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Polygonal wear is a type of damage commonly observed on the railway wheel tread. It induces wheel-rail impacts
and consequent train/track components failure. This study presents a finite element (FE) thermomechanical
wheel-rail contact model, which is able to cope with the three possible generation and development mechanisms
of polygonal wear: initial defects, thermal effect, and structural dynamics. The polygonal wear-induced impact

contact and further development of wear are simulated. The simulated elastic contact solutions are verified
against the program CONTACT. Different material properties (elastic, elasto-plastic and elasto-plastic-thermo, i.
e. with thermal softening) and initial polygonal profiles are then applied to the FE model to investigate the
influence of wheel/rail material and wear amplitude on wheel-rail contact stress and wear development. The
simulations indicate that the wheel-rail impact-induced temperature may reach up to 362 °C at the contact
interface, and the high temperature at the contact area influences wheel-rail contact stress and wear depth.

1. Introduction

Polygonal wear is typical damage that occurs on the wheels of lo-
comotives, metros, and high-speed trains [1-3]. High-amplitude vibra-
tions induced by the impacts between rails and polygonal wheels
accelerate train and track degradation and radiate high-level noises [4].
Severe polygonal wear threatens the safety of railway operations and
adversely affects ride comfort of passengers [5]. To mitigate the effects
of polygonal wear, a better understanding of its initiation and devel-
opment mechanisms is needed.

The initiation and progression of polygonal wear on railway wheels
can be influenced by three principal mechanisms, as identified in the
previous research. Firstly, initial defects play a crucial role, arising from
factors such as the wheel re-profiling process [6,7], uneven material
properties [8], and static and dynamic imbalances [9]. Secondly, the
natural vibrations within the train-track system may contribute to
polygonal wear formation, driven by resonance frequencies from the
vehicle components (e.g. wheelsets [10,11], bogie frames [3], and linear
induction motors [12]), track components (e.g. rail bending vibration
modes [13]), and train-track interactions including stick-slip oscillations
[14], P2 resonance [15], and frictional self-excited vibrations [16].
Lastly, the thermal effect between the wheel tread and braking blocks
[17,18] may further influence the development of polygonal wear.
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Studies on the formation and growth of wheel polygonal wear have
been conducted with numerical modeling. A general approach is to
simulate wheel-rail contact and consequent wear by coupling a multi-
body dynamics (MBD) model with a wear prediction model considering
initial defects [19]. The initial wheel defects and wheel/rail structural
dynamics, as possible mechanisms of wheel polygonal wear generation
and development, can be considered in the MBD models. The initial
polygonal wear profile of wheel could be simplified as one or several
mixed harmonic waves. The number of waves along the wheel circum-
ference is regarded as the ‘order’ of the polygonal wear. The core con-
nections between a MBD model and a wear model are wheel-rail contact
solutions, i.e. the normal and tangential contact stresses and micro-slip
distributions.

Morys [20] built up a three-dimensional (3D) MBD model of an ICE-1
carriage. Hertzian theory and FASTISM [21] were used to calculate the
normal and tangential contact solutions, respectively. The study pre-
sented the simulation results of the evolution of the worn profile, which
was assumed to be proportional to the wear energy, and concluded that
the low-order polygonal wear could be developed into higher-order
harmonics. M. Meywerk [22] built up an MBD model with a wheelset,
in which the wheel axle and rims were treated as flexible beams, and the
bogie was simplified as a rigid frame. Kalker’s linear theory [23] and
Hertzian theory were employed to deal with the contact solutions. The
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study concluded that the phase shift of the left and right wheel profiles
may influence the growth of polygonal wear, and the first and second
bending modes of the wheelset axle are dominant contributors to
polygonal wear growth. Andersson and Johanssons [15,24] developed a
model incorporating multi-rigid body wheelsets and a bogie frame, as
well as finite element rails. Hertzian theory and Shen-Hedrick-Elkins
model [25] were employed to calculate contact solutions. They
concluded that the P2 resonance could cause the 5th, 6th, and 7th-order
polygonal wear, and the track modes are the main causes of the 14th to
20th-order polygonal wear. To deal with non-elliptical wheel-rail con-
tact that occurs in the real-life operations [26], some MBD models
applied non-Hertzian contact theories, e.g. ANALYN [27], modified
Kik-Piotrowski [28] and FaStrip [29]. However, because wheel/rail
material nonlinearities cannot be treated properly with the aforemen-
tioned contact methods, hardly can the MBD models accurately simulate
polygonization-induced impact contact, where plasticity occurs, and be
used to predict the further development of wear. To cope with the ma-
terial nonlinearities, complex wheel-rail contact geometry, and dynamic
effects involved in the wheel-rail interactions, explicit finite element
(FE) contact modeling [30] has been broadly adopted to calculate
wheel-rail dynamic contact, such as the polygonal wear-induced and
flat-induced wheel dynamic responses [31,32]. However, few of them, if
any, have been combined with wear models to analyze the initiation and
further development of polygonal wear.

