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Rail transportation is a pivotal mode of land transport for its efficiency in
transporting passengers and freight across short or long distances; hence, the
reliability and safety of rail systems are of key importance. Rolling contact fatigue
(RCF), characterized by the cyclic loading of wheel-rail contacts, presents a
significant challenge in the rail industry. This study presents a comprehensive
numerical investigation on the influence of different crack orientations on the
contact stress of the rail profile and subsequently the fatigue life. Using finite
element analysis (FEA) with Abaqus and FE-safe software, the study examined
different crack orientations’ impact on stress distribution and fatigue life of rail
profiles. Employing the extended finite element method (XFEM), this study
modeled cracks in rail profiles with different orientations: parallel,
perpendicular, and oblique to the rail axis. finite element analysis was used to
obtain stress distribution results, highlighting the impact of crack presence, and
orientation on maximum contact stresses. Subsequently, fatigue analysis was
performed using FE-safe software, wherein the FEA results were imported to
estimate fatigue life and damage evolution. The study revealed that the presence
of a crack significantly influences contact stress, fatigue life, and damage
accumulation. The results further demonstrated that crack orientation has an
impact on the severity of those effects. Oblique cracks exhibited higher impact
compared to lateral and longitudinal cracks. The study provides valuable insights
into rolling contact fatigue-related failures, aiding in better understanding and
mitigation of such issues, thereby contributing to improved rail maintenance
practices and system safety.
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1 Introduction

Rail transport is a land transport in which the vehicles run on guided tracks known as
rails. It is one of the most important modes of transport and very cost-effective in terms of
transporting passengers and freight over long and short distances. Rail transportation has
emerged as one of the most dependable modes of transport in terms of safety also; it has fixed
routes and schedules, and its services are more certain, uniform, and reliable compared to
other modes of land transport (Saakian and Savchuk, 2013). The railway system operates on
metal rails and wheels; hence, it has less frictional resistance and thus consumes less energy
which promotes railway transport system to be considered as an environmentally friendly
and cost-effective mode of transport.
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In the railway industry, especially in the tribological area (wheel-
rail contact), fatigue failure is critical due to the repetitive action of
wheels and rails sliding over each other. The wheel-rail contact
generates extreme stresses in the contacting bodies because the
contact area is very small compared to the overall dimension of
the rail vehicle; thus, rolling contact fatigue is likely to occur.
Research in railway vehicles (Bhaduri and Bhaduri, 2018; Zu
et al., 2023) shows 50%–90% of mechanical failures are due to
fatigue. Initially, wear and plastic deformation of rails were
considered the major cause of failure. However, some measures
were taken to counteract those problems to improve performance;
the introduction of improved wheel-rail profiles, materials more
resistive to wear, and the application of lubrication in the contact
area are a few worth mentioning. As a result, wear and plastic
deformation failure modes have been suppressed (Ringsber and
Josefson, 2001; Sadeghi et al., 2009; Zerbst et al., 2009; Jaifu et al.,
2018).

1.1 Rolling contact fatigue implications and
maintenance strategies

Rolling contact fatigue (RCF) is the phenomenon that occurs
in mechanical components involving rolling or sliding contacts
in railway vehicles. RCF caused by applying cyclic loads on the
components potentially lead to fatigue damage. Defects like
squats, head checks, and shelling may cause the spalling of the
rail, which affects the ride comfort and generates noise. Although
the impact may not be immediately evident while the rail is still in
operation, the cracks can spread and eventually lead to a
complete fracture, which could cause a derailment (Kumar,
2006). Factors such as rail curve radius, axle load, stiffness of
suspension system, rail-wheel profiles, traction and braking
forces, and wheel/rail material properties affect RCF (Evans
and Iwnicki, 2002; Thakkar et al., 2006). Examples of
catastrophic damage observed related to rail failure due to
RCF are the Seemanchal Express derailment that occurred on
3 February 2019 in India, the Hatfield derailment in the UK that
occurred in 2000, the Columbus and Eliot city derailments in
Ohio and Maryland, respectively, in the US in 2012 (Magel, 2011;
Magel et al., 2016; Martua et al., 2018), the Bates derailment in
South Australia in 2007, the Gainford derailment in Alberta,
Canada, in 2013, and the Storsund–Koler derailment in Sweden
in 2013 (Magel et al., 2016).

To minimize crack propagation, the railway maintenance
departments adopt the practice of removing small railhead
cracks (cracks at their very initial stage) by rail reprofiling
and grinding on the railhead (Zhang et al., 2023). This
process removes plastically deformed material on the
railhead, which causes step marking known as slip bands.
Accumulation of slip bands on the rail causes small cracks;
thus, the rail reprofiling and grinding process reduce the
possibility of crack initiation (Tehrani and Saket, 2009;
Sangid, 2013). Nevertheless, for deeply developed cracks, the
rail reprofiling and grinding processes are expensive and time-
consuming, and as a result the railhead becomes thin, thus, the
methods become inadequate. Rail failure due to cracks can
potentially result in the derailment of railway vehicles. Such

derailments have significant impacts on both human life and the
environment (Magel, 2011; Martua et al., 2018). This study
explores how crack orientations affect wheel/rail contact stress
and, consequently, fatigue life.

1.2 Previous studies on wheel-rail
interactions

In 2017, Garcia et al. carried out a study about wheel-rail and
wheel-roller interaction using a test rig. Their objectives were to
determine the Hertzian contact stress, the maximum contact
pressