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A B S T R A C T

Various models for simulating rail ratcheting behaviour were developed to study rolling contact fatigue (RCF)
damage in rails. However, limitations remain in terms of the accuracy of wheel–rail contact modelling and
computational efficiency of the cyclic loading simulation. This study developed an efficient 3D finite element
(FE) procedure to simulate ratcheting in rails subjected to numerous load cycles. The procedure simulates a
wheel rolling repeatedly over a rail section with updated stress–strain states, enabling automatically executed
cyclic loading simulation given a predefined number of cycles. To ensure the accuracy of the contact modelling,
the effect of meshing schemes on subsurface stress distribution was examined. In addition, the FE contact model
with the selected meshing scheme, which balances accuracy and computational efficiency, was verified against
the widely accepted CONTACT program. Subsequently, a non-linear kinematic hardening (NLKH) steel material
was used in the FE model for ratcheting simulations with up to 100 wheel-loading cycles. The rail surface and
subsurface stress states were replicated under partial-slip wheel–rail rolling contact conditions with traction
coefficients of 0.10, 0.20 and 0.35, respectively. The ratcheting behaviour was extensively analysed in terms
of plastic deformation, contact patch evolution, and ratcheting rates. The simulated plastic deformation was
found to alter the contact geometry and thus contact stresses, which in turn affect further accumulation of
plastic deformation and subsequent ratcheting strains. These findings highlighted the importance of considering
the interplay between the rail ratcheting behaviour of the rail and evolving contact conditions for predicting
ratcheting and RCF damage in rails.
1. Introduction

Railway rails suffer from head check (HC), a typical form of RCF
that could lead to serious accidents [1]. The direct cause of HC has been
attributed to the ratcheting induced by the wheel–rail contact [2–4]. At
the wheel–rail contact interface, the significant shear stress caused by
friction yields the rail steel and thus generates plastic strain in the rail
surface. In the ductile rail surface, ratcheting occurs as plastic strain
accumulates with increasing load cycles [5,6]. Cracks initiate when
the ratcheting strain or accumulated plastic strain reaches a critical
level [7,8].

To effectively simulate the ratcheting behaviour in rails, two key
components should be carefully treated in the modelling: material and
contact. The material properties of rail steels should be capable of
accumulating plastic strains through cyclic loading to exhibit ratchet-
ing behaviour. Material properties have generally been treated either
with empirical formulations obtained from twin-disc tests [8,9] or
with constitutive models that incorporate NLKH [10–13]. Constitutive
models have been increasingly preferred owing to their adaptability
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across various modelling contexts [14–16], particularly RCF-related FE
modelling [17–21].

In terms of the wheel–rail contact modelling, early research largely
used (semi-)analytical models to simulate cyclic line contact under
prescribed contact stresses [2,18,22–25]. The FE contact modelling
has been later introduced, which is capable of handling complex con-
tact scenarios with arbitrary geometries [26–28], non-linear material
properties [29–31], and dynamic effects [32–34]. However, FE models
are generally computationally demanding for cyclic wheel–rail contact,
especially with a large number of loading cycles. Consequently, either
simplified 2D [17,31,35] or partial 3D FE contact models (with only
a FE rail model under prescribed wheel loads) [36–38], have been
employed for ratcheting simulations. The 2D line contact solutions
differ from the 3D nature of real-life wheel–rail contact, whereas the
approaches with prescribed contact stresses exclude the effect of con-
tact patch evolution [22] with the accumulation of plastic deformation,
i.e. the ratcheting, on the contact stresses distribution. 3D FE contact
models that comprise both the wheel and rail bodies were recently
vailable online 12 June 2024
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Fig. 1. Automated simulation procedure for cyclic wheel–rail frictional rolling contact loading.
developed for ratcheting simulations [20,39]. These studies highlighted
the difference between the contact solutions obtained with 3D contact
models and the models mentioned above. However, these studies were
either limited by their computation efficiency [39] or primarily focused
on the ratcheting of the rail surface from a full-slip contact [20] with
less emphasis on different traction conditions and the stress–strain
states along the rail depth.

