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ARTICLE INFO ABSTRACT

Keywords: The persistent head check (HC) damage in modern railways, a typical form of rolling contact fatigue (RCF),
Cyclic wheel-rail contact is primarily due to the ratcheting effects in rail. This study employed an efficient and accurate finite element
Finite element analysis (FE) wheel-rail frictional rolling contact model to simulate the ratcheting effects in rail steels (bainitic B320

Material ratcheting
Structural ratcheting
Bainitic and pearlitic rail steel

and pearlitic R260MN) under 100 cycles of contact loading measured from the HC tests on V-Track test rig.
The FE simulation considered both the rail material ratcheting (an intrinsic material property of steel) and
structural ratcheting (subjected to altering cyclic contact loading conditions), with the former represented by
a calibrated Chaboche constitutive model and the latter captured by the evolving contact patch in the FE
simulation. The simulation results were then validated by comparing to the measured running-band width
and rail head plastic deformation in the V-Track. A comprehensive analysis of the simulated and measured
ratcheting effects confirmed that the bainitic B320 rail exhibited, under the same conditions considered, better
anti-RCF performances in terms of slower accumulation of plastic deformation, smaller expansion of the contact
patch, and subdued ratcheting rates compared to the R260MN rail. The study also revealed that rail structural
ratcheting suppresses the material ratcheting around the longitudinal centreline of the contact patch under
the cyclic wheel loading, while at the other locations within the contact patch, the structural ratcheting may
intensify the material ratcheting at early cycles, and then suppress it when the contact stresses reach the
level of those at the centreline. The ratcheting effects thus showed different patterns to the cases considering
material ratcheting alone. Furthermore, the study confirmed that accumulation in residual stresses outside the
contact patch can lead to accumulation in plastic strains beyond the rail running band, as the secondary effect
of wheel-rail contact.

1. Introduction models that incorporate isotropic and kinematic hardening processes,
emulating their elasto-plastic behaviours [8,11-14]. Isotropic harden-
Head check (HC) is a common type of rolling contact fatigue ing/softening describes the expansion/contraction of the yield surface,

(RCF) and significantly challenges modern railways. HC is primar-
ily attributed to rail ratcheting, i.e. the progressive and directional
accumulation of plastic deformation induced by repeated wheel-rail
contacts [1]. Extensive ratcheting can deplete the ductility of rail steel,
and lead to the formation of cracks [2,3], serious HC damage [4]

whereas kinematic hardening replicates the Bauschinger effect, where
the yield surface shifts under cyclic loading. Among various constitutive
models, the Chaboche model [8,11] has been widely used in cyclic load-
ing simulations [15-19] with its relatively simple formulation and low

and even disastrous accidents [5]. Therefore, gaining a deeper under- computational demand. The application of the Chaboche model in the

standing of ratcheting phenomena in the rails is crucial for mitigating ratcheting simulation of wheel-rail contacts, especially including also

HC damages and ensuring the durability and reliability of railway the structural ratcheting, has not been extensively studied, encouraging

infrastructure. further detailed examination and validation of the model under real-life
To investigate the ratcheting effects in rails, two ratcheting phe- railway operating conditions.

nomena should be addressed: material and structural ratcheting [6,7]. With respect to structural ratcheting, it concerns the plastic strain

The material ratcheting is considered as an intrinsic elastoplastic be-
haviour of the (rail) steels, identifiable by material tests loaded under
cyclic homogeneous (proportional) stresses [8-10]. The material ratch-
eting of rail steels can also be effectively represented by constitutive

accumulated under non-uniformly distributed and varied stress condi-
tions with an increase in load cycles. This is particularly relevant in the
context of wheel-rail contact, as the contact patch presents an uneven

* Corresponding author.
E-mail address: Z.Li@tudelft.nl (Z. Li).

https://doi.org/10.1016/j.triboint.2026.112192

Received 28 December 2025; Received in revised form 12 May 2026; Accepted 15 May 2026

Available online 21 May 2026

0301-679X/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/triboint
https://www.elsevier.com/locate/triboint
https://orcid.org/0000-0002-6367-3654
https://orcid.org/0000-0003-0507-9101
mailto:Z.Li@tudelft.nl
https://doi.org/10.1016/j.triboint.2026.112192
https://doi.org/10.1016/j.triboint.2026.112192
http://creativecommons.org/licenses/by/4.0/

F. Ren et al

stress distribution [20,21], and the contact geometry, i.e., the profiles
of the wheel and the rail, changes due to plastic deformation [22,23]
with contact cycles, leading to alterations in contact stresses in each
cycle [19,23]. Therefore, structural ratcheting should be addressed by
wheel-rail contact models to capture the rail ratcheting behaviour un-
der real-life cyclic wheel loading conditions. The features of structural
ratcheting cannot be fully captured by 2D analytical or finite element
(FE) models [15,24,25] that simulate wheel-rail contact as line contact.
As to the 3D FE contact models, due to the high computational demand,
simplifications have often been made by modelling either one contact
body (usually the rail) with prescribed contact stresses [26-29] or
small parts of the wheel and rail [30]. They excluded the influence of
structural ratcheting from its evolving contact geometry, or simulated
only full-slip wheel-rail contact as normal real-life railway operation is
with partial-slip wheel-rail contact.