In addition, it has been found that the heat induced by wheel-rail
frictional contact may significantly influence the material properties
and consequently the evolution of wear [33]. Hence, friction-induced
heat has been considered in some FE contact models. Asih [34] devel-
oped a two-dimensional (2D) FE model which applied an analytical
moving heat flux on the rail to investigate the thermal effect on the wear
rate of the rail. It was concluded that the transition from mild to server
wear could happen when the temperature is above 350 °C. Wu et al. [35]
built a 2D FE rail model and applied an instantaneous heat source to
analyze the thermal effect on the rail. They concluded that the thermal
effect influences the residual stress, deformation, and plastic strain of
the rail. Vo et al. [36] compared the wheel-rail contact temperatures
calculated with a 2D model and a 3D model, and found that the peak
temperature on the rail calculated with the 2D model was overestimated
because the thermal energy emission in the transverse direction was
overlooked. Besides the limitation of the Hertzian elastic assumption
used in the moving heat sources, all the studies above prescribed the
thermal effect in the wheel-rail contact load. In other words, the thermal
effect that should be influenced by frictional contact were not updated in
the simulations. To obtain more accurate contact solutions with the
consideration of thermal effect, Naeimi et al. [37] proposed a 3D dy-
namic FE wheel-rail contact model that couples the mechanical and
thermal load to investigate the stress-strain responses and flash tem-
perature on the rail surface. Considering the temperature-dependent
nonlinear material properties, the temperature and stress field in the
contact patch with a single wheel passage were obtained. The study
concluded that the thermal softening of material induces higher
von-Mises stresses and larger plastic deformation. The thermomechan-
ical FE modeling approach proposed in [37] was then applied by Lian
et al. [38] to study the fatigue life and wear behavior of a rail with
multiple wheel loads. The thermomechanical FE model has been applied
to study the stress and the flash temperature of the corrugated rail [39].
To the best of the authors’ knowledge, an analysis of thermal effect on
wheel polygonal wear has not been conducted.

In this study, a 3D FE thermomechanical wheel-rail contact model is
presented to simulate polygonal wheel-rail interactions. The model is
able to cope with the three possible generation and development
mechanisms of polygonal wear: initial defects, thermal effect, and
structural dynamics. In combination with Archard’s wear model [40],
the further development of wear is predicated. The FE model is built up
based on the parameters of an in-house test rig—V-Track [41,42], to
facilite the next-step model validation. Kalker’s CONTACT program [43]
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is used to verify the elastic contact solutions obtained with the proposed
FE model. Simulations using different wheel/rail material properties
and initial wheel profiles are then conducted to investigate the in-
fluences of plasticity, the thermal effect, and initial defects on wheel-rail
contact stress distributions and wear development.

2. Modeling
2.1. The FE thermomechanical model

Fig. 1 shows the 1/7 downscaled V-Track test rig and the FE ther-
momechanical wheel-rail contact model. The parameters used in the FE
model are listed in Table 1. In the V-Track, the wheel assembly mounted
on a steel frame can be powered by two motors and run along the ring
track. One motor drives the steel frame together with the wheel as-
sembly to run with a controllable translational velocity, and the other
can provide a negative or positive torque to the rolling wheel to simulate
a braking or traction loading condition. The V-Track has been proven to
be able to reproduce real-life wheel-rail frictional rolling contact and to
investigate the related problems [44,45]. In addition, the V-Track
demonstrates notable dynamic similarity to real vehicle-track systems
[46,47]1, which is important for the reproduction of wheel polygonal
wear. Fig. 1(a) (and a close-up in Fig. 2) shows an example of wheel
polygonal wear that was successfully produced in the V-Track test rig
with the operational condition that the wheel speed was 13 km/h, and
the wheel-rail normal, lateral and longitudinal contact forces were 4000
N (corresponding to the contact pressure of 1100 MPa), 80 N, and 1800
N, respectively.

In the FE model, the cylindrical wheel, rail, and sleepers are modeled
with 8-node solid elements, as shown in Fig. 1(b). The fastenings and the
ballast (physically modeled with clamps and rubber pads in V-Track) are
modeled with spring-damper elements. The car body and bogie, which
are physically modeled in V-Track with the steel frame, are simplified as
lumped mass elements connected to the wheel axle with spring-damper
elements which represent the primary suspension. The total length of
the rail model is 3.07 m (with 24 sleeper spans) including a solution
zone with a length of 0.17 m. To increase computation efficiency, a
partially refined mesh strategy is applied. The solution zones on the
wheel and rail have a fine mesh with a size of 0.14 mm (along the x-axis)
x 0.20 mm (along the y-axis) x 0.20 mm (along the z-axis). The di-
rections of the axis can be found in Fig. 1(b). The minor axis of the
contact patch includes 20 elements along the running direction, which is
sufficient for obtaining accurate contact solutions, as reported in [48].

