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A B S T R A C T   

The mechanism of rail short pitch corrugation has remained elusive in the past. The damage mechanisms of the 
corrugation are reported to be differential wear or plastic deformation. The former has been extensively studied, 
while the plastic deformation, especially under multiple wheel passages has been seldom studied. To uncover the 
facts behind it, an integrated dynamic vehicle-track model with the rail material treated in elasto-plasticity is 
developed. Further, a novel method which can simulate the material deformation under cyclical axle loads is 
proposed. This method is used to study the rail material response at corrugation. Our research found that for the 
cases studied, the rail material undergoes cyclic plastic deformation at corrugation peaks only for a limited 
number of cycles (2–4 cycles) before reaching the elastic shakedown limit. After that, no further residual stresses 
and strains accumulate. The plastic deformation at corrugation peaks weakens the corrugation amplitude, 
serving as an early corrugation attenuation mechanism. Conversely, work-hardening at corrugation peaks in-
creases wear resistance at those peaks, promoting corrugation in the long term. The explanation of the corru-
gation development process under the interplays of the plastic deformation and wear has been validated by field 
corrugation data. Additionally, we propose a wear coefficient in the wear model to account for the work- 
hardening and change in the wear resistance. Experimental results of the hardness distribution show the 
similar characteristics to the numerical results.   

1. Introduction 

Rail corrugation has been an important concern to both infra man-
agers and researchers for more than one century. Rail corrugation is 
usually understood by wavelength-fixing mechanism and damage 
mechanism [1]. Many contributions from previous extensive research as 
reviewed in [1–4] are acknowledged in understanding most types of 
corrugations, yet the formation mechanism of short pitch corrugation 
remains elusive. Therefore, the focus of this paper is on the short pitch 
corrugation. This kind of corrugation is usually formed on straight tracks 
or at gentle curves. Its wavelength ranges from 20 mm to 80 mm [1]. 
Short pitch rail corrugation (hereinafter referred to as corrugation) 
brings many negative problems such as severe wheel-rail vibrations, 
system components degradation, rolling noise, and rolling contact fa-
tigues [1]. So far, the most reliable solution is grinding [5]. However, 
the grinding maintenance increases the operation cost of the railway 
industry and reduces the network efficiency. It is, therefore, necessary to 
gain a concrete understanding of the corrugation development 

mechanism. Concerning the research in corrugation, there are three 
main problems unclear or to be solved. 

Firstly, the wavelength-fixing mechanism for the corrugation is 
usually attributed to being correlated with the pinned–pinned resonance 
based on that its frequency matches with the corrugation frequency 
[1,6]. However, the whole corrugation initiation and growth process 
from a smooth rail is not explicitly revealed based on the explanation. 
The occurrence of the corrugation in the continuous support railway 
track [4,7] indicates that the pinned–pinned resonance may at least, not 
be the only mechanism responsible for the corrugation. In addition, it is 
pointed out by some researchers that the pinned–pinned resonance 
cannot agree with field observed corrugation frequency [8]. Therefore, 
the wavelength-fixing mechanism is yet a problem to be elaborated on. 

Secondly, the corrugation problem is usually explored with 
frequency-domain [6,9,10] or time-domain [11,12] models. The Anal-
ysis in the frequency domain is based on the linearization of the vehicle, 
track, and wheel-rail contact, and it is limited to investigation of the 
corrugation initial development stage [3]. However, the vehicle-track 
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system is a highly nonlinear system in structure and especially in the 
wheel-rail contact [13]. In addition, for the corrugation study, the non- 
Hertzian and non-steady treatment of the vehicle-track interaction 
process is considered as being necessary [14,15]. In this sense, time- 
domain models can better manifest the system and the development 
process. However, controversial conclusions are usually obtained with 
different models. Some models predicted the corrugation growth [13] 
but those with the non-Hertzian and non-steady treatment of the 
vehicle-track system [15], as proposed being necessary, reveal no 
corrugation growth. 