To account for both material and structural ratcheting, this research
employed an efficient and accurate wheel-rail cyclic contact model [23]
with the rail material represented by a calibrated Chaboche constitutive
model [31] to comprehensively study the ratcheting effects in the rails.
Two types of rail steels were studied: a newly developed bainitic B320
rail and a conventional pearlitic R260MN rail, with their material
ratcheting properties characterised through cyclic material tests [31].
Meanwhile, the ratcheting in these rail steels was investigated experi-
mentally in the V-Track test rig at TU Delft [32]. Ratcheting simulations
were performed for up to 100 wheel-rail contact cycles, with the same
partial-slip loading conditions measured on the same rail steels in the
V-Track. The effects of material and structural ratcheting were then
analysed in detail in terms of plastic deformation, the evolution of the
contact patch, the contact and equivalent stress states, and ratcheting
strains at locations within and beyond the contact patch. The simulated
ratcheting effects in the rails were also validated indirectly by compar-
ing them to the measured changes in the width of the running band
and rail profile in the V-Track.

2. Methodology

This section first explained the ratcheting simulation procedure, and
then described the Chaboche constitutive models calibrated for the two
rail steels, focusing on their mechanical and hardening parameters used
in the simulations. The determination of the loading conditions for V-
Track tests was also detailed in this section. Finally, the approach for
validating the simulations was explained.

2.1. FE modelling and simulation procedure

An FE model for the rolling contact simulation was built in LS-
DYNA [33] to replicate the wheel-rail setup of the V-Track test rig [34,
35], as illustrated in Fig. 1. The V-Track (an overview shown in Fig.
1(a)) features down-scaled wheels running over the rails in a ring track,
with the wheels and rails made from the original material [32]. The
V-Track can reproduce real-life wheel-rail contact conditions, and has
successfully produced various rail damages, including HC, as reported
in [32]. Figs. 1(b) and (c) illustrate a comparative view of the wheel-rail
setups in the V-Track and FE model in LS-DYNA. The wheel features a
cylindrical shape with a radius of 65 mm, whereas the rail head has
a designed contact radius of 30 mm. In the FE model, the wheel was
simplified as a layer of wheel tread, rigidly connected to the rotating
shaft, and the rail was reduced to a partial of the rail head section
with a length of 28 mm, as shown in Fig. 1(c). The rolling contact
simulations were conducted over a maximum longitudinal distance of
24 mm to prevent potential boundary effects. Contact conditions, plas-
tic deformation and ratcheting effects were evaluated within an interior
window between 14-18 mm, where stable and consistent results can be
obtained according to the sensitivity studies on the boundary effects
and mesh transition [23].
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This study employed the same modelling procedure as detailed
in [23], which has been optimised and verified for its accuracy and
efficiency in cyclic contact simulations. Improvements were made to
the FE model represented in [23]. The rigid beams were replaced by
the constrained nodal rigid body (CNRB) [33] to connect the flexible
wheel tread and the rigid central shaft, as illustrated in Fig. 1(c).
This modification further reduced the complexity of the model and
improved the computational efficiency. Furthermore, as shown in Fig.
2, the fine mesh region of the rail was extended over the defined contact
region (with a mesh size of 0.15 mm) to capture the build-up in residual
stresses and strains beyond the contact region (with a mesh size of
0.30 mm) [32]. As in [23], a fine mesh of 0.10 mm was designated
along the rail depth to precisely track the shear stress distribution
beneath the rail surface.

This study also used the automated simulation procedure described
in [23]. The new FE model employed in this study increased the
simulation efficiency with one load cycle taking less than 20 min,
while 25 min were needed for a one-cycle simulation in [23], using
16 threads of the CPU at its overclocking speed of 3.7 GHz. The
procedure can automatically execute the rail ratcheting simulations
for a predefined number of wheel load cycles, extract the stress—
strain states and irrecoverable nodal displacements, and carry them to
the next-cycle simulation, thereby capturing the structural ratcheting
that features the changes in contact conditions per cycle. The output
from the procedure, including the accumulation of plastic deformation,
contact patch evolution, and the ratcheting rates, were extensively
investigated to examine the complete ratcheting effects in the two rails
of concern in this study.

2.2. Material model

Elastic material was used in the wheel to practically approximate
the actual situation on V-Track, as in [23]. The wheel, with a radius
of 65 mm and a perimeter of 408.2 mm, undergoes approximately 31
revolutions over the entire 12,560 mm ring track during one loading
cycle at a given rail location, as illustrated in Fig. 1(a). Consequently,
for a fixed rail position, the wheel is subjected to a substantially
higher number of rolling contact cycles. This repeated loading leads to
the development and stabilisation of a worn running band and strain
hardening of the wheel material much earlier than the rail of the
investigated location. Therefore, simulating the change in profile of the
wheel that is in contact only with a small section of the rail (24 mm)
in this model was unrealistic and unnecessary. Moreover, using the
elastic material for the wheel was computationally more efficient for
the ratcheting simulation.

To consider the material ratcheting in the rails, the Chaboche non-
linear kinematic hardening (NLKH) model [8] was used, integrated
with the VOCE isotropic hardening/softening [8,36], which is available
in the LS-DYNA [37]. Table 1 presents the mechanical and hardening
parameters used in the Chaboche model for the two rail steels, bainitic
B320 and pearlitic R260MN. C; and y; (i = 1,2,3) are the plastic
modulus and the plastic strain constants to specify each component
of the backstresses [8,38]. The Q and b are the limits of the change
in yield stress and the exponent constant that regulates the rate of
isotropic softening, respectively. The isotropic softening is indicated by
the negative values of Q as shown in Table 1 as the yield stress saturates
at o,,softened = ¢,; + Q with accumulated effective plastic strain.