An implicit-explicit sequential analysis is conducted to simulate
wheel-rail frictional rolling contact. A static equilibrium of wheel
loading on the rail is first performed in the commercial software ANSYS,
in which the longitudinal and lateral degrees of freedom of the wheel
axle are constrained. An explicit analysis is then conducted to simulate
wheel rolling along the rail. The longitudinal constraint of the wheel
axle is released in the explicit simulation. This study simulates wheel
rolling with high longitudinal creepage, although high lateral creepage
may contribute to the formation of polygonal wear [10,11,14] and can
be simulated with the explicit FE analysis [49]. That is because this
study aims to investigate the polygonal wear observed in the V-Track
(shown in Fig. 1(a)), in the operational conditions of which the lateral
creepage was controlled to a very small level, and the measured
wheel-rail lateral contact force was only 1/22.5 of the longitudinal
force. In the implicit-explicit sequential analysis, the nodal displace-
ments obtained by the static equilibrium are taken as initial conditions
for the explicit analysis. A positive torque is applied to the axle to
simulate a driving wheel case. Three different types of materials, listed
in Table 2, are applied to the wheel and rail models to investigate the
influences of material plasticity and thermal effect on wheel-rail contact
stress and wear development. The elasto-plastic material is simulated by
a bilinear representation. The thermal softening is simulated by using
temperature-dependent mechanical and thermal material parameters
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(a) A V-Track wheel with polygonal wear
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Running direction
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(b) The FE wheel-rail contact model

Fig. 1. The V-Track test rig and corresponding 3D FE thermomechanical wheel-rail contact model.

Table 1

Input parameters of the FE model.
Symbol (units) Parameters Value
po (kg/m>) The density of wheel, rail, and sleeper material 7800
m (kg) Total weight of the mass element 40
L (m) The initial length of the primary suspension 0.0574
K, (kN/m) Stiffness of the primary suspension 11.5
Cp (N-s/m) Damping of the primary suspension 5
Ky (kN/m) Stiffness of the fastener 2220
Cr (N-s/m) Damping of the fastener 21
Kp (kN/m) Stiffness of the ballast 370
Cp (N-s/m) Damping of the ballast 32
f Coefficient of friction 0.45
R (mm) Initial radius of the wheel 65
R’ (mm) Principal radii of rail 120
T (°C) Ambient temperature 25

Fig. 2. Observed polygonal wear on a V-Track wheel with the cylindrical tread.

Table 2
The material models used in the simulations.

Material Type Parameters Value (unit)
Elastic Young’s modulus, E 210 (Gpa)
Poisson’s ratio, v 0.3
Elasto-plastic Young’s modulus, E 210 (Gpa)
Poisson’s ratio, v 0.3
Yield stress, o, 483 (MPa)
Tangent modulus, G~ 21 (Gpa)

See the mechanical and thermal
parameters in Tables 3 and 4

Elasto-plastic-thermo with thermal softening

Table 3
Temperature-dependent mechanical material parameters.
Temperature, Young’s Poisson’s Yield Coefficient Hardening
T (°C) modulus, ratio, v stress, of thermal modulus,
E (Gpa) oy expansion, E, (Gpa)
(MPa)  a(x10®
oC-l)
24 213 0.295 483.0 9.89 22.7
230 201 0.307 485.1 10.82 26.9
358 193 0.314 418.8 11.15 21.3
452 172 0.320 3324 11.27 15.6
567 102 0.326 151.1 11.31 6.2
704 50 0.334 45.0 11.28 1.0
900 43 0.345 13.4 11.25 0.1
Table 4

Temperature-dependent thermal material parameters.

Temperature, T Specific heat capacity, c (J/  Thermal conductivity, 2 (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

listed in Tables 3 and 4, respectively.

The thermal conductivity is scaled by a factor of 1/7, according to
the scaling strategy [50], to be consistent with the scale of V-Track. The
calculations of the contact stress and friction-induced temperature rise
(i.e. thermal effect) are coupled in the FE thermomechanical wheel-rail
contact model [37].

2.2. Polygonal wheel profile

The polygonal worn profile applied to the wheel model is assumed as
a harmonic wave given in Eq. (1):
R,(6) = R+ A-sin(N-0)(0° < 0 < 360°) €8
where R, (0) is the varying radius of a polygonal wheel; R is the original

radius of a round wheel; A is the amplitude of the polygonal wear; and N
is the order number of the polygonal wear. N = 68 is used in this study,
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corresponding to a wavelength of 6 mm, which is consistent with the
observed wear wavelength of the V-Track wheel shown in Fig. 2. 6 is the
corresponding angle in the polar coordinate. In this study, 6 also in-
dicates the angular displacement of wheel rolling over the original po-
sition O, which increases from 0 to 90 degrees in the simulations, as
shown schematically in Fig. 3.

2.3. Wear simulation

Archard’s wear model has been proven to be reliable for wheel-rail
contact-induced wear predictions [51,52]. It is employed in this study
to predict wear development induced by polygonal wheel-rail impact, as
given in Eq. (2):

NS
Ar = k— 2
r i 2

where Ar is material loss depth, k is wear coefficient, N is normal contact
stress between contact surfaces, S is relative sliding distance between
two contact surfaces, and H is Vickers’ hardness of the material. The
wear coefficient k can be identified based on the coefficient map pre-
sented in [51], along with the contact load and relative sliding velocity
calculated with the FE wheel-rail contact model. According to the
wheel-rail contact simulation results (to be presented in Section 4), the
wear coefficient k is taken as 10" which is based on the measurement of
the wear depth of the wheel in Fig. 2. The Viker’s hardness H is 261 MPa,
which was measured via a hardness test on a V-Track wheel. The thermal
effect and influence of plastic deformation on the hardness are ignored
in the simulation. The wear depth of the wheel can thus be calculated
using Eq. (2) at each time step based on the FE simulation results, i.e.
micro-slip and the surface contact stress.

3. Model verification

Accurate calculations of contact are crucial for wear predictions. To
verify the accuracy of the FE contact solutions obtained in this study,
they are compared to the solutions calculated with the widely-accepted
CONTACT program. Because CONTACT deals with steady-state elastic
contact without the consideration of the thermal effect, the contact so-
lutions obtained with the two elastic FE models (here named model E
and model E-POL, for the ones with the round and polygonal wheel
profiles, respectively) are compared to the CONTACT solutions in Sec-
tions 3.1 and 3.2. For model E-POL, the amplitude of the polygonal
profile A is 0.029 mm, which equals to 1/7 (the scale of the V-Track) of
the manufacturing tolerance of high-speed trains (where wheel polygons
are commonly observed)—0.2 mm [6].

3.1. Elastic contact with a round wheel
A 87.75 N-m constant positive torque is first applied to model E,

resulting in a traction coefficient of 0.27. A partial-slip contact case
could then be simulated (considering the traction coefficient is smaller

v

Wheel N N

Rail ;

0 0

Fig. 3. The angular displacement that the wheel rolls over the rail in
the simulation.
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than the coefficient of friction 0.45 listed in Table 1), which is a critical
characteristic of the frictional rolling contact [53]. Fig. 4(a), (b), and (c)
show the comparisons between the FE contact solutions (model E at
instant 9.84 ms) and CONTACT results in terms of the traction bound (i.
e. the normal stress F, times the coefficient of friction f), surface shear
stress F;, and micro-slip distributions. The slip and adhesion area within
the contact patch can be distinguished by comparing the surface shear
stress to the traction bound: the contact is in adhesion when the surface
shear stress is blow the traction bound, and the contact is in slip when
they are equal.

It could be seen that the contact stresses, i.e. the traction bound and
surface shear stress, calculated with the FE model and CONTACT agree
reasonably with each other. Differences are observed in the micro-slip
calculations in the center line along the longitudinal axis (y = 0 mm)
and in the vector graph within the contact patch, as shown in Fig. 4(b)
and (c), respectively. The differences may result from the dynamic ef-
fects inherently involved in the FE modeling [48] but ignored in CON-
TACT. A better agreement can be achieved when the dynamic effects are
mitigated in the FE modeling, e.g. by applying a gradually increased
functional driving torque to facilitate the dynamic relaxation [54,55].
This study represents the torque applied to the FE model with a cosine
function, as given in Eq. (3):

M
2(1 — cos(m/to)’t <o 3)

Mt >ty

T(t) =

where T (t) is the time-dependent torque, t is the running time of the
wheel, M is the maximum value of the torque, and ¢t; is the duration
required to reach M. The torque keeps constant after M is reached. Here,
M=87.75N-m and t; = 2 ms. Fig. 4(d) and (e) show that when the
functional torque is applied, the contact stresses and micro-slips at
y = 0 mm calculated with the FE model and CONTACT have a better
agreement. However, Fig. 4(c) and (f) show that in the FE contact so-
lution, the micro-slips have more significant lateral components close to
the top and bottom edges of the contact patch. To further mitigate the
dynamic effects of the FE solutions, the Rayleigh damping coefficient
used in the FE model is increased from 0.0001 to 0.1. Fig. 4(g), (h), and
(i) compare the contact solutions obtained with the FE model E using the
functional torque and a larger damping coefficient of 0.1 to those ob-
tained with CONTACT. Excellent agreements are achieved, indicating
that reliable contact solutions can be provided by the proposed FE
model.

3.2. Elastic contact with a polygonal wheel

The radius of curvature of the wheel in the rolling direction, as a
critical input for CONTACT, is adjusted to represent a polygonal wheel,
which can be calculated with Egs. (4) and (5) [56]:

(&) + @)1

k(0) = — @
Kz —xz]
x = R,(0)cos(0)

{ z =R,(0)sin(0) )

where k(0) is the radius of curvature of the wheel in the rolling direction,
and 0 is the angular displacement of the wheel defined in Fig. 3. x and
represent the longitudinal and vertical coordinates of the node in the
center line of the wheel tread (y = 0 mm) along the polygonal profile. x
and z are the first-order derivatives. x and z are the second-order de-
rivatives. The contact solutions calculated with the elastic polygonal
wheel model, i.e. model E-POL, at 15 time steps (denoted as t1 to t15 in
Fig. 5) are then analyzed in Figs. 6 and 7. Fig. 5 shows the wheel radial
deviation from the original radius of a round wheel (i.e. the worn profile
defined in Eq. (1)) as a function of angular displacement 6, which covers
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Fig. 7. Comparison between the micro-slip along the axis (y = 0 mm) of the FE model E-POL and CONTACT.

two wavelengths of the prescribed polygonal wear. 15 time steps with an two-point wheel-rail contact occurs, and the corresponding contact
interval of 0.12 ms are selected for the analysis to cover the wheel positions along the wheel profile are indicated by the orange and pink
passage within one wavelength (between 36° and 41.5°). At t5 and t6, vertical lines. Because prescribing the 4 principal radii for contact
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geometry in CONTACT cannot deal with two-point contact, only the FE
contact solutions at t5 and t6 are displayed in Figs. 6 and 7. The contact
positions of the single-point contact cases (t1~t4, and t7~15) are
indicated by blue vertical lines in Fig. 5.

It can be seen from Fig. 6, that the contact stress varies significantly
from t1 to t15 with the change of the wheel contact radius. The pro-
portion of the adhesion area increases slightly from t1 to t4. The surface
stresses are not continuous at instants t5 and t6 due to the two-point
contact. At instant t5, partial slip occurs in the ‘left’ contact patch,
while the adhesion area occupies the whole ‘right’ contact patch. At
instant t6, the ‘left’ contact patch is in slip, and partial slip occurs in the
‘right’ contact patch with a small proportion of slip area. A wheel-rail
impact occurs after two-point contact, indicated by a significant in-
crease in contact area as well as a high proportion of adhesion area at
instants t7~t8. A similar phenomenon has been observed when simu-
lating a wheel-rail impact at an insulated rail joint [53]. The proportion
of the adhesion area then decreases from t9 to t15 due to the rebound
effect.

In Fig. 6, the traction bounds, especially the maximum normal con-
tact stress, calculated with the FE model are generally in line with the
results calculated with CONTACT, despite the presence of the polygonal
profile. However, it is worth noticing that at t7 and t8 the peak normal
contact stress moves forward to the leading side of the contact patch in
the FE solutions due to impact, where the dynamic effects play an
important role. The dynamic effects may also influence the maximum
shear stress located at the border of the slip and adhesion regions: the FE
solutions are lower from t7 to t15.

The corresponding micro-slip distributions along the longitudinal
axis of the contact patch (y = 0 mm) calculated with the FE model and
CONTACT are compared in Fig. 7. The peak values of the micro-slip
calculated with CONTACT are higher than the FE solutions, similar to
the case shown in Fig. 4(b). The difference in the calculated micro-slips
is also believed to be attributed to the dynamic effect since it can be
effectively mitigated by applying a functional torque, as shown in Fig. 4
(e) and (h). Here, in Fig. 7, although the functional torque has been
applied in the FE simulation, the dynamic effect can still be remarkable
because of the wheel polygonal profile and consequently the variation in
contact geometry. The deviation in the micro-slip solutions suggests that
the FE contact modeling with a better representation of dynamic contact
should be applied to the polygonal wheel-rail impact contact study and
further prediction of polygonal wear development.

4. Results and discussions
4.1. Simulation cases

Simulations using different wheel/rail material properties and wheel
profiles are then conducted to investigate the influences of plasticity,
thermal effect, and wheel polygonization on wheel-rail contact stress
distributions and consequent wear development with a single wheel
passage. Cyclic wheel loading, the accumulation of contact temperature,
and their influences on polygonal wear growth can be analyzed using
the explicit FE approach [57] in future research. Three different
wheel/rail material properties (listed in Table 2) are applied to the FE
models, as summarized in Table 5. Corresponding to the three material
models, the FE wheel-rail contact models are named after E-POL,

Table 5
Simulation models with polygonal profile and different material properties.

Material type Simulation models initial wear amplitude

(abbreviation) A (mm)
Elastic E-POL 0.2
Elasto-plastic EP-POL 0.1, 0.2, 0.3
Elasto-plastic-thermo with EPT-POL 0.1, 0.2, 0.3

thermal softening
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EP-POL, and EPT-POL, respectively. Note that model E-POL used here is
the one used also in Section 3 but with a different setup of torque: a
larger torque of 162.50 N-m is applied to model E-POL, as well as the
other two models, in this section to achieve full slip wheel-rail contact.
This is necessary for the examination of thermal effect, which plays a
significant role when the wheel-rail slip ratio is high [37,38]. Three
different amplitudes of polygonal profiles are then applied to model
EP-POL and model EPT-POL, and the results are compared in Section 4.3
to examine the influence of initial defects on wear development.

4.2. Contact stress and wear

4.2.1. Results at one time step

Section 3 has demonstrated that the presented FE contact model is
able to provide reliable elastic contact solutions for polygonal wear
analysis. In this section, we first compare the normal contact stress and
wear depth calculated with the three FE models listed in Table 5 at two
different time steps (denoted as t1 and t2 in Fig. 10 and Fig. 11) because
different wear phenomena are observed. The results are shown in Fig. 8
and Fig. 9, respectively. Because full slip wheel-rail contact is simulated,
where the surface shear stress equals the traction bound and a constant
coefficient of friction is used in this study, the distributions of the normal
contact stress and shear stress follow the same pattern.

Fig. 8(a) shows that the normal contact stress obtained with the
elastic model (i.e. model E-POL) is higher than those of the elasto-plastic
models (i.e. model EP-POL and model EPT-POL), and the stress distri-
butions are symmetrical in the elastic contact solutions, whereas the
peak values shift forward in the elasto-plastic solutions. These corre-
spond well to the results reported in [30,53]. The simulated flash tem-
perature along the longitudinal centre line of the running band
(y = 0 mm) is also displayed in Fig. 8(a), as denoted by the triangular
markers. The temperature increases from the leading area to the trailing
area, which is consistent with the result simulated in [58,59], because
the cool materials enter the contact patch from the leading area and are
heated up gradually due to the friction within the contact patch. In line
with the results reported in [37], the peak normal contact stress simu-
lated with model EPT-POL is higher than the pure mechanical solution
obtained with model EP-POL due to the thermal softening and thermal
expansion/contraction stress. At the central area of the contact patch
(the longitudinal position x ranges from 0 to 0.5 mm, as denoted in
Fig. 8), where the material yields due to high contact pressure and the
flash temperature is around 150 °C, the normal contact stress obtained
with model EPT-POL is higher, partly because the hardening modulus
and the coefficient of thermal expansion increase with temperature in
the range between 24 °C and 230 °C, as indicated in Table 3.

A similar trend can be seen in the wear depth results shown in Fig. 8
(b). According to Archard’s wear model given in Eq. (2), wear depth is
proportional to the normal contact stress when the wear coefficient is
determined. In addition, the sliding distance, or the micro-slip in this
case indicated by the pink curves (dotted, dashed and solid) in Fig. 8(b),
contributes to the calculation of wear depth. We can see that the micro-
slips of model E-POL and model EP-POL are close to each other, whereas
the peak wear depth obtained with model E-POL is larger due to the
higher normal contact stress. When the thermal softening is considered,
the micro-slip is significantly increased (solid curve representing model
EPT-POL). In combination with the increased normal contact stress
shown in Fig. 8(a), the wear depth calculated with model EPT-POL is
significantly larger than that obtained with the model EP-POL. This
indicated that the maximum wheel-rail normal contact stress and wear
are overestimated without considering material plasticity (E-POL vs EP-
POL/EPT-POL), whereas they can be underestimated without consid-
ering thermal effects (EP-POL vs EPT-POL).

The results calculated at a later time step (i.e. instant t2) as shown in
Fig. 9, present a more significant difference in the calculated normal
contact stress obtained with model EP-POL and model EPT-POL. That is
because the flash temperature at this step is higher, about 200 °C at the
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center of contact area. As to the results shown in Fig. 9(b), despite the
smaller normal contact stress, the wear depth obtained with model EP-
POL is greater than that of model EPT-POL, due to the remarkably larger
micro-slip (dashed curve) than that of model EPT-POL (solid curve). This
suggests that, again, the maximum wheel-rail normal contact stress is
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4.2.2. Results along the wheel profile

The analysis of results at one time step (Section 4.2.1) indicates the
contact stress and wear depth may differ with time and slip ratio, the
results along a section of wheel profile are thus analyzed in this section.
In Fig. 10, the maximum normal contact stress calculated with the three
models at a series of time steps (with an interval of 0.06 ms) are plotted
as curves with markers against the polygonal wheel profile plotted as a
solid curve. The markers indicate the peak values of the wheel-rail
normal contact stress calculated at the time steps of concern. In order
to visualize the results of different material models at the same time step,
particularly the results obtained with model EP-POL and model EPT-
POL, a series of curves characterized by an alternating pattern of solid
and hollow dots has been plotted. For instance, the blue hollow dot and
the red hollow dot below it represent the results of the same time step at
tl and t2. The lateral axis indicates the angular displacement that the
wheel rolls over the rail, i.e.  shown in Fig. 3, which covers three
wavelengths of the polygonal profile. The maximum normal stress
curves with markers are not continuous at the troughs of the wheel
profile, because the troughs of wheel profile have no contact with rail,
and two-point contact occurs at locations close to the trough, as pre-
sented in Section 3.2.

Along the wheel rolling direction, the area after the trough and
before the next profile crest is identified as the ‘uphill’ area, whereas the
‘downhill” area is located after the crest and before the next trough. In
general, the normal contact stress increases along the ‘uphill’ profile and
decreases along the ‘downhill’ profile with the variation of the wheel-
rail contact geometry. This finding can be supported by [39], where a
similar trend of the wheel-rail contact stress along the corrugated rail
was presented. The difference between the elastic and elasto-plastic
solutions are as follows: at most of the locations, the normal contact
stresses calculated with the elastic model (E-POL) are higher than those
calculated with the elasto-plastic models (EP-POL and EPT-POL), which
is consistent with the one-time-step results presented in Section 4.2.1;
the normal contact stress peaks of all the time steps obtained with the
elasto-plastic models (EP-POL and EPT-POL) are not at the crest of the
polygonal profile, but a bit forward at the ‘downhill’ area compared to
the results calculated with model E-POL. That is because the maximum
magnitude of the contact stress is located in the leading part of the
wheel-rail contact patch when plastic deformation occurs [30,53].

To examine the effect of temperature, we may see again that the
normal contact stress simulated with model EPT-POL is higher than the
pure mechanical solution obtained with model EP-POL, also in line with
the one-time-step results. Note that the difference occurs mainly at the
‘downhill” area of the polygonal profile. This is because the temperature
induced by wheel-rail contact at the ‘downhill’ area is higher. The
simulated flash temperatures along the polygonal profile are also dis-
played in Fig. 10, as denoted by the orange triangular markers. The
triangular maker shows the peak flash temperature within the contact
patch at the corresponding time step. It can be seen that the temperature
presents a periodic pattern along with the polygonal profile: the tem-
perature is low at the locations just after the wheel profile trough,
because of the two-point contact; and it goes up gradually and reaches
the highest amplitude before decreasing slightly near the next trough. At
the ‘uphill’ areas, the friction power which generates contact heat is
lower because of the lower friction force (contact stress). It thus causes
lower flash temperature. The heat is then accumulated with the increase
of friction force, which causes the increase in temperature. When the
contact position is at the ‘downhill’ area approaching the trough, the
contact stress, and thus friction power (i.e. shear contact stress times
micro-slip, which is not shown), decrease significantly (blue curve in
Fig. 10), causing a reduction in the rate of temperature increase and the
drop of contact temperature near the trough. While the friction power
levels at certain positions at both the ‘downhill’ and ‘uphill’ areas are
comparable, the temperature at the ‘downhill’ region is higher. This
phenomenon can be attributed to the fact that contact temperature is
influenced by both friction power and thermal conduction from adjacent
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positions [60,61]. The increased temperature of the wheel and rail at the
‘downhill” area from the preceding time step rapidly propagates to the
current materials in the contact patch, predominantly contributing to
the higher contact temperature. The simulated peak contact tempera-
ture at the three waves of the analyzed polygonal profile are 362 °C,
315°C, and 275 °C, respectively. These simulation results agree
reasonably with the experimental results obtained from an ongoing
measurement conducted in the V-Track using an infrared camera. A
comprehensive analysis of the measured results and the testing meth-
odology will be presented in a follow-up paper.

The wear depths along the wheel polygonal profile simulated with
the three models are compared in Fig. 11. The maximum wear depth
calculated at the same time steps as those in Fig. 10 are plotted with a
series of curves featuring an alternating pattern of solid and hollow dots
markers against the polygonal profile of the wheel and the flash tem-
perature. By comparing Fig. 10 to Fig. 11, an obvious difference can be
noticed: the wear depth results have two peaks in each wavelength of the
wheel polygonal profile, no matter what material is used. The formation
of the two peaks could be related to the longitudinal compression mode
of the V-Track rail with modal frequency of 2300~2700 Hz [62]. The
wheel profile at the locations of the two peaks of wear depth may
experience heavier material loss, and be developed into new troughs, as
presented in [63]. The wear depth peaks calculated with the elastic
model (E-POL) are significantly larger than those calculated with the
elasto-plastic models (EP-POL and EPT-POL) due mainly to the higher
contact stress. In addition, the positions of the two peaks and the dip
calculated with the elasto-plastic models shift forward to the ‘downhill’
area in comparison with the results of elastic model. The dips between
the two peaks of wear depth are located at the profile crest in the elastic
simulation case, but a bit to the ‘downhill’ area in the elasto-plastic
cases. This suggests that in the elastic contact case, the crests of the
polygonal profile are less worn than the areas close by, and could thus be
developed into higher-amplitude crests in the further cycles; and in the
elasto-plastic case, the low-worn positions occur close to but after the
crests of the polygonal profile.

By comparing the results of the two elasto-plastic models (EP-POL
and EPT-POL), the thermal effect increases the 2nd peaks of wear depth,
which are also located at the ‘downhill’ areas of the wheel polygonal
profile where the simulated contact temperature is higher. The wear
solutions presented in Figs. 8(b) and 9(b) correspond to the results at t1
and t2 in the second wave. It can thus be concluded that the thermal
effect increases the wear depths of the 2nd peak at the ‘downhill’ area
along the wheel profile, but the wear depth can be overestimated after
the 2nd peak at the ‘downhill’ area without considering the thermal
effect. The wear depth increased by the thermal effect of the 1st peak is
not significant because lower contact temperature does not significantly
influence the material properties. The thermal effect should be consid-
ered when a high contact temperature can be reached.

4.3. Influence of the initial wear amplitude

This section investigates the influence of initial defect amplitude on
the development of polygonal wear. Three amplitudes of initial wheel
polygonal profiles are applied to the elasto-plastic models (EP-POL and
EPT-POL): A= 0.014 mm, 0.029 mm, and 0.043 mm (1/7 scaled down
from 0.1 mm, 0.2 mm, and 0.3 mm), denoted by Profile-1, Profile-2 and
Profile-3 in Fig. 12, respectively. Fig. 12 also displays the simulated wear
depths along the prescribed initial profiles. In the legend, EP-POL-1
represents the wear depth simulated with model EP-POL with Profile-
1, etc. We may see from Fig. 12 that the simulated wear depth peaks
increase with the initial wear amplitude, suggesting that the develop-
ment of polygonisation is an accelerating progress: the larger the
polygonal wear, the faster the development is [63]. In addition, the 1st
peak and 2nd peak of the wear depth move closer to the crest of the
profile with the increase of initial wear amplitude, which indicates that
locations at these peaks suffer from large-amplitude wear and result in
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the development of new polygonal profile. Furthermore, for all the
simulation cases, the wear depth simulated with model EP-POL is
smaller than that of model EPT-POL at the 2nd peak along the wheel
profile where the wheel-rail contact-induced temperature is high.

5. Conclusions

To investigate the development of wheel polygonal wear, this study
simulates impact contact between the polygonal wheel and rail using an
FE thermomechanical analysis. The elastic contact solutions with a
round and a polygonal wheel profile are verified against CONTACT
program. The contact stress, temperature, and development of wheel
polygonal wear are then investigated. Simulations with different mate-
rials (elastic, elasto-plastic and elasto-plastic-thermo, i.e. with thermal
softening) and initial amplitudes are conducted to examine the in-
fluences of plasticity, thermal effect, and initial defects on the wheel-rail
contact stress distributions and consequent wear development. The
following conclusions can be drawn from this study:

1) The normal contact stress simulated with thermomechanical model
is higher than the pure mechanical solution involving plasticity due
to the thermal softening and thermal expansion/contraction stress,
especially at locations after the crest of polygonal profile, where the
contact temperature is high. The wheel-rail impact contact stress can
thus be underestimated without considering thermal effects.

10

2) Within a contact patch, the contact temperature increases from the
leading area to the trailing area, because cool materials enter the
contact patch from the leading area and are then heated up during
frictional rolling.

3) The contact temperature presents a periodic pattern along with the
polygonal profile: the temperature is low at the locations just after
the wheel profile trough and it goes up gradually and reaches the
highest amplitude before decreasing slightly near the next trough.
The simulated peak contact temperature at the three waves along the
polygonal profile are 362 °C, 315 °C, and 275 °C, respectively.

4) The material model influences wear depth calculation. The peaks of
wear depth can be significantly overestimated when elastic model is
used. The consideration of thermal effect increases the peaks of wear
depth, especially when the contact temperature is high.

5) The simulated wear depth peaks increase with the initial polygonal
wear amplitude, suggesting that with the increase of wear ampli-
tudes, the development of polygonization is accelerated.
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