Thirdly, besides the damage mechanism of differential wear, plastic 
deformation is usually considered as the other damage mechanism [1]. 
The rail material experiences dynamic loads from repeated wheel pas-
sages. When the maximum stresses are below the rail material elastic 
shakedown limit, the material remains elastic. However, when the 
stresses exceed the shakedown limit, the material will deform plasti-
cally. When the loads are removed, residual stresses arise to protect the 
material from further being undergone plastic deformations. This pro-
cess is explained as working-hardening. When the vehicle rolls over a 
corrugated railway track, dynamic contact forces are excited. The pe-
riodic variation in the wheel loads makes the rail correspondingly 
deform periodically. This is the explanation of the damage mechanism of 
the corrugation in the form of plastic deformation. It means that when 
the corrugation severity reaches a certain stage, the non-steady effect 
due to the wavy profile is not negligible. The material mechanical 
property or structural change due to corrugation should be considered. 
The surface analysis of a corrugated rail material [16–18] shows that 
corrugation peaks experience higher plastic deformation and work- 
hardening, and thus have higher wear resistance, e.g., the wear resis-
tance at corrugation peaks is twice as high as that at corrugation troughs 
[18]. At corrugation troughs, there is no evidence of plastic deformation 
caused by the large normal contact forces [16]. This agrees with the 
conclusion in [8] that plastic deformation cannot be active in the 
deepening of the corrugation trough but instead by slip and wear. 
Differently, Carson and Johnson [19] used a test rig to reproduce the 
corrugation and explained its generation as plastic deformation. Liu et al 
[20] experimentally studied the corrugation with a scaled test rig and 
observed that the corrugation trough showed a high hardness level. This 
indicates that corrugation development is also explained by plastic 
deformation. The two different roles of plastic deformation in corruga-
tion development could be explained as two different corrugation for-
mation mechanisms. In this sense, the research subject in the present 
paper is similar to the corrugation described in former paper [30,31]:1) 
the corrugation is shown with shiny peaks and dark valleys; 2) the dark 
valleys are reported as being formed due to the adhesive wear and have 
a rougher surface and lower hardness level [16,21]; 3) higher hardness 
level and wear resistance are found at the corrugation peaks [16]. 

Most of the previous research was focused on the investigation of the 
damage mechanism in the form of differential wear, with few of them 
dealing with plastic deformation [22–24]. Böhmer and Klimpel [22] are 
among the earliest researchers to consider the plastic deformation in-
fluence on corrugation and concluded that plastic deformation acts as a 
possible saturation mechanism on corrugation growth. With a 2D FE 
model, Wen et al [23] studied the corrugation initiation after a scratch 
on a curved rail due to plastic deformation and found that after a few 
load cycles the undulatory rail surface development reaches a stabilized 
stage. The residual stresses and strains increase at a reduced rate with 
increasing wheelset passages and stabilize after a limited number of 
wheelset passages. In [24], Wen et al extended the analysis to 3D wheel- 
rail rolling contact. The multiple wheel passages are simulated by 
multiple translations of the normal pressures and tangential tractions 
calculated by Kalker’s exact 3D rolling contact theory. The dynamic 
coupling between the contact mechanics and structural dynamics is not 
considered in the research. The modelling of the system in continua and 
the interplays of the structural dynamics and the contact mechanics 
have been addressed in [28]. Zhao and Li [25] employed a 3D FE wheel- 

rail contact model with a bilinear elasto-plastic material model of 
isotropic hardening and analyzed the contact solutions. Naeimi et al 
[26] proposed a novel method to realize the thermo-mechanical 
coupling with a 3D dynamic FE vehicle-track model. Solutions from 
different material models are compared. Wei et al [27] used a similar 3D 
FE dynamic vehicle-track coupled model to study the degradation in the 
railway crossing with considering the plastic deformation and work- 
hardening. However, the rail material behaviours in elasto-plasticity 
under cyclic wheel loads with an integrated direct vehicle-track dy-
namic coupled model have not yet been investigated. 

Motivated by the first two problems, the current authors employed a 
3D dynamic FE vehicle-track frictional rolling contact model to study 
corrugation development [29,30]. Some new insights are gained con-
cerning the corrugation initiation and wavelength-fixing mechanism. 
Recently, Li [31] proposed a novel explanation for the corrugation 
initiation and consistent growth mechanism that the rail longitudinal 
dynamics are dominant to the corrugation initiation while the consis-
tency of longitudinal and vertical contact forces, differential wear, and 
corrugation should determine the development of short pitch corruga-
tion. The wavelength-fixing mechanism is governed by a frequency- 
selection explanation that the dominant frequency component could 
shift from a lower order to a higher order with speed increase and in the 
end the corrugation wavelength does not change too much. The damage 
mechanism of the corrugation considered is differential wear, as 
generally attributed to be the main damage mechanism [1–8]. Conse-
quently, a corrugation mitigation method was investigated [32]. In this 
paper, the third problem clarified above that the plastic deformation as 
another damage mechanism of corrugation, will be investigated with the 
proposed method in this paper. 