The hardening parameters of the rail steels were calibrated with
uniaxial material tests discussed in [31], which showed that B320 steel
has superior mechanical strengths, evident in its limited accumula-
tion of plastic strain during cyclic loading, compared to the pearlitic
R260MN steel. According to [31], the calibrated Chaboche model of
the B320 rail was able to replicate the elastic shakedown under a stress
range equivalent to the traction condition of 0.3 with a normal contact
force of 3500N, higher than the load cases in this study (discussed
in Section 2.3). In contrast, R260MN steel produced a much higher
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Fig. 1. The V-Track test rig and the corresponding FE model (a) An overview of the V-Track test rig, (b) scaled wheel and rail in the V-Track, and (c) wheel-rail

contact model in LS-DYNA.

// Fine mesh beyond contact

Fine mesh for contact

Fig. 2. Fine mesh zones defined in the rail model (a) fine mesh zones defined on the rail surface (top view of the rail model), and (b) fine mesh zones defined

in the rail subsurface (cross-section view of the rail model)

material ratcheting strain from the stress range equivalent to the same
traction condition, resulting in a very small value of y; (in Table 1) to
match the stabilised ratcheting rate of the test, but with an overshoot
in the ratcheting strain. We can thus anticipate that the B320 rail will
show less ratcheting effects than the R260MN rail in the ratcheting
simulations

2.3. Load case

The loading conditions for the simulations were determined at two
locations of the V-Track: on the B320 rail section between the sleepers
19 and 22, and on the R260MN rail section between the sleepers 87 and
90. The vertical and longitudinal wheel-rail contact forces measured
from the V-Track at different load cycles (cycles 1, 50 and 100) are
presented in Fig. 3, together with the coefficient of (CoT), i.e. ratio

of the longitudinal force to the vertical force. The lateral force was
minimised as controlled below 5% of the longitudinal forces in the HC
tests. The contact forces were low-pass filtered at 100 Hz to remove the
high-frequency dynamic effects that were less relevant for quasi-static
HC initiation [30,39]. As shown in Fig. 3, the variation of the vertical
loads for both rails remained low (within 5% of the average load)
over the three sleeper span of 376.8 mm. A low-frequency fluctuation
remained in the filtered loads, with a characteristic wavelength of
approximately 50 mm. Considering that the simulations and validation
were conducted over a 24- mm rail segment, this wavelength is sig-
nificantly larger than the modelled length, supporting the validity of
the quasi-static assumption. The potential influence of the longitudinal
load variation is further discussed in Section 3.5.2.

Fig. 3 shows that the measured wheel-rail contact forces have good
repeatability. The average vertical and longitudinal forces over the
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Contact loading on V-Track low-pass filtered at 100 Hz
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Fig. 3. Longitudinal, vertical forces and the coefficient of traction(CoT) measured from V-Track for (a) B320 and (b) R260MN rails.
Table 1 2.4.1. Rail surface change
The mechanical and hardening parameters of R260MN and B320 rail steels As a preliminary assessment, the running bands on the rail surfaces
[32]. were examined with the measured widths compared to the simulated
Parameters R260MN B320 unit wheel-rail contact patch sizes. As shown in Fig. 4, rail surface images
ef 461000 522000 before applying wheel loading and at sleepers No. 21 (B320 Rail)
gz fgggg Zgggg MPa and No. 89 (R260MN) after 100 load cycles were captured, using an
: Toen 5913 ultra-macro lens with a 25- mm focal length and a magnification of
;‘ 87 240 2.5x. These images were post-processed to visually identify the running
2 - . .
s 28 36 bands on the rail top surfaces after 100 wheel load cycles. The running
0 167 220 MPa bands measured on the B320 and R260MN rails after 100 cycles were
b 277 215 - 1.99 mm and 2.27 mm in width, respectively.
o0 348 538 MPa
E 198 196 GPa

three sleeper ranges are 3352N and 779N for B320, and 3401 N and
784N for R260MN, respectively. The traction coefficients on both rails
are around 0.23. These load values were used as loading conditions
for the quasi-static FE simulations. Because the loading conditions
on the sleeper No. 21 for B320 and No. 89 for R260MN were quite
close to these average values (i.e. the simulated loading condition), as
indicated by the red dashed arrow in Figs. 3(a) and (b), respectively,
the measured ratcheting effects on these two sleepers in the V-Track
were used to compare with the simulation results for the validations.

2.4. Validation

This study adopted an indirect validation approach by measuring
the evolution of the rail surface running band and cross-sectional
profile to assess the ratcheting simulation results. A direct approach
based on microscopic analysis of ratcheting strains has been reported in
our previous work [32], where the correlation between contact-induced
stress conditions (including residual stresses) and ratcheting strain was
qualitatively investigated after 60,000 rolling contact cycles. Ratchet-
ing strain — typically indicated by deformation of pearlite lamellae [40]
— is difficult to resolve using optical microscopy after only 100 loading
cycles, whereas it becomes clearly observable after much larger cycle
counts such as 60,000 cycles [32]. Performing such microscopic strain
measurements at only 100 cycles would not be practical, considering
that our current V-Track HC tests were designed to run for higher
numbers of cycles. Therefore, surface and profile measurements provide
a more suitable validation approach for this study.

