios—5 %, 10 %, and 15 %—were then simulated via the
FE method presented in Section 2.1. In the measurement, we measured
the wheel-rail contact temperatures under continuous variation of the
slip ratio from low to high along the track with four different rail grades
used in the V-Track test rig, as shown in Fig. 2(c). The 5 % and 10 % slip
ratio scenarios took place with the rail grade R350HT, and the 15 % slip
ratio scenarios occurred with the rail grade R260. To ensure consistency
with the experimental conditions, two distinct sets of temperature-
dependent material parameters widely used in wheel-rail thermo-
mechanical behavior modelling were incorporated into the material
modelling. The two material parameter sets, with one set detailed in
Tables 1 and 2 and the other in Table 3, result in a total of six simulation
cases, as summarized in Table 4. The material parameters provided in
Table 1 and Table 3 also illustrate that the same rail type may have
different mechanical material parameters at different temperatures,
especially the yield strength. The simulated contact temperature on the
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Fig. 8. Linear regression analysis of the measured slip ratio and temperature.
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Table 4
The simulation cases of the FE model.
Material type Slip ratio and Rail grade
Material set of rail (parameters in 5 %, 10 %, 15 %,
Table 1&2) R350HT R350HT R260
(case 1) (case 2) (case 3)
Material set of rail (parameters in 5 %, 10 %, 15 %,
Table 3) R350HT R350HT R260
(case 4) (case 5) (case 6)

rail along the rolling direction for case 5 (slip ratio =10 % and rail grade
R350HT) at 2.7 ms is plotted against the simulated wheel-rail contact
pressure in Fig. 9(a).

As shown in Fig. 9(a), the maximum wheel-rail contact pressure
during the simulation is 1048 MPa. The peak temperature is 330 °C and
occurs at the trailing edge B of the contact patch, whereas the minimum
temperature is found at the leading edge A, which is consistent with the
findings reported in [11,39]. A gradual increase in contact temperature
is observed from the leading area to the trailing area. This is because the
wheel and rail materials, with their ‘initial temperatures’ accumulated
in the previous contact cycles, flow into the contact patch from the
leading edge, and the contact-induced heat is accumulated during
wheel-rail friction rolling until the materials exit the contact patch at the
trailing edge.

The temperature-time history of the trailing-edge node in the middle
of the contact patch is presented in Fig. 9(b). As mentioned in Section
2.2, the infrared camera employed in this study captured the flash
temperatures on the rail head after 1.09 ms of wheel passage; the
simulated temperatures were thus extracted 1.09 ms after wheel pas-
sage, i.e., 1.09 ms after the peak temperature occurred at the trailing
edge of the wheel-rail contact patch, as indicated in Fig. 9(b).

Fig. 10 shows the time histories of the temperature and slip ratio
simulated with case 5 (slip ratio = 10 % and rail grade R350HT). As
shown in Fig. 10, the simulated slip ratio, calculated via the method
presented in [40], fluctuates between 9 % and 11 %, with an average
value of 10 %, aligning with the initial setting of simulation case 5. In
addition, the simulated temperature also varies with time, with an
average temperature of 317 °C and a fluctuation margin of 4 %. This
average temperature was then taken as the simulation result to compare
with the measured temperature under the same slip ratio conditions.
The fluctuations in the simulated slip ratio and temperature should be
attributed to the dynamic interactions between the wheel and rail,
during which the contact stress and wheel motion vary with time [38].

3.3.2. Comparison with measurements
Fig. 11 presents a comparison between the simulated temperatures
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Fig. 10. The time histories of the simulated contact temperature and slip ratio.

and the measured temperatures with three different slip ratios and two
sets of material parameters. The measured temperatures at different slip
ratios were obtained via Eq. (9). The simulation results for all six cases
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Fig. 9. Numerical solution within the contact patch of case 5 at 2.7 ms. (a) Temperature field and contact pressure on the rail surface; (b) the temperature change
over time of the node corresponding to the peak temperature within the contact patch.
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were obtained as described in Section 3.3.1.