Main goals of this research are: 1) to propose a numerical method 
which can deal with the material responses under cyclic axle loads, with 
which the material residual stresses/strains can be considered. 2) to 
investigate the response of rail material to short pitch corrugation by 
cyclic axle loads and analyse the influence of plastic deformation on the 
development of short pitch corrugation. 3) to examine methods for 
integrating the effects of material work-hardening into the wear model. 
4) to gain evidence from the experimental tests and observations for 
checking of the numerical results. To this end, the structure of the paper 
is organized as follows. Section 2 presents the numerical model with a 
dynamic three-dimension (3D) finite element (FE) vehicle-track fric-
tional rolling contact model, and the method of cyclic wheel-rail in-
teractions. Section 3 discusses the modelling of the fastening system for 
which an initial excitation is introduced in the model and with which the 
corrugation can initiate and grow consistently. The corrugation model 
used in the current investigation will be based on this corrugation. 
Section 4 shows the results of the investigations. Section 5 presents some 
experimental results and based on the above analysis a wear model 
which needs to consider the rail material work-hardening effects is 
proposed. The postulation of the corrugation development under the 
interplay of wear and plastic deformation is further analyzed. Finally, 
some conclusions are summarized in the last section. 

2. Model and method 

2.1. The 3D FE vehicle-track model 

A 3D dynamic FE vehicle-track coupled frictional rolling contact 
model used in [30] is employed in this paper to include the elasto- 
plasticity material property and the influence of multiple wheel pas-
sages, i.e., the accumulation of residual stresses and strains from cyclic 
axle loads. The model is developed with Ansys/Ls-Dyna. It considers a 
corrugation situation on straight tracks. Hence, the vehicle-track model 
is treated as being symmetrical about the track center and a half 
wheelset and track structure are modelled. The structure above the 
primary suspension is lumped as mass elements as their vibration fre-
quency is usually not higher than 10 Hz [33], in comparison with the 
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corrugation frequency of 500–2000 Hz (corresponding to 20–80 mm 
corrugation wavelength under typical Dutch train speed of 140 km/h). 
The wheelset, rail, and sleepers are modelled as 3D solid elements. The 
rail is UIC 54 E1 with a nominal profile. The wheel geometry was that of 
the ICR car, with nominal wheel radius of 0.46 m, and 1/40 conicity to 
match the rail inclination of the same value. The sleeper in the model 
considers the monoblock concrete sleeper [34]. The sleeper spacing is 
the nominal value of 0.6 m. The primary suspension, fastening system 
(usually represented by railpad), and ballast are modelled with spring- 
damper elements. A linear elastic spring and a linear viscous damper 
are considered with parameters in Table 1. A dynamic factor of 30% is 
designed and applied in the static sprung load to consider the dynamic 
load in low frequencies and the non-uniform distribution of car-body 
weight on the different wheels [35]. The sprung load with consider-
ation of the dynamic factor is 93 kN. Other parameters are from the 
typical Dutch track system [21,30]. 

The wheel and rail are meshed with 8-node solid elements. In the 
solution zone marked in Fig. 1, the mesh size in the contact surface is 0.8 
mm × 0.8 mm to guarantee a high solution accuracy [38]. The total 
number of elements in the model is 1,169,760, and the number of nodes 
is 1,346,380. The CPU time of each wheel passage cycle is about 12.5 h. 
The simulations were performed on a workstation with Intel(R) Xeon(R) 
Gold 6244 @ 3.60 GHz 16 cores CPU and 256 GB RAM. Additionally, a 
High Performance Computation (HPC) module with 13 processors is 
used. The contact between wheel and rail is modelled with a surface-to- 
surface contact algorithm based on a penalty method [36]. This penalty 
algorithm applies a penalty function to the contact forces to enforce the 
contact constraints and solve the penetration problem between contact 
bodies. The penalty contact algorithm can be straightforwardly imple-
mented in the explicit FE programs as a subroutine [37]. Coulomb’s 
frictional law is used with a friction coefficient of 0.4 [31]. A traction 
coefficient of 0.15, defined as the ratio between longitudinal tangential 
load and the normal load, is employed to generate an adhesion-slip 
wheel-rail contact situation. The validity of the model in statics and 
dynamics has been validated by comparing the FE results with results 
from other established methods [38,39], with impact hammer tests [40] 
and ABA measurements [41]. An explicit time integration scheme is 
employed to consider the transient wheel-rail fictionally rolling contact. 
Courant stability condition [42] should be fulfilled to ensure the 
convergence, i.e., the time step is small enough so that the sound wave 
may not cross the smallest element within one-time step. As long as the 
time step is sufficiently small, all relevant vibration modes of the 
structure and the continua will be automatically included in the solu-
tion. In addition, the contact mechanics and the vehicle-track system 
structural dynamics are instantaneously coupled. This renders the model 
to consider their mutual influence, and it is important for high- 
frequency dynamic interactions. In the 3D FE vehicle-track model, the 
nonlinearity in contact mechanics, structural dynamics, and complex 
materials models can all be considered. The rail grade considered is 

R260 Mn. To include the work-hardening of plastic deformation, a bi- 
linear plastic material model with kinematic isotropic hardening is 
used. The yield strength of the rail and wheel is σy = 500 MPa [25,43]. 
The hardening curve, represented by the tangent modulus, is G = 21 GPa 
[25,43]. 

2.2. Simulation of vehicle-track contact with multiple wheel passages 

The numerical simulation follows an implicit-to-explicit procedure. 
In the implicit, it calculates the initial stresses and strains of a wheel 
sitting on the rail. This analysis defines the initial state of the dynamic 
analysis when stress initialization is performed in the explicit integra-
tion method. By doing it, the unrealistic vibration that may be caused by 
in-equilibrium state of the system can be avoided. Then, in the explicit, 
the wheel is set to roll on the rail together with dynamic relaxation. The 
dynamic relaxation process damps out the initial imbalance due to the 
imperfect static equilibrium. An initial distance of 0.3 m is given to 
guarantee a sufficient dynamic relaxation process. The solution zone is 
in the range of 0.3 m ~ 0.9 m. 

The rail material behaviour with a direct integrated vehicle-track 
coupled dynamic interaction under cyclic wheel loads is deserved to 
be studied to consider the role of plastic deformation on corrugation 
development. The approach for simulating multiple wheel passages 
considering the cyclic plastic deformation accumulation is illustrated in 
Fig. 2. In step 1, the wheel starts from the original stationary location to 
roll along the rail for cycle 1 without initial stresses and strains in the 
solution zone. At the end of cycle 1 in step 2, residual stresses, and 
strains from cycle 1 are automatically saved. In step 3, the wheel starts to 
roll from the same initial location along the rail. The rail material was 
updated to include the residual stresses and strains from the first cycle. 
When the wheel rolls over the solution zone, the residual stresses, and 
strains from cycle 2 accumulate and the residual stresses and strains in 
step 4 are updated, recorded, and will be included in the following cy-
cles. The updating of the residual stress is shown in Fig. 3 more 
explicitly. 

2.3. Von Mises stress and effective plastic strain 

The Von Mises yield criterion, also known as the maximum distortion 
energy criterion, is a widely used theory for predicting the plastic 
deformation in ductile materials. According to this criterion, yielding 
occurs when the Von Mises stress reaches a critical value that depends 
on the yield strength of the material. The Von Mises stress is a measure of 
the distortion energy of a material and is based on the three principal 
stresses that act on a material. Once the yield strength is exceeded, 
plastic deformation occurs in the material, which causes residual stress. 
The Von Mises stress can be expressed mathematically as [44] 

Table 1 
Vehicle parameters and Track parameters.  

Parameters Values 

Primary suspension Stiffness 1.15 MN/m 
Damping 2.5 kNs/m 

Railpad Stiffness 1,300 MN/m 
Damping 45 kNs/m 

Ballast Stiffness 45 MN/m 
Damping 32 kNs/m 

Wheel and rail 
material 

Young’s modulus 210 GPa 
Poisson’s ratio 0.3 
Density 7,800 kg/m3 

Tangent modulus 21 GPa 
Yield strength 500 MPa 

Sleeper Young’s modulus 38.4 GPa 
Poisson’s ratio 0.2 
Mass density 2520 kg/m3  

v

Fig. 1. 3D FE vehicle-track model.  

S. Li et al.                                                                                                                                                                                                                                        



Structures 53 (2023) 1000–1011

1003

σv =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
2

[
(
σxx − σyy

)2
+
(
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)2
+ (σzz − σxx)

2
+ 6

(
σ2

xy + σ2
yz + σ2

zx

)2
]√

(1)  

where σxx, σyy and σzz are the normal stresses; and σxy, σyz and σzx are the 
shear traction. 

Effective plastic strain characterizes intensity of plastic strains. It is a 
monotonically increasing scalar value which is calculated from the 
components of plastic strain rate tensor as [45,46] 

εp =

∫t

0

ε̇pdt (2)  

ε̇p =

̅̅̅
2

√

3

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
˙εpx − ˙εpy

)2
+
(
˙εpy − ˙εpz

)2
+

(

˙εpz − ε̇px

)2

+ 6ε̇2
pxy + 6ε̇2

pyz + 6ε̇2
pzx

√

(3)  

where εp is the plastic strain tensor, ε̇p is the plastic strain rate tensor, 
and ˙εpx, ˙εpy, ˙εpz, ε̇pxy, ε̇pyz, ε̇pzx are the 6 components of the deviatoric part 
of the plastic strain rate tensor for isotropic elasto-plastic material. 

3. The corrugation model 

3.1. Fastening system modelling 

In [31], we proposed a concept of initial excitation. With this initial 

excitation, the wheel-rail dynamic contact is excited and differential 
wear is produced. The initial excitation was introduced with the 

Fig. 2. Multiple steps for simulating cyclic wheel passages.  

Fig. 3. Schematic of updating stresses in the numerical process of the cyclic wheel passages.  

Fig. 4. Fastening model for corrugation consistent initiation and growth.  
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variation of rail fastening modelling as shown in Fig. 4. The fastening is 
represented with 4 × 3 columns and rows of spring-damper elements 
and constrains the rail in the longitudinal (x), lateral (y), and vertical (z) 
directions. It was found that when the longitudinal constraints in the 
first and third columns at the rail foot were released, the initial excita-
tion was produced. Consequently, large fluctuations of wheel-rail lon-
gitudinal contact forces and different wear are observed (see Fig. 5). 
Further, it is noted that there is a close correlation between the longi-
tudinal contact force and the differential wear. 

3.2. Consistent corrugation initiation and growth 

The large fluctuation of differential wear is the perquisite for 
corrugation initiation according to the initial damage mechanism of 
wear. Next, the corrugation formed by the differential wear is found 
being capable to consistently grow. The definition of the term “consis-
tent” means that the differential wears calculated with and without 
corrugation are the same in wavelength and phase angle which gua-
rantees the differential wears from multiple wheel passages can accu-
mulate. This process can be explicitly shown in Fig. 6. The first sub- 
figure (upper) shows the differential wear calculated when the rail is 
smooth which we name it as the initial differential wear. The fourth 
(lower) sub-figure shows the applied corrugation in the model which is 
in anti-phase with the differential wear in the first subfigure. The 
corrugation maximum peak-to-trough amplitudes (2Amax) are varying 
from 10 μm to 40 μm, 80 μm and 160 μm. It can be observed that when 
2Amax ≤ 80 μm, the calculated differential wears with corrugation are 
generally consistent with the initial differential wear but with a 
decreasing amplitude, while when 2Amax = 160 μm, the different wear is 
in anti-phase with the initial differential wear. When they are consistent, 

it means the corrugation can further grow, otherwise the corrugation 
will be levelled out. With the study, the whole corrugation development 
process from initiation, growth and saturation is successfully 
reproduced. 

3.3. Corrugation model 

In previous research, the applied corrugation in the model is usually 
artificially designed. There are several disadvantages. Firstly, the used 
model could well represent a healthy condition which means the 
corrugation does not necessarily be formed. Secondly, the artificially 
applied corrugation may disagree with the model determined corruga-
tion in wave pattern. Thirdly, with above issues wrong conclusions 
could be derived. To avoid such problems, the corrugation input to the 
model is based on the above calculations in section 3.2. A further benefit 
it brings with this method is that interplay of the differential wear and 
plastic deformation during the corrugation growth can be investigated. 

To this end, the corrugation applied in the FE model is the same as in 
Fig. 6. As shown in Fig. 7a, the corrugation wavelength and amplitude 
are not constant. This typical corrugation pattern resembles a corruga-
tion example observed on the Dutch railway network (see Fig. 7b). 

To investigate the influence of different corrugation severities on 
plastic deformation, different amplitudes of the corrugation are 
considered. Therefore, a parameter 2Amax as shown in Fig. 5b is intro-
duced and varies from 0 µm to 10 µm, 50 µm, 100 µm, and 200 µm. By 
attributing the 200 µm amplitude, we expect to consider a critical 
corrugation situation. 

Fig. 5. Fluctuations of wheel rail contact force and differential wear (FL: longitudinal contract force, FN: vertical contact force, PSD: power spectral density) [31].  
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4. Results and analysis 

4.1. Comparison of the von Mises stress and effective strain with and 
without corrugation 

Fig. 8 shows the comparison of the residual stresses and the effective 
plastic strain (EPS) under the smooth rail and corrugated rail situations. 
The amplitude considered in this case is 2Amax = 200 µm. As shown in 
Fig. 8a, the maximum residual stress lies beneath the rail surface, indi-
cating a large von Mises (V-M) stress history in the same depth. The 
influence of the friction and traction coefficients on the maximum V-M 
stress distribution along the depth has been studied in [28], therefore 
the phenomenon that maximum V-M stress is in the subsurface can be 
well understood from the current parameters. In addition, the distribu-
tion of the residual stress tends to be regular when the rail is smooth. In 
the presence of the corrugation, the residual stress intensity redistributes 
and keeps in–phase with the applied corrugation (see Fig. 9a), i.e., 
corrugation peak with a higher residual stress level. The same phe-
nomenon applies to the EPS as shown in Fig. 8b and Fig. 9b, respectively. 

To reveal the difference in the maximum V-M stress at the corruga-
tion peak and corrugation trough, the maximum V-M stress along the 
depth under the smooth rail and corrugated rail situations are obtained 

and shown in Fig. 10. Under the smooth rail condition, the maximum V- 
M stresses at two positions are not the same. This is due to the transient 
vehicle-track interactions. With corrugation, the overall V-M stress level 
at the corrugation peak increases considerably above the yield stress of 
500 MPa. At the corrugation trough, the V-M stress, however, drops 
significantly with the maximum value of less than 300 MPa. 

4.2. Influence of the corrugation amplitude on V-M stress and EPS 

Figs. 11 and 12 show the V-M stresses and EPS under different 
corrugation severities with the amplitudes 2Amax varying from 0 µm to 
200 µm. with the increase of the corrugation amplitudes, the V-M 
stresses and strains increase correspondingly at the element of 682718, 
which is an element at the rail surface and the corrugation peak. 
Inversely, the V-M stresses and strains decrease continuously with the 
corrugation amplitude increase at a corrugation trough element. The 
large V-M stresses will cause plastic deformation and lead to two effects: 
1) the reduction in the corrugation peak which acts as a corrugation 
attenuation mechanism as mentioned in [22]; 2) the work-hardening at 
the corrugation peak to increase the wear resistance. At the corrugation 
trough, however, due to the lower V-M stress than the yield stress, the 
plastic deformation cannot be active. That means the main damage at 

Fig. 6. Consistent corrugation initiation and growth [31].  

Fig. 7. Corrugation profile applied in the model.  
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the corrugation trough is reasonable to be considered as differential 
wear. 

4.3. V-M Stress and EPS under multiple wheel passages 

The cyclic plastic deformation and work-hardening of the element 
682,718 at the corrugation peak under multiple wheel passages are 
shown in Fig. 13. The V-M stress after 2 load cycles drops down below 
the initial yield stress of 500 MPa. It means the material at element 
682,718 enters elastic shakedown. In cycle 3, no further EPS is observed. 
In [23], it is reported that the EPS increases at a decreasing rate. The 
same phenomenon is observed that the EPS in cycle 2 is smaller than that 
in cycle 1. It is necessary to mention that for other elements, the number 
of cycles to reach the elastic shakedown process varies from 3 ~ 5. In 
summary, the rail material will show an elastic shakedown behaviour 
after limited loading cycles. 

The stress–strain behaviour of the materials in the multiple cycles is 

shown in Fig. 14. Looking at element 682718, the total strain is about 
3.8 × 10-3 in cycle 1, leaving with about 1.5 × 10-3 EPS after removing 
the load. The yield stress after the first cycle increases from 500 MPa to 
530.8 MPa. In the second cycle, the EPS is 0.46 × 10-3. The total accu-
mulation of EPS is 1.96 × 10-3. The yield stress after 2 load cycles be-
comes 538.2 MPa. In cycle 3, the rail material is purely elastic, and there 
is no further plastic deformation accumulated nor increase in the yield 
stress. At the other element of 701723, the number of load cycles for the 
rail material to reach the elastic shakedown limit is 4. 

5. Experimental characterization of corrugated rail materials 

5.1. Hardness distribution in phase with corrugation 

Some rail samples with corrugation wave patterns are taken for the 
experimental studies as shown in Fig. 15. The first corrugation shows a 
corrugation situation with varying amplitude. The second corrugation 

                                (a) Residual stress                                                              (b) Effective plastic strain 

Fig. 8. Comparison of residual stress and effective plastic strain under a smooth rail and under corrugation situation (2Amax = 200 µm).  

                         (a) Residual von Mises stress                                                      (b) Effective plastic strain 

Corrugation

Fig. 9. Magnification to reveal the localized residual stress and effective plastic strain.  
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illustrates a roughly equal distribution of the corrugation in wavelength 
but with some shorter sub-wavelengths (see Fig. 15b). The profile of the 
second corrugation is measured with a laser-based 3D HandyScan, from 
which the rail surface roughness can be obtained. 

Fig. 16a shows one section corrugation profile in the longitudinal 
extracted from 3D scanning geometry data. To better reveal the corru-
gation, two different band-pass filterings (BPF) schemes are applied to 
the data, one with BPF of 20–80 mm (the typical corrugation wavelength 
range), and the other with 5–80 mm (considering the sub-wavelengths 
shorter than 20 mm). By comparing the rail surface appearance of 
dark (corrugation trough) and bright (corrugation peak) running band, 

the measurement can well represent the geometry variation. The shorter 
sub-wavelengths in the corrugation visually observed can also be iden-
tified with the measurement. 

It is reported that corrugation peaks experience high wheel-rail 
contact forces and therefore become harder due to the working- 
hardening effect [22]. To reveal it, a hardness test is performed with a 
GE DynaMIC hardness tester. The distribution of the hardness is syn-
chronized with the profile measurement in the spatial domain. As shown 
in Fig. 16b, the higher hardness peaks correspond to corrugation peaks. 
The highest hardness at those peaks can be larger than 350 Hv. Thus, the 
corrugation peaks have a hardness level of 30–100 Hv higher than that 
at corrugation troughs. The result is in agreement with the previous 
findings in [47]. Note that at 100 mm, the profile trough corresponds to 
a small rail defect. The higher hardness values at the trough could be due 
to the defect-induced high impact loads. 

5.2. Microstructural characterization 

In the presence of corrugation, there are impact vibrations between 
the wheel and rail. Therefore, the rail material along the corrugation 
experiences different degrees of damage under the dynamic contact 
loads, and the material microstructural features, i.e., the topographic 
features, or phase transformations, along a corrugation wave also vary 
periodically. Much research [22,30] reveals that the dynamic contact 
forces are in-phase with the corrugation and hence rail surface materials 
at the corrugation peaks show severer structural damages, e.g., the 
occurrence of white etching layer (WEL) [16–18,47]. The WEL is very 
brittle and its hardness of it can be up to 1200 Hv. Due to the higher 
hardness, the layer is highly in wear resistance. According to [17], the 
wear resistance of the material at the corrugation peak can be twice that 
at the corrugation trough. 

In this study, the rail material from corrugation one is characterized. 
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Fig. 10. The maximum V-M stress distribution in rail depth at corrugation peak 
and trough under 2Amax = 0 and 200 µm respectively (Element 682,718 cor-
responds to corrugation peak, and element 682,700 corresponds to corruga-
tion trough). 

Fig. 11. Von Mises stress distribution of the surface elements at corrugation peak and trough under different corrugation amplitudes.  

Fig. 12. Effective plastic strains distribution of the surface elements at corrugation peak and trough under different corrugation amplitudes.  
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The specimens are sectioned along the longitudinal-vertical direction. It 
is prepared with a standard metallurgical procedure and finally etched 
in a 3 vol% solution of HNO3 in ethanol (Nital). The microstructural 
features at the corrugation peak and trough are shown in Fig. 17. WEL 
and brown etching layer (BEL) are observed at the corrugation peak, 
while not at the corrugation trough. The microhardness test undertaken 
in [47] indicates that the hardness for the WEL can be 882.7 ± 63.3 HV, 
and 450–470 HV for BEL. Therefore, during the corrugation develop-
ment, the material structural change at corrugation peaks brings much 
difference in the wear resistance [16,17]. This difference in wear 
resistance is significant for studying the long-term corrugation devel-
opment due to the differential wear. In the next section, rail material is 
treated in elasto-plasticity to consider the work-hardening due to cyclic 
plastic deformation. 

5.3. A wear resistant coefficient introduced in the wear model 

The damage mechanism of differential wear is usually assumed to be 
proportional to the frictional work [6,13,15]. It is expressed as 

w(x, y) = kWf (x, y) = k
∑N

i=1
τi(x, y)vi(x, y)Δt (4)  

where k is the wear coefficient, Wf (x, y) is the frictional work, τi (x, y) 
and vi (x, y) are the local tangential stress and slip, respectively, and N is 
the number of time steps Δt during which the element passes through 
the contact patch. 

However, when there is a periodic work-hardening of the rail ma-
terial due to the corrugation, the wear resistance should be highly pe-
riodic. In this case, the wear coefficient k should not be a constant 

Fig. 13. The cyclic plastic deformation and work-hardening at the element of 682718.  

Fig. 14. V-M stress and EPS under limited load cycles at 2 elements.  

Fig. 15. Two corrugation examples referred in this research.  
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parameter, and the wear model needs to be updated as 

w(x, y) = kWf (x, y) = k(x, y)
∑N

i=1
τi(x, y)vi(x, y)Δt (5)  

where k(x, y) is a spatial varied wear coefficient which takes into 
consideration of the material variations in wear resistance due to work- 
hardening. It is defined as 

k(x, y) = k0(1 + αH(x, y)/H0) (6)  

where k0 is the reference wear coefficient of pearlitic bulk material for 
R260 Mn, α is a parameter to correlate the hardness to wear coefficient, 
H(x, y) is the spatial varying hardness calculated from σy(x, y) = H(x, y)/
3 [48], and H0 is a reference hardness for the rail of R260 Mn. 

When taking into consideration the wear coefficient changes in the 
wear model, the higher wear resistance at corrugation peaks will act as a 
corrugation promotion mechanism that intensifies the differential wear 
for corrugation growth. 

6. A postulation of the corrugation development mechanism 
under the interplays of differential wear and plastic deformation 

At the corrugation initiation stage, the excited periodic contact 
forces due to the corrugation are small in amplitudes. The variations in 
contact force, periodic plastic deformation, and work-hardening are 

negligible. Therefore, it is reasonable to assume that the main mecha-
nism that contributes to corrugation growth as being differential wear. 
When the severity of the corrugation reaches a certain stage, the peri-
odic plastic deformation and work-hardening are more active to cause 
on one hand the larger plastic deformation at the corrugation peaks but 
not at corrugation troughs, and on the other hand the work-hardening 
and the increase in the wear resistance at corrugation peaks. Seen 
from the current results and similar results in [23,24] that the elastic 
shakedown limit will be reached after limited load cycles, it can be 
concluded that the plastic deformation at corrugation peaks which 
weakens the corrugation amplitude acts as the corrugation attenuation 
mechanism [22] in the early load cycles. Under the elastic shakedown 
behaviour and the higher wear resistance of the rail material at corru-
gation peaks, the corrugation explained based on the differential wear 
will be strengthened. On the other hand, the differential wear tends to 
decrease in amplitudes and become in-phase with the corrugation with 
the corrugation amplitude increase. In this sense, the plastic deforma-
tion acts as a corrugation promotion mechanism in the long term. 

This proposed explanation can be understood and validated from the 
following two aspects regarding the influence of rail grade.  

1) The study of the rail material’s influence on the corrugation in the 
Netherlands [3,21] shows that the rail material with lower wear 
resistance, i.e., lower hardness level, shows less corrugation and less 
work hardening at the rail surface. According to the explanation of 
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differential wear, a higher wear rate will accelerate the corrugation 
growth. Therefore, the field data seems in contradiction with the 
previous explanation. However, when taking into consideration of 
the proposed explanation in the present paper that the work hard-
ening at the corrugation peaks plays a corrugation promotion 
mechanism, the observed phenomenon will be easily understood. 
The work hardening layer due to the plastic deformation is more 
quickly worn off, and its positive contributions to the corrugation 
growth are less active in the soft rail material. In the end, the 
corrugation will arrive at a saturation stage earlier and with a 
comparably smaller corrugation amplitude. In the end, the rail sur-
face appears smoother than the hard rail material.  

2) In another research, however, the application of head hardened rail 
grade, e.g., R350HT, is suggested to mitigate the corrugation [49]. 
Field tests over 2 years show that the corrugation formed on R350HT 
rail was a third less than for the grade 900A (R260) [49]. This seems 
in contradiction with the previous field observations and in contra-
diction with the proposed explanation of the corrugation growth. 
This phenomenon is due to the fact that the quite hard rail material 
greatly increases the wear resistance. The corrugation due to the 
wear grows at a quite slow rate with a quite slowly increasing 
amplitude. Under such a situation, the differential plastic deforma-
tion, i.e., periodically varying with the corrugation profile, due to the 
impact vibrations caused by the corrugation, is also less active. 
Under the combination of high wear resistance and less active dif-
ferential plastic deformation, the corrugation in the hard material 
grows slower than it in the comparably soft material. 

Hence, the proposed explanation based on the interplays of differ-
ential wear and plastic deformation shows its validity in explaining the 
field observations of corrugation development. A further conclusion 
from the analysis is that the corrugation can be mitigated either by 
choosing much softer rail material in which the wear rate is much larger 
than the accumulation of work hardening material layer or by heat- 
treated rail material with much higher hardness and thus much higher 
wear resistance to reduce the wear rate and the plastic deformation. Of 
course, the rolling contact fatigue (RCF) problem is also a concern from 
the consideration of a competitive role between the wear and RCF [50]. 
This is from the aspect of the rail material consideration to mitigate the 
corrugation problem. 

7. Conclusions 

An integrated 3D dynamic FE vehicle-track model is developed in 
this research with a novel application in studying the rail corrugation in 
elasto-plasticity under cyclic wheel loads. The wheel and rail materials 
are treated as bilinear elasto-plastic with isotropic kinematic hardening. 
The residual stresses and strains from one load cycle are automatically 
recorded and included in the following load cycles to consider the 
accumulation phenomenon. Based on the obtained results, the main 
conclusions are made as follows:  

1. A method is proposed to study the rail material response in elasto- 
plasticity under cyclic wheels loads. The method considers the 
direct coupling between the structural dynamics and the contact 
mechanics. Their interplays, i.e., the instantaneous influence on each 
other, can be taken into consideration.  

2. The damage mechanism under the interplays of wear and plastic 
deformation is proposed. Its validity in the explanation of the field 
corrugation data is shown.  

3. Some suggestions concerning choosing rail grades to mitigate 
corrugation are proposed based on the explanation and the field 
corrugation data.  

4. A wear coefficient to consider the differential plastic deformation 
induced work hardening is proposed. 

5. The limited number of cycles of entering the elastic shakedown cy-
cles is in agreement with previous research results. 

Yet the wear coefficient which considers that work-hardening is not 
quantified in this paper. Further research needs to be undertaken to 
measure the change of the rail material hardness and the profile change 
from which a valid relationship can be possibly derived. 
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