2.4.2. Ralil cross-sectional profile change

The cross-sectional profile changes of the rail heads were captured
using a HandyScan 3D black Elite. The scanner setup on the V-Track
and a result image during scanning are demonstrated in Figs. 5(a) and
(b), respectively. The meshes of the rail surfaces generated by the 3D
scan were used to obtain the cross-sectional profiles in the contour
graph in the Y-Z plan (normal to the rail longitudinal direction), as
shown in Fig. 5(c). The cross-sectional contour curves were then resam-
pled at every 0.05 mm along the Y-axis (in the lateral direction). The
resampled cross-sectional profiles were subsequently filtered to remove
noise from the scans, as an example shown in Fig. 5(d). The undeformed
rail head profiles were reconstructed using the least squared method
based on the resampled points from the undeformed surface parts
(away from the apparent running band) to determine the original
contact radius, R, as indicated in Fig. 5(d). The maximum difference
between the deformed and reconstructed ‘original’ profiles in the Z-
axis (in the vertical direction) was identified as the vertical plastic
deformation d Z, as shown in Fig. 5(d).

3. Simulation results and validation

This section analysed the simulation results of the ratcheting effects
in the two rail steels. The plastic deformations in the rail surface and
subsurface, along with the evolution of contact patches, were first anal-
ysed and compared between the B320 and R260MN rails. The structural
ratcheting represented by the evolving contact and equivalent stresses
was then analysed in detail at different locations within and beyond the
contact patch. The complete ratcheting effects were further evaluated
in terms of the ratcheting strains and rates. Lastly, validation of the
simulated ratcheting effects was discussed.
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(c) The running band after100 cycle
- R260MN

Fig. 4. Rail surface observed from the images: Rail surface observed from the images: (a) rail surface before applying wheel loads, (b) top surface of B320 rail
after 100 wheel loads, and (c) top surface of R260MN rail after 100 wheel loads.
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| N PN
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Fig. 5. Rail cross-sectional profile measured with 3D scans: (a) the scanner setup (b) the scanning process (c) the sampling of the profiles from scanning (d) the

post-processed rail profile and the deformation in the Z-axis.

3.1. Plastic deformation

Figs. 6 and 7 present the simulated rail head plastic deformation
evolution in 100 load cycles for the B320 and R260MN rails, respec-
tively. The same loading conditions were applied, as presented in
Section 2.3. We can see that both rails show similar patterns in the
development of plastic deformation, which was rapid in earlier cycles
(from cycle 1 to cycle 20), then moderated (from cycle 20 to cycle 45,
and from 45 to 70), and finally approached stabilisation (after cycle
70). The B320 rail, owing to its superior mechanical strength, produced
less plastic deformation than the R260MN rail, as anticipated. The
R260MN rail experienced almost twice as much plastic deformation as
the B320 in all three axis directions.

Figs. 6(c) and 7(c) also show that for both rails, the contact radii in
the lateral direction increased with load cycles due to the accumulation

of plastic deformation. An increase in contact radii can then affect con-
tact conditions and solutions, e.g. expanding the contact patches and,
at the same time, reducing the contact stresses at the centreline of the
contact patch (to be elaborated in the next section). Furthermore, the
differences in the Z-axis between the original profile and those during
the load cycles indicate to what extent the rail head was plastically
deformed in the simulation. The validation of this plastic deformation
against the test results is presented in Section 3.5.

3.2. Contact patch evolution
Figs. 8 and 9 compare the wheel-rail elasto-plastic contact solutions

of the B320 and R260MN rails to those on the purely elastic rail under
the same loading conditions. Both plastically deformed rails have their
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Plastic deformation summary- B320, u = 0.23
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Fig. 6. Simulated accumulation of plastic deformation of B320 rail, (a) plastic deformation in the X-Y plane (b) plastic deformation in the X-Z plane, and (c)

plastic deformation in the Y-Z plane.

Plastic deformation summary- R260MN, u = 0.23
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Fig. 7. Simulated accumulation of plastic deformation of R260MN rail, (a) plastic deformation in the X-Y plane (b) plastic deformation in the X-Z plane, and (c)

plastic deformation in the Y-Z plane.

peak normal contact pressures leaning towards the leading side of the
contact patch, in contrast to the symmetrical contact pressure distri-
bution of the elastic rail. That is because, for the B320 and R260MN
rails, the higher shear stresses on the trailing side of the contact patch
plastically deformed the rail more than that on the leading side, causing
larger expansion of the contact patch on the trailing side and thus with
lower contact pressures, thus forming the egg-shaped contact patch
with the peak contact pressure shifting forward [41-43]. Therefore,
the contact patches of B320 and R260MN rails had egged shapes as
compared to the elliptical shape on the elastic rail, as marked by the
red dashed ovals in Figs. 8(c) and 9(c).

Furthermore, the B320 rail had contact stresses in the first load cycle
close to those of the elastic rail, with their contact patches differing
marginally as indicated in Fig. 8(c). This small difference in contact
pressures indicated that the plastic deformation in the B320 rail of
the first cycle was relatively small due to its higher yield strength.
Contrastingly, the R260MN showed much lower contact stresses in
the first cycle compared to those of the elastic rail, and the contact
patch of R260MN was significantly larger than those of the elastic and
B320 rails. The results showed that the use of elastic material can

overestimate the actual contact stresses and is thus less suitable for
analysing the ratcheting in rail.

The contact patch evolves with increasing load cycles due to plastic
deformation as discussed in [22,23]. Figs. 8(c) and 9(c) show the
simulated contact patch evolution of B320 and R260MN rails, respec-
tively. With the accumulation of plastic deformation, the contact radii
of the rail head increased, as shown in Figs. 6 and 7. This process
led to a considerable expansion of the contact patch in the lateral
direction and limited shrinkage in the longitudinal direction in 100
wheel load cycles, as shown in Figs. 8(c) and 9(c). The contact patch
expansion was more significant in the early cycles, especially within
20 cycles, and approached stabilisation after 70 cycles. For both rails,
the contact patches barely changed between the 95th and 100th cycles.
This trend aligned well with the development in the accumulation of
plastic deformation presented in Figs. 6 and 7.

The change in surface contact stresses on the two rails, as shown
in Figs. 8 and 9, followed a similar pattern: the magnitudes of the
contact stresses first decreased rapidly, and gradually stabilised after
70 cycles. The stabilised normal and shear stresses were considerably
lower than those of the first cycle. Additionally, the contact stresses
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Contact patch evolution of B320, u = 0.23
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Fig. 8. Contact stresses and contact patch evolution of the B320 rail.

decreased much less significantly in the B320 rail than in the R260MN
due to the smaller plastic deformation accumulated over 100 cycles and
consequently the smaller expansion in the contact patch.

For the first wheel load cycle, the contact stresses yielded the rail
material, initiating material plastic deformation in the rail head. The
contact stresses were effectively reduced by the plastic deformation,
decelerating material ratcheting at the centreline of the contact patch.
Subsequently, the rail head continued to accumulate plastic deforma-
tion, leading to further expansion of the contact patch and reduction
in contact stresses. Therefore, at the centreline of the contact patch,
the material ratcheting gave the structural ratcheting a pattern of de-
creasing stresses over the cycles; Meanwhile, the structural ratcheting
suppressed the material ratcheting by decreasing contact stresses over
the load cycles. Eventually, an equilibrium in the change of contact
stresses was reached between the material and structural ratcheting
so that the decrease in contact stresses and accumulation of plastic
deformation stabilised as indicated by the small but steady change in
contact stresses between cycles 95 and 100 for both rails shown in Figs.
8(a), (b), 9 (a) and (b).

3.3. Contact induced stresses

To obtain an overview of ratcheting effects in the B320 and R260MN
rail heads, we examined both the rail surface contact stresses and the
effective stresses of the surface elements at five different lateral (Y)
locations: four within and one beyond the contact patch after 100 wheel
load cycles, as shown in Figs. 10 and 11, respectively. The black dashed
lines in the figures demarcate the stress conditions into three parts:
before, during and after contact.

Figs. 10 and 11 show the changes in the surface contact stresses and
equivalent stresses of the surface elements at various lateral locations
for both rails over the load cycles. The surface shear stresses at the
longitudinal centreline of the contact patch, i.e. Y = 0.0 mm in Figs. 10
and 11, are the same as those presented in Figs. 8(b) and 9(b) where
the comparisons to the elastic solutions are also given. The effective
stresses at Y = 0.0 mm exceeded the initial yield stresses (538 MPa
for B320 and 348 MPa for R260MN, as denoted by the blue horizontal
lines) in all load cycles, and their variations followed a similar pattern
as the contact stresses: they first decreased rapidly and then gradually
stabilised. We can see that the peaks of the equivalent stresses align
with those of the contact shear stresses. This confirmed that the contact
shear stress contributed the most to material yield [44] within the
contact patch [32].

In cycle 1, at the edge of the contact patches, which was Y =
0.87 mm for B320 and Y = 1.02 mm for R260MN (not yet any surface
stresses at further locations), the effective stresses were below the
initial yield stresses, indicating that plastic deformation did not occur
throughout the contact. At the furthest locations of interest away from
the contact patch centreline, no surface contact stresses were present
since they were beyond the contact patch, while the contact-induced
effective stresses existed with low magnitudes. The after-contact parts
of Figs. 10(b) and 11(b) also show that the effective stresses did not
diminish after wheel passing, indicating that residual stresses were
generated in rails after contact.

In cycle 5, both the contact and effective stresses increased signif-
icantly at the contact patch edge locations of cycle 1 (Y = 0.87 mm
for B320 and Y = 1.02 mm for R260MN), indicating that the contact
patches expanded and yielded the rails further in the lateral direc-
tion. The contact-induced effective stresses beyond the contact patch,
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Fig. 9. Contact stresses and contact patch evolution of the 260MN rail.

i.e. over Y = 0.87 mm for B320 and Y = 1.02 mm for R260MN (with zero
surface contact stress), can also be observed. In particular, the effective
stress exceeded the initial yield stress on the R260MN rail at Y
1.31 mm, exhibiting the secondary effect of contact discussed in [32]:
the compressive wheel-rail contact patch incited tension around it and
the accumulation of these residual tensile stresses could also cause the
rail to yield.

With a further increase in cycles, we can see that the edge of the
contact patch expanded further for both rails, indicated by non-zero
surface stresses at further lateral locations. This, meanwhile, caused the
surface and effective stresses to decrease at the longitudinal centrelines
of the contact patches. Different structural ratcheting patterns can be
observed at the other lateral locations than the centreline: the contact
stresses first increased until they approached the level at the centreline,
then decreased, and eventually stabilised. For instance, by comparing
the left two graphs of Fig. 10(a), the surface stresses at Y = 0.87 mm
for B320 increased with load cycles and reached the same level at the
centreline in cycle 20; and then the surface stresses decreased until
cycle 70 and stabilised afterwards.