This study introduced a 3D FE contact model, consisting of a com-
plete wheel assembly and a rail section, implemented in an automated
procedure for reliably and efficiently simulating wheel–rail cyclic con-
tact loading. The procedure simulated the wheel rolling repeatedly over
the rail section with updated contact geometry and stress–strain states.
The simulation can be automatically executed for a predefined number
of load cycles. The effect of the meshing schemes on the subsurface
stress distribution was examined, and the elastic FE contact model with
the selected meshing scheme that balances accuracy and computational
efficiency was verified against the widely accepted CONTACT pro-
gramme [40]. Subsequently, the contact solutions for continuous 100
load cycles were reproduced by employing the constitutive material
model of R260 rail steel under three loading conditions, corresponding
to realistic material and traction conditions tested on the V-Track
test rig at TU Delft [41]. The accumulation in plastic deformation
and evolutions of the contact patch and stress distribution were then
investigated to assess the influence of the traction conditions on the
rail ratcheting strains and rates. The next phase of this research will
validate the relevant simulation results through physical tests designed
to produce HC on V-Track [42].

2. Methodology

This section presents the automated simulation procedure devel-
oped to execute simulations for a large number of load cycles. Subse-
quently, the FE wheel–rail contact model is elaborated. The theoretical
background of the NLKH material model and load cases with different
traction conditions used in the FE contact model are also explained.

2.1. Simulation procedure

The study developed an automated simulation procedure, shown
in Fig. 1, to efficiently simulate cyclic wheel–rail rolling contact. The
2

FE wheel–rail contact modelling was performed using the commercial
software package LS-DYNA, and the automated procedure execution
and post-processing of the FE solutions were programmed using Python.
Each load cycle comprises two steps and takes approximately 25 min
(with 16 threads at a 3.7 GHz CPU overclock speed), 3.8 times more
efficient than the 3D FE model reported in [39]. This efficiency is no-
table, considering that the model employs very fine meshes (0.05 mm)
at the possible wheel–rail contact region (discussed in Sections 3.1 and
3.2).

As shown in Fig. 1, each load cycle simulation comprises two steps
in LS-DYNA (Step 1: Rolling contact simulation, and Step 2: Simulation
reset). Before the cyclic loading simulation, the static contact was
first solved to obtain the initial equilibrium position of the wheel at
Step 0. With the simulation initialised at this static equilibrium posi-
tion, the simulation duration for the dynamic relaxation, a process for
damping out the oscillations caused by the wheel/rail initial kinematic
and potential energy from the initial conditions and external loads,
can be significantly shortened, enhancing the overall computational
efficiency.

The rolling contact simulation can then proceed to Step 1 with a
set of traction force and torque applied to achieve the desired traction
condition. The FE simulation, with its finely tuned dynamic relaxation
settings, can swiftly transition to steady-state rolling contact, which is
then maintained to obtain the desired contact patch and stress–strain
state (via post-processing with Python), as required for the RCF-related
quasi-static analysis [17,20,36,43]. The FE rolling contact simulation
resets in Step 2 to prepare for the simulation of the next load cycle.
The contact-induced wheel/rail elastic responses obtained in Step 1 are
damped out, and the unrecoverable nodal displacements and residual
stress–strain states are output. These serve as the initial conditions for
the next-cycle rolling contact simulation (if the prescribed number of
load cycle numbers has not be reached), and are used for calculating
the rail plastic deformation and analysing the rail ratcheting behaviour
(via post-processing with Python). The entire procedure for the wheel–
rail cyclic loading simulation is automated for an arbitrary number
of prescribed load cycles and terminations. It also provides flexibility
for adjusting simulation parameters for each cycle, such as loading
conditions and wheel speeds.
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Fig. 2. Test rig and corresponding FE model: (a) overview of the V-Track test rig, (b) close-up of the downscaled wheel and rail, and (c) FE wheel–rail rolling contact model in
LS-DYNA.
2.2. Fe model of rail–wheel contact