As shown in Fig. 11, the measured and simulated temperatures
exhibit the same increasing pattern as the slip ratio increases from 5 %
to 10 % and then to 15 %. The measured contact temperatures are 302
°C, 343 °C, and 385 °C for slip ratios of 5 %, 10 %, and 15 %, respec-
tively. When the material sets from Tables 1 and 2 are used, the simu-
lated temperatures for slip ratios of 5 %, 10 %, and 15 % are 278 °C, 310
°C, and 347 °C, respectively, which are slightly lower than those simu-
lated using the material set from Table 3: 282 °C, 317 °C, and 360 °C.
Since the simulated results obtained with the two parameter sets are
close to each other and in reasonable agreement with the measurement
results, a conclusion can be drawn that both parameter sets can repre-
sent the thermomechanical material properties of rail steels when the
temperature is below 360 °C.

The maximum relative errors for the cases with the three slip ratios
are 7.9 %, 9.6 %, and 9.9 %. The discrepancy increases with the slip
ratio and may be because the initial temperature (200 °C) assumed in
the simulations for all three slip ratio cases is lower than that under
actual conditions. In particular, for the higher slip ratio case (15 %), a
higher residual temperature, and thus initial temperature, can accu-
mulate from previous wheel-rail contact cycles. Future work should
measure the flash temperature of wheel and rail surfaces immediately
before they come into contact, e.g., using an infrared camera targeting
the front side of the wheel-rail interface and then providing a more
accurate input of initial temperature to the simulation.

4. Conclusions, discussion, and future work

In this study, a thermomechanical finite element (FE) model for
simulating wheel and rail interactions during braking was developed
with two different temperature-dependent mechanical and thermal
material parameter sets. This model was experimentally validated up to
approximately 360 °C for the first time on the TU-Delft V-Track test rig
under the same contact conditions in terms of the contact pressure, slip
ratio and coefficient of friction. After processing the measurement data,
including the calculation of the slip ratio and data synchronization, a
regression analysis was conducted between the measured contact tem-
perature and slip ratio. Comparisons were then made between the
measured and simulated contact temperatures under three high slip
ratio scenarios. The following conclusions and insights from the dis-
cussion are derived from this study:

1) The contact temperatures simulated with the developed thermo-
mechanical FE model achieve reasonable agreement with the
experimental results across slip ratios of 5 %, 10 % and 15 % in terms
of the values and variation trends. The maximum error between the
simulations and measurements is within 9.9 % up to 360 °C, which is
acceptable for engineering applications.

The match of the simulated and measured contact temperatures

suggests that the proposed model is accurate for simulating wheel-

rail contact with thermal effects and that the employed
temperature-dependent parameters are reliable for representing the
thermomechanical properties of rail materials.

3) A linear relationship was identified between the measured slip ratio
and contact temperature. 72 % of the variability in the measured
temperature can be explained by the slip ratio in the linear regression
equation. The remaining 28 % of the variability that cannot be
explained linearly may be due to the contact pressure varying over
time during real-life wheel-rail rolling.

2

—

The maximum contact temperature is of the most concern in the
previous research as it significantly influences contact behavior and the
subsequent interface deterioration. In this study, for the experimental
validation of the FE thermomechanical model with high slip ratios,
which has rarely been addressed in previous research, the contact
temperature was measured at a 1.09 ms lag behind the contact patch.

Tribology International 209 (2025) 110666

The validated FE model then enables the computation of temperature
distributions across the contact patch, including the maximum contact
temperature. These findings support the reliability of the proposed
modelling approach and provide a basis for further investigations into
the thermal effects of wheel-rail interactions under high slip conditions.

To further improve the accuracy of the thermomechanical model,
more accurate input of the initial temperature of the contact bodies is
desirable. In addition, it can be helpful to consider the thermal radiation
and convection to the air and the temperature-dependent coefficients of
friction. Finally, the thermomechanical model should be better able to
account for the contact profile alterations during wheel contact since
severe wear can be induced by high slip ratios and elevated
temperatures.
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