In cycle 100, the half-width of the contact patch expanded beyond
1.31 mm for B320 and 1.45 mm for R260MN, indicated by the non-zero
surface stresses. Within the contact patch, the effective stresses within
100 cycles all exceeded the softened yield stress (ay,softened =0,0+0).
Beyond the contact patch, we can see that the effective stresses may
also exceed the yield stresses at 1.45 mm for B320 and 2.03 mm for
R260MN, implying that the plastic deformation could occur from the

secondary effects of rolling contact, even though the ratcheting effects
within the contact patch appeared to stabilise.

3.4. Ratcheting rate

The ratcheting behaviours of the rails can be quantified in terms
of the ratcheting strains and rates, represented by the effective plastic
strain accumulated throughout the cycles p°// and the change of the
effective plastic strain per cycle dp®///dN, respectively [26,38,45].
With only the material ratcheting considered, we may expect that the
ratcheting rate decreased rapidly and stabilised after a few cycles as
exhibited in material ratcheting tests [38,45]. This stabilised ratcheting
rate has been used to calculate the critical ratcheting strain and to
predict the initiation of RCF cracks [15,26]. The ratcheting simulations
of this study revealed some different patterns in the ratcheting strains
during wheel-rail rolling contacts when the structural ratcheting was
considered.

Fig. 12 shows the ratcheting of the B320 rail at different lateral
locations within and beyond the contact patch. At the centreline Y =
0.0 mm, the ratcheting rate shown in Fig. 12(b) started at a relatively
high value, and then quickly decreased with load cycles, and finally
stabilised at 0.0013 after 40 cycles, which is also evident with the
linear increase of ratcheting strain shown in Fig. 12(a). This change
in ratcheting rate was consistent with the trends in the accumulation
of plastic deformation as discussed in Section 3.1 and similar to the
material ratcheting behaviour. However, as discussed in Sections 3.2
and 3.3, the change in the ratcheting rate was influenced by not only
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Fig. 10. Stress states in the B320 rail in various load cycles at various lateral locations: (a) contact surface shear stresses and traction bound, and (b) the effective

stress of the surface elements.

the material ratcheting of the rail steel but also the structural ratcheting
during which the contact stresses decreased with the expansion of the
contact patch and thus the material ratcheting was decelerated.

The ratcheting rates in B320 rail at the other lateral locations of the
contact patch showed different patterns. For instance, at Y = 0.87 mm
(likewise at Y = 1.02 mm), the ratcheting rate increased with load
cycles (in line with the contact stresses increase per Fig. 10) and peaked
at cycle 18, and then decreased afterwards, and eventually stabilised
at cycle 70 to a similar level of that at the centreline. The change
in the ratcheting rate aligned with the trend of the contact surface
and effective stresses presented in Section 3.3. At Y = 1.31 mm, the
ratcheting rate generally increased until it stabilised after 80 cycles.
The rail ratcheting behaviours at these locations, i.e. Y = 0.87 mm,
Y = 1.02 mm and Y = 1.31 mm, were thus influenced by the structural
ratcheting discussed in Section 3.3. Furthermore, at Y = 1.45 mm,
which was still outside the contact patch at cycle 100, we can observe
the onset of plastic deformation in the 53rd cycle. This confirmed that
plastic strains can accumulate beyond the contact patch, attributed to
the secondary effect of contact discussed in [32].

Similar trends can be observed in Fig. 13 for R260MN rail ratcheting
strains and rates. The R260MN rail accumulated higher effective plastic
strains, almost twice as much as that of the B320. The stabilised
ratcheting rate of R260MN is around 0.0026, while that of B320 is

0.0013 The higher ratcheting rate was expected since the R260MN rail
has lower mechanical strengths than the B320 rail with more plastic
strain accumulated already at early cycles (c.a. 0.10 for R260MN versus
c.a. 0.05 for B320 in 20th cycle), which led to saturation of isotropic
softening and softened yield stress at early cycles, further intensifying
material ratcheting.

The patterns in the ratcheting rates within the contact patch of both
rails underscore the crucial influence of the structural ratcheting at
wheel-rail contact. At/around the centreline of the contact patch, the
structural ratcheting had a suppressive effect on the rail ratcheting as
the ratcheting rate decreased (see in Figs. 12(b) and 13(b)), owing to
the expansion of the contact patch and reduction in contact stresses
(see in Figs. 10 and 11, Y = 0.0 mm). At the locations within the
contact patch away from the centreline, the structural ratcheting at
early load cycles reinforced the material ratcheting and consequently
led to increasing ratcheting rates, as the contact stresses increased with
the expansion of the contact patch, causing the rail to yield further.
When the contact stresses at these lateral locations reached the level
of those at the centreline with the increase of load cycles, the struc-
tural ratcheting began to suppress the material ratcheting, which then
slowed down the accumulation in plastic deformation and subsequently
contact patch evolution. The suppressing effect of structural ratcheting
diminished when the equilibrium (as in the change of contact stresses)
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Fig. 11. Stress states in the R260MN rail in various load cycles at various lateral locations: (a) contact surface shear stresses and traction bound, and (b) the

effective stress of the surface elements.

was reached between the effects of material ratcheting and structural
ratcheting, as indicated by the stabilised ratcheting rates approaching
the 100th cycle. Additionally, the present simulation results showed
a clear contrast with the fixed-amplitude material ratcheting tests
reported in [31], where the prescribed stress paths led to relatively high
ratcheting rates in the Chaboche model predictions. In the present con-
tact simulations, however, the ratcheting rate was significantly limited
by the structural ratcheting process, particularly around the contact-
patch centreline. This comparison highlighted that structural ratcheting
can strongly modulate, and in the present case partially suppress, the
material ratcheting response under cyclic wheel-rail contact.

The material properties of the two rail steels also play a significant
role in their ratcheting behaviour. B320, which possesses a higher
yield strength and distinct microstructure [31] compared to R260MN,
exhibited lower initial ratcheting strain. As the loading cycles pro-
gressed, B320 also showed a lower ratcheting rate, reflecting its higher
resistance to material ratcheting [31]. Because material ratcheting in
B320 was less pronounced than in R260MN, the suppressing effect
of structural ratcheting was correspondingly weaker, as evidenced by
the smaller reduction in ratcheting rate observed in Figs. 12 and 13.
At Y 0.0 mm, the stabilisation — where material and structural
ratcheting effects balance — was reached earlier for B320 (around
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cycle 45), primarily due to its limited material ratcheting response.
In contrast, for R260MN, the ratcheting rate continued to decrease up
to approximately 100 cycles. At other locations, structural ratcheting
played a more prominent role by intensifying material ratcheting and
increasing the ratcheting rate before subsequently suppressing it for
both rails. Nevertheless, owing to the inherent material differences,
both the ratcheting strain and rate remained lower in B320 than in
R260MN.

The two ratcheting processes can be regarded as driven by distinct
mechanisms. Material ratcheting refers to the progressive accumulation
of plastic strain arising from the intrinsic cyclic plasticity response of
the material under a given, repeatable loading path, typically constant-
amplitude loading with a mean stress in classical material testing
procedures [14,45]. Structural ratcheting, in contrast, refers to pro-
gressive plastic strain accumulation driven by cycle-to-cycle changes
in the applied stress state, such as increasing stress amplitude or
evolving structural loading conditions [6]. In the context of wheel-rail
rolling contact, structural ratcheting is not an independent constitutive
mechanism, but an emergent contact-geometry-mediated loading-path
evolution that modulates the material ratcheting response. It describes
the continued plastic strain accumulation resulting from evolving stress
conditions associated with contact profile changes. If the material
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response became elastic, e.g. shakedown, structural ratcheting would
cease. Therefore, the observed stabilisation of the ratcheting rate in
rails corresponds to the coupled interaction of material and structural
ratcheting, producing persistent — though significantly reduced - rate
in plastic strain accumulation and complete shakedown has not been
reached over the 100 cycles simulated in this study. This interpretation
reflects the temporal aspect of ratcheting behaviour, which has been
widely discussed in previous studies [23,26,30] where the contribution
of structural ratcheting were often overlooked. However, structural
ratcheting at the wheel-rail interface also exhibits an important spatial
characteristic. As identified in this study, the evolution of ratcheting
may vary across different locations within a contact patch due to local
variations in stress conditions driven by the evolving contact patch.
This spatial variation provides additional insight into the mechanisms
governing ratcheting behaviour in rails.
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3.5. Validation

This study took two steps to validate the simulation results. First,
the rail running bands observed after the 100th wheel load cycle from
the V-Track were compared with the simulated contact patches for both
rails. The width of the contact patch was checked against the that of
the running band for an initial assessment. Second, the rail top plastic
deformation after the 100th cycle in the Z-axis was extracted from
3D scans of the geometry on the V-Track, statistically analysed and
compared with the simulated vertical plastic deformation for the B320
rail.

3.5.1. Running band

Fig. 14 shows the simulated contact patches at the 1st and 100th
cycles compared with the running bands on the V-Track after 100 cycles
for both rails. The white grids indicate the FE mesh size on the rail top
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surface, which is 0.15mm x 0.15 mm. The contact patches on both rails
of the first cycle can fit well within the observed running bands in Figs.
14(a) and (c), demonstrating the reliability of using the FE method and
V-Track test rig to study wheel-rail contact.

Figs. 14(b) and (d) compare the simulated contact patches with the
observed running band after the 100th cycle. The simulated contact
patch on the B320 rail slightly exceeded (with three elements on each
side) the running band, whereas that on the R260MN rail was much
wider (approximately 6 elements on each side) than the observed run-
ning band. The B320 rail had relatively limited expansion in the contact
patch, as also indicated in Fig. 8(c), owing to its high yield stress
and subdued material ratcheting behaviour [31]. The overestimation
of the contact patch expansion for R260MN could be attributed to the
excessive plastic strains induced by the material ratcheting represented
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by the Chaboche model. As discussed in Section 2.2, the hardening
properties of the Chaboche model for R260MN could result in an over-
shoot in replicating the ratcheting strains, causing plastic deformation
and consequently the size of the contact patch to be overestimated,
especially within 20 cycles (as shown in Fig. 9), in the rail ratcheting
simulation. Therefore, the simulation results of the R260MN rail plastic
deformation were not further compared with the test in the second step
of validation.