An FE model was built based on the wheel–rail interaction test rig
V-Track [41,44], as shown in Fig. 2. V-Track (Fig. 2(a) and (b)) is
developed at TU Delft to study wheel–rail contact and related prob-
lems [44–46] including HCs [42]. The contact geometries and loading
conditions of the V-Track were replicated using the FE model. The FE
model, comprising a wheel and a 20-mm-long rail (Fig. 2(c)), was built
using the LS-DYNA software package, widely used for rolling contact
simulations [26,47,48]. The calculated FE contact stresses with elastic
material were verified using Kalker’s CONTACT [40], a boundary-
element-based software that has been well acknowledged for solving
steady-state rolling contact problems.

To improve the computational efficiency of the FE model, the wheel
was simplified to a layer of wheel tread to reduce the number of
required element. The wheel tread was connected by rigid beams to a
rigid rotating shaft at the centre, as shown in Fig. 3(a). Normal and
traction forces, along with the driving torque were applied via the
central rotating shaft to the contact interface. The complete circle of
the wheel was retained to maintain the balance in inertia during the
rolling motion. The rail was reduced to a section of rail head, and the
partial model was divided into fine- and coarse-meshed regions on and
beneath the rail top surface, as shown in Figs. 3(b) and (c), respectively.
The fine mesh zones on the rail top specify the potential contact region
to ensure the accuracy of the calculated contact stress and strain [47],
as verified in Section 3.2. The fine mesh region was extended to the
depth of the rail model, as shown in Fig. 3(c), to precisely evaluate
the shear stress and strain distribution in the rail subsurface [9]. This
extension is crucial considering that ratcheting develops beneath the
rail surface and the subsurface ratcheting strains are often assessed
experimentally [8,49]. The distributions of subsurface shear stresses
calculated using different meshing schemes are compared and discussed
in Section 3.1.

2.3. Material model

This study focussed on the ratcheting behaviour of the rail. Ac-
cordingly, the wheel was modelled using elastic material to reduce the
3

computational demand. By contrast, the rail material was represented
by a constitutive material model consisting of kinematic and isotropic
hardening properties formulated by Chaboche [10,11]. To consider
the non-linear effects in kinematic hardening, Chaboche’s formulation
introduced an evanescent strain memory effect [11] in the change of
the deviatoric backstress 𝑑𝜶, associated with the incremental effective
plastic strain, 𝑑𝑝 as

𝑑𝜶 =
∑

𝑑𝜶𝒊 =
∑ 2

3
𝐶𝑖𝑑𝝐𝒑 − 𝛾𝑖𝜶𝒊𝑑𝑝 (1)

𝑑𝑝 =
√

2
3
(𝑑𝝐𝒑 ∶ 𝑑𝝐𝒑) (2)

where the 𝐶𝑖 and 𝛾𝑖 are the plastic modulus and constant, respectively,
and 𝝐𝒑 is the plastic strain tensor. The total back stress is the sum of
several backstress terms, 𝑑𝜶𝒊 that can be specified based on different
pairs of 𝐶𝑖 and 𝛾𝑖 as shown in Eq. (1).

For isotropic hardening or softening, the change in yield stress, 𝑅
depends non-linearly on the change in effective plastic strain, 𝑑𝑝 as
follows:

𝑑𝑅 = 𝑏(𝑄 − 𝑅)𝑑𝑝 (3)

where 𝑏 and 𝑄 are isotropic constants that can be determined through
cyclic tension–compression tests [50,51]. The yield function incorpo-
rates both kinematic and isotropic hardening properties into the von
Mises yield criterion 𝛷 [11,52], as follows:

𝛷 =
√

3
2
(𝒔− 𝜶) ∶ (𝒔− 𝜶) − (𝜎𝑦0 + 𝑅) (4)

where 𝒔 is the deviatoric stress tensor and 𝜎𝑦0 is the initial yield stress.
Table 1 shows the material properties of R260 rail steel [53], used

in the FE rail model, considering three pairs of NLKH plastic modulus,
𝐶𝑖 and constant 𝛾𝑖 (i= 1, 2, 3). The negative isotropic constant, 𝑄,
indicates that the R260 rail softens [53,54] as the effective plastic strain
accumulates. Isotropic softening dictates the contraction of the yield
surface and tends to affect the ratcheting rate at the early stage [50,55],
whereas the kinematic hardening has a more significant influence in
later cycles. The ratcheting rate converges when isotropic softening
saturates and kinematic hardening stabilises [11,56].
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Fig. 3. FE model in LS-DYNA, (a) details of the wheel FE model, (b) the partial rail FE model, and (c) fine meshing along the rail depth.
Table 1
Material properties of R260 rail steel.

Variables Value Unit

𝑄 −189 MPa
𝑏 500 –

𝐶1 24.7
𝐶2 60.0 GPa
𝐶3 200.0

𝛾1 55
𝛾2 600 –
𝛾3 2000

𝜎𝑦0 379 MPa
𝐸 206 GPa
𝜐 0.3 –

Table 2
Simulated load cases and corresponding traction coefficients.

Load case LC1 LC2 LC3

traction coefficient, 𝜇[−] 0.10 0.20 0.35

2.4. Load cases

Three load cases, LC1, LC2, and LC3, differentiated by the traction
coefficient, 𝜇, in Table 2, were simulated to study the influence of
traction conditions on rail ratcheting. The traction coefficient is the
ratio between the wheel–rail longitudinal and the vertical forces, and is
bounded by the friction coefficient. The friction coefficient, 𝑓 , was set
to 0.40 in the study, corresponding to the dry, clean contact condition
of the V-Track test rig. For each load case, the vertical force applied to
the wheel was 2700 N, generating approximately 1 GPa of maximum
wheel–rail contact pressure using the NLKH material.

3. Results

This section first demonstrates the accuracy and validity of the FE
wheel–rail contact model by comparing the subsurface shear stress dis-
tributions across different meshing schemes and comparing the surface
contact stresses calculated using the FE model and CONTACT program.
The rail ratcheting behaviour was subsequently analysed in terms of
accumulated plastic deformation and contact patch evolution for up
to 100 load cycles. The ratcheting strains and rates obtained from the
three load cases are compared and discussed.
4

3.1. Mesh effects and model selection

Four mesh schemes along the depth of the rail model were com-
pared to select an appropriate scheme for the FE ratcheting simulation.
The fine-meshed region shown in Fig. 3(c) was further divided into
upper and lower parts, demarcated by dashed lines at a normalised
depth of 0.1 as shown in Fig. 5. The normalised depth is the depth
under the rail surface, 𝑧, divided by the semi-axis of the wheel–rail
contact area, 𝑎 (in the X axis defined by the coordinate system in
Fig. 3(a), and 𝑎 = 1 mm, as shown in Fig. 5). The FE models using the
four mesh schemes were named Model 1 to 4, respectively, as shown
in Fig. 5(e). Model 1 had two layers of 0.05 mm-thick elements in
the upper part of the fine-meshed region, and the element thickness in
the lower part was 1 mm. For Model 2, the 0.05 mm-thickness of the
element was kept uniform along the depth. The element thicknesses
in the upper and lower parts of Model 3 were 0.025 and 0.1 mm,
respectively. The 0.1 mm-thick elements were used in the upper and
lower parts of Model 4. Model 4 and 3 had the lowest and highest
computational cost.

Figs. 4(a)–(d) compare the subsurface shear stress distributions
normalised by the contact pressure (𝜏𝑚𝑎𝑥,𝑍𝑋∕𝑝𝑚𝑎𝑥) in the X–Z plane
(coordinate system in Fig. 3 (a)) calculated under four different traction
conditions. The stress distribution is presented by the maximum shear
stress under the contact patch at different depth positions. Fig. 4(a)
shows the case with zero friction force, i.e., traction coefficient 𝜇 =
0.00, in which the four models provide similar shear stress distributions
along the depth. With an increase of 𝜇, a kink appeared in the shear
stress distribution at a normalised depth of 0.05 (except Model 4) and
moved downwards, as shown in Fig. 4(b)–(d). Similar patterns in the
subsurface shear stress calculations have been reported in [9,27].

Discrepancies among the models appeared in LC1 and LC2 when
the kink was located in the upper part of the fine-meshed region
(normalised depth ≤ 0.1). The kink in the shear stress distribution
could not be captured by Model 4 with a coarser mesh, resulting in an
underestimation of the shear stress of the surface elements in Model
4, as shown in Figs. 4(b) and (c). Fig. 4(b) indicates that Models 1
and 2 could not fully capture the kink in LC1, however, the calculated
shear stresses above and below the kink were well aligned with those
of Model 3. Although Model 3 provided the most accurate solutions, its
computational cost was two times higher than Model 1 (25 min for one
load cycle as reported in Section 2.1) and 1.6 times higher than Model
2. In addition, Model 2, with a finer mesh beneath the normalised depth
of 0.1, provided relatively similar results compared with the others.
Model 1 was selected for the ratcheting simulations, considering the
trade-off between accuracy and computational efficiency.
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Fig. 4. Normalised subsurface shear stress distributions calculated with different rail mesh densities and traction conditions. (a) traction coefficient 𝜇 = 0.00, (b) 𝜇 = 0.10, (c)
𝜇 = 0.20, (d) 𝜇 = 0.35, and (e) subsurface element thicknesses of the four models.
Fig. 5. A comparison of the rail surface shear stresses calculated with FEM and
CONTACT under different traction conditions.

3.2. FE model verification

The selected Model 1 was run with the elastic steel material and
verified against CONTACT. The wheel–rail surface shear stresses calcu-
lated with CONTACT for LC1–LC3 were compared with those calculated
with FE Model 1 in Fig. 5. The results indicated good agreement in
the distribution and amplitude of the surface shear stresses within the
contact patch. Slight deviations were caused by the intrinsic dynamic
effects within the FE solutions [47,48].

3.3. Plastic deformation

The verified model was then applied to study the plastic defor-
mation accumulation induced by the wheel–rail contact. Figs. 6–8
show the calculated results for the three load cases, LC1, LC2, and
LC3, respectively. The pattern of plastic deformation accumulation is
demonstrated by irrecoverable nodal displacements at the rail surface,
which can be extracted at every load cycle. In addition to the rail
surface nodal displacements after the 1st load cycle, the results from
load cycles 5, 35, 60, 75 and 95 are shown in Figs. 6–8, and compared
with those calculated after five additional cycles (i.e. from load cycles
10, 40, 65, 80 and 100). Figs. 6–8(a) and (b) show that in both the X–Y
and X–Z planes, plastic deformation rapidly accumulated at the early
stage (within cycle 10), after which the accumulation rate decreased,
5

eventually stabilising with a minimal increment per cycle. For instance,
the plastic deformation accumulation from load cycles 5–10 was less
than that in the first five cycles and larger than that from load cycles
35 to 40.

A similar trend, albeit less significant, was observed for plastic
deformation in the normal direction of the wheel–rail contact, as
presented in the Y–Z plane in Figs. 6–8(c). Figs. 6–8(c) also indicate
that the rail surface material was pushed down and outwards owing
to the cyclic wheel loading. Consequently, the contact radii of the rail
could increase with wheel passage. This could in turn increase the size
of the contact patch and reduce contact stresses, slowing the plastic
deformation accumulation.

A comparison of the results obtained from the three load cases
revealed a significant influence of the traction coefficient, or shear
stress, on the wheel–rail contact-induced plastic deformation. The simu-
lated plastic deformation after 100 wheel-loading cycles for LC3 (with
𝜇 = 0.35) was approximately 5 times of that for LC2 (with 𝜇 = 0.20)
and 20 times that for LC1 (with 𝜇 = 0.10). The accumulation of
plastic deformation slowed rapidly with an increase in load cycle and
diminished after approximately 40 cycles when the traction coefficient
was 0.10. This confirms that the occurrence of RCF can be effectively
prevented by reducing the wheel–rail friction forces.

3.4. Contact patch evolution

The contact-induced plastic deformation in rail head affects the
wheel–rail contact solutions. Figs. 9–11 show the evolution of the
contact patch and stress states obtained with the NLKH material model
(i.e. Model 1 using the NLKH material) based on the results simulated in
load cycles 1, 10, 40, 65, 80 and 100, under the three LCs, respectively.
Elastic contact solutions are also provided for comparison. Higher am-
plitudes of the normal and shear surface stresses were obtained when
the elastic material was used. In the NLKH case, the distribution of the
contact pressure is less symmetrical, with the peak leaning forward, and
the width of the contact patch on the X-axis was smaller. These results
are consistent with those of previous studies [26,29].

The simulations were able to capture the evolution of the contact
patch size at each load cycle. Figs. 9–11 show that the contact patches
shrank slightly along the X-axis and expanded significantly along the
Y-axis with the load cycles. Contact patch expansion along the Y-axis
was expected because the rail head material was pushed outwards due
to the cyclic wheel loading, as presented in Figs. 6–8(c), increasing
the principal contact radius of the rail. Similar contact patch change
patterns were observed in the RCF tests reported in [22]. Similarly, the
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Fig. 6. Accumulation of rail head plastic deformation for LC1 (𝜇 = 0.10): (a) in the X–Y plane, (b): in the X–Z plane, and (c): in the Y–Z plane. N.B. nodal displacement value is
not on the same scale in the X and Y axes.

Fig. 7. Accumulation of rail head plastic deformation for LC2 (𝜇 = 0.20): (a) in the X–Y plane, (b): in the X–Z plane, and (c): in the Y–Z plane. N.B. nodal displacement value is
not on the same scale in the X and Y axes.

Fig. 8. Accumulation of rail head plastic deformation for LC3 (𝜇 = 0.35): (a) in the X–Y plane, (b): in the X–Z plane, and (c): in the Y–Z plane. N.B. nodal displacement value is
not on the same scale in the X and Y axes.
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Fig. 9. Evolution of wheel–rail contact stresses for LC1 𝜇 = 0.10: (a) the contact pressure at the centreline of the contact patch, (b) the shear stress at the centre-line of the contact
patch, and (c) shear stress within the entire contact patch.

Fig. 10. Evolution of wheel–rail contact stresses for LC1 𝜇 = 0.20: (a) the contact pressure at the centreline of the contact patch, (b) the shear stress at the centre-line of the
contact patch, and (c) shear stress within the entire contact patch.



Tribology International 198 (2024) 109878F. Ren et al.
Fig. 11. Evolution of wheel–rail contact stresses for LC1 𝜇 = 0.35: (a) the contact pressure at the centreline of the contact patch, (b) the shear stress at the centre-line of the
contact patch, and (c) shear stress within the entire contact patch.
of contact patch evolution was initially rapid and gradually stabilised
with increased load cycles.

With the contact patch expansion, the magnitudes of the contact
stresses (normal and shear stresses) decreased with increasing load
cycles. This pattern was also followed by the stabilisation of the contact
stresses after several cycles, corresponding to the change in the contact
patch. The decreased contact stresses, in turn, induced less plastic de-
formation per load cycle until stabilisation was reached. Subsequently,
changes in the stresses, plastic deformation, and contact patch size
per cycle occurred at a steady but significantly smaller rate. This was
observed in Figs. 9–11(c) for the three load cases.

Furthermore, in LC1, the shear stress, size and shape of the contact
patch remained nearly unchanged after cycle 40, resembling the shake-
down effect [22,57]. By contrast, for the other two cases, a decrease
in the contact stresses was observed throughout all 100 cycles. This
is because the contact shear stress induced by the low traction force
in LC1 could hardly cause the rail material to yield further after 40
cycles. No significant plastic deformation accumulated in the following
cycles (presented in Section 3.3) and the ratcheting rate decreased
to approximately zero (as shown in Section 3.5). The results align
with field observations indicating that HC occurs more frequently on a
curved track with higher wheel–rail contact shear stresses [4,58] than
on a tangent track.

3.5. Ratcheting rate

This study further analysed the rail ratcheting behaviour by ex-
amining the simulated ratcheting strains and rates on the rail surface
and beneath the surface at a depth of 150 μm, the same location as
concerned in [8]. Because the actual surface ratcheting strains can
hardly be measured, subsurface shear strains have often been used to
indicate the intensity of ratcheting in rail [8,25,49]. Figs. 12–14 show
8

the results for each load case. Ratcheting was analysed in the ZX shear
strains since the longitudinal wheel–rail friction forces predominantly
generated contact shear stresses in this study. A common characteristic
across the three different load cases was the significant decrease in
ratcheting rate with the load cycles at the early stage, followed by
stabilisation. Correspondingly, the ratcheting strain rapidly increased
at the beginning and then increased linearly with a stabilised ratcheting
rate.

The magnitudes of the ratcheting rates for the same number of load
cycles differ among the load cases. The simulation case with a higher
traction force exhibited a significantly higher ratcheting rate at the
initial stage compared with the results in Figs. 12–14(b). For LC1 with
the lowest traction force and shear stresses, the converged ratcheting
rate was close to zero and no significant increase in the ratcheting
strain was observed after cycle 45, as shown in Fig. 12. The rail was
effectively in a shakedown state, with no further plastic deformation
accumulation [57]. This is also indicated in Fig. 9, where the shear
stress remained nearly unchanged after cycle 40. This confirms that the
ratcheting behaviour can be substantially limited with a low traction
coefficient under the given normal contact force.

Figs. 12–14 also show the differences between the simulated ratch-
eting strains and rates in the rail surface and those at the subsurface
with a depth of 150 μm. Higher ratcheting strains accumulated on the
surface after the 100 load cycles. Notably, the gap between the surface
and subsurface widened as the traction coefficient increased from 0.10
(LC1) to 0.35 (LC3). The subsurface also yielded lower ratcheting rate
under stabilised conditions for LC2 and LC3. By contrast, for LC1, the
ratcheting rate at both locations approached zero when the rail reached
a shakedown after cycles 40 in the subsurface and 45 in the surface.

A common trend observed in the simulated plastic deformation
accumulation and contact patch evolution is their rapid increase within
the first few cycles, followed by slowing down and stabilisation, as
discussed in Sections 3.3 and 3.4. This trend can be attributed to the
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Fig. 12. Ratcheting behaviour on and beneath the rail surface simulated for LC1 (𝜇 = 0.10): (a) ratcheting strain; (b) ratcheting rate.
Fig. 13. Ratcheting behaviour on and beneath the rail surface simulated for LC1 (𝜇 = 0.20): (a) ratcheting strain; (b) ratcheting rate.
ratcheting behaviour characterised by the NLKH material applied in
this study. In the first few load cycles, the isotropic softening/hardening
properties of the material explained in Section 2.3 had more significant
influence on the softening process of R260 rail steel with the contrac-
tion of yield surface; thus, rapid accumulation of plastic deformation
was expected. Isotropic softening tended to saturate with a relatively
low effective plastic strain [50], and the kinematic hardening became
more dominant in the latter cycles. The small and steady incremental
9

change in the plastic deformation and contact patch can be attributed
to the stabilised kinematic hardening.

The ratcheting trend observed in this study is consistent with the
findings of previous studies [2,36,59]. However, in contrast to the
previous studies suggesting that the ratcheting tends to stabilise within
a relatively small number of load cycles in the wheel–rail contact [36,
59], this study indicates that the ratcheting rate may stabilise at a
higher number of load cycles. This difference can be attributed to the
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Fig. 14. Ratcheting behaviour on and beneath the rail surface simulated for LC1 (𝜇 = 0.35): (a) ratcheting strain; (b) ratcheting rate.
interplay between the ratcheting behaviour of the rail steel presented
by a NLKH material and the evolving contact patches, reproduced
in this study but excluded in previous analyses. In particular, for
LC3, where the shear stress was high and the contact patch changed
significantly, the ratcheting rate shows a declining trend until cycle 80
in Fig. 14(b). This indicates the significance of considering the interplay
between ratcheting behaviour and contact patch evolution for accurate
rail ratcheting predictions.

4. Conclusions

4.1. Conclusion

This study introduced an efficient 3D FE modelling procedure for
simulating rail ratcheting with a large number of wheel-loading cycles.
The FE wheel–rail contact model was verified using the CONTACT
program, and its meshing scheme was optimised. By applying a NLKH
steel material to the FE contact model, the rail ratcheting behaviours
with up to 100 partial-slip wheel passages were simulated under dif-
ferent traction conditions. The simulated rail head plastic deformation,
wheel–rail contact patch evolution, and ratcheting strains on both the
rail surface and subsurface were analysed.

The results revealed that under the cyclic wheel loading the rail sur-
face material was pushed down and outwards and deforms plastically.
Consequently, the plastic deformation increased the size of the contact
patch, reduced contact stresses, and slowed the plastic deformation.
This indicates that the rail plastic deformation accumulation, or ratch-
eting behaviour, interacted with the contact patch evolution, which
expanded in the lateral direction and slightly shrank in the rolling
direction. This interplay between the ratcheting behaviour and contact
patch evolution should be considered for accurate rail ratcheting and
subsequent HC crack initiation predictions.

In addition, the results revealed the accumulation of plastic defor-
mation, evolution of contact patch and increase of ratcheting strain
are rapid at the early stage (with a small number of load cycles), and
then they become slower with the increase of wheel load cycles and
eventually stabilises. Moreover, the study showed that the ratcheting
behaviour can be substantially influenced by the traction condition:
10
a larger traction coefficient (0.35) induced substantially higher ratch-
eting strain and stabilised strain rate, in both the rail surface and
subsurface, than a lower traction coefficient (0.10 or 0.20).

4.2. Discussion and further research

The basic Chaboche formulation used in this study to represent the
NLKH rail material may have overestimated the plastic strains under
multiaxial loading conditions [13,55,60], typically the case for wheel–
rail rolling contact. This implies that the ratcheting rate determined in
this study may not entirely correspond to the actual HC crack initiation
process. A more advanced NLKH material model can be developed
and incorporated into the presented modelling procedure to further
increase the accuracy of reproducing the rail ratcheting behaviour and
subsequent RCF process. Furthermore, the numerical simulation results
should be experimentally validated, and tests under loading conditions
similar to the simulations presented in this study will be conducted on
the V-Track test rig at TU Delft.

In addition, wear, induced by the frictional contact [61], also
changes contact profiles during the cyclic wheel–rail rolling contact,
and contributes to the evolution of the contact patch in reality. Ac-
cording to the wear calculation method presented in [46], under the
contact conditions simulated in this study, the effect of wear on contact
solutions was significantly lower than that of ratcheting within the
first 100 cycles. However, wear may have substantial effects over a
much larger number of load cycles. Therefore, future studies will take
into account the influence of wear, especially when addressing a high
number of load cycles, to achieve more accurate predictions of contact
patch and stress evolution, and ratcheting effects in rails.
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