3.5.2. Plastic deformation in Z-axis

30 rail cross-sectional profiles were selected from the scanned rail
surface in a 5-cm range over the sleeper NO. 21 of the B320 rail based
on random selection and then analysed. The reconstructed contact radii
of original rail profiles (R) and the vertical plastic deformation(d Z) af-
ter 100 load cycles were post-processed from the selected profiles. The
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reconstructed radii of the original rail profiles ranged from 29.40 mm to
30.40 mm, with a median of 29.76 mm and a mean of 29.80 mm while
the (design) radius used in the FE rail model was 30 mm. The vertical
plastic deformation, determined by comparing the deformed and the
reconstructed original rail profiles, as demonstrated in Fig. 5(d), varied
from 0.005 mm to 0.030 mm with the average at 0.017 mm and median
at 0.015 mm.

Since the contact radii R of the 30 selected rail profiles were
distributed over a relatively large range of 1 mm with a median
value (29.76) smaller than design radius, a further selection was made
considering the R in a 3% range over design radius of 30 mm for
a better comparison with the simulated results. The corresponding
vertical plastic deformation d Z ranged from 0.0075 mm to 0.0275 mm
with a median of 0.014 mm and a mean of 0.016 mm, as the statistics
shown in Fig. 15(a). The difference in the plastic deformation among
the cross-sections can be caused by the fluctuation of wheel-rail contact
forces shown in Fig. 3, which possibly resulted in the variation in the
plastic deformation and wear along the rail in the V-Track. As indicated
by a red horizontal line in Fig. 15(a), the simulation result of dZ
is 0.013 mm, which was determined based on the simulated surface
plastic deformation in Fig. 6(c). Fig. 15(b) compares the simulated
deformed rail profile to one measured profiles with a R of 30.10 mm,
both attaining a dZ of 0.013 mm. More measured deformed profiles
can been seen in Appendix. The good agreement between the simulated
and measured rail plastic deformation under 100 wheel load cycles
confirmed that the effectiveness of the proposed modelling framework
to investigate rail ratcheting effects and to predict the initiation of HC
cracks.

4. Conclusions and further research

This study addressed both the material and structural ratcheting
to elucidate the ratcheting effects observed in rails subject to cyclic
wheel-rail rolling contacts. Employing the Chaboche material models
to represent two rail steels, i.e. B320 and R260MN, in an efficient
and accurate FE frictional rolling contact model, both the ratcheting
processes were incorporated in the cyclic wheel-rail contact simula-
tions. The wheel-rail frictional rolling contacts were simulated up to
100 cycles using the same loading conditions as measured from a V-
Track test that was designed to generate real-life rail ratcheting and
head checks. Furthermore, the running-band width and rail head plastic
deformation from the V-Track were measured to validate the simulated
wheel-rail contact solutions and rail ratcheting behaviours. The good
agreement between the simulations and measurements supports the
effectiveness of the proposed modelling framework to investigate rail
ratcheting effects for predicting the initiation of HC cracks. The primary
findings are summarised as follows.

» The wheel-rail contact stresses are reduced under cyclic wheel
loading when the plasticity in the rail steels occurs, since the
plastic deformation increases the size of the contact patch, with
other things equal. This cannot be considered by linear elastic
material models.

The distribution of contact shear stress for a 3D wheel-rail contact
leads to uneven deformation at the contact interface with higher
plastic deformation at the trailing end of the contact patch. This
pattern in plastic deformation results in an egged shape of the
contact patch with the maximum normal contact pressure shifted
to the leading end, compared to the symmetrical and elliptical
contact patch solved using elastic material.

The ratcheting simulation over the 100 load cycles concluded
that the B320 rail outperformed the R260MN rail steel in terms
of RCF resistance as it exhibited lower level of plastic deforma-
tion accumulation, smaller contact patch expansion, and subdued
ratcheting effects.
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» The simulation results highlighted the interplay between the
structural and material ratcheting vary with the location within
the contact patch: at the longitudinal centreline, the structural
ratcheting suppresses the material ratcheting with decreasing
contact stresses over the load cycles; and at the other lateral
locations away from the centreline in the contact patch, the
structural ratcheting may intensify the material ratcheting at
early cycles and subsequently suppress it once the contact stresses
reach the level of those at the centreline.

The ratcheting effect in the rail stabilises when the equilibrium
in the change of contact stresses influence by the material and
structural ratcheting is reached, showing different patterns as
compared to the cases simulated only considering the material
ratcheting.

The ratcheting simulations also revealed that the residual stresses
can be accumulated outside the contact patch, thereby demon-
strating the secondary effect from the wheel-rail contact, i.e. rail
steel yield outside the running band.

In this study, the Chaboche constitutive model was used to replicate the
material ratcheting, potentially leading to an overestimation of plastic
strains and material ratcheting, especially for the soft rail steels with
large ratcheting rate, as discussed in [38] and also observed in the
simulation results of this study: the simulated contact patch of the
R260MN rail was considerably wider than the actual running band
observed on the V-Track. Therefore, it is essential for future studies to
incorporate more advanced constitutive models, such as Ohno-Wang II
(OWII) or Abdel-Karim-Ohno models [12,14], in the FE simulations for
the ratcheting effects of R260MN rail [29,46]. Furthermore, to conclu-
sively validate the accuracy of the proposed modelling framework in
predicting ratcheting effects, the next phase of research should imple-
ment a direct validation method, e.g. deriving the ratcheting strains
of the tested rail samples cut from the V-Track based on microscopic
examinations [32].
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Fig. 16. 16 cross-section profiles post-processed from the 3D-scanned rail top surface of B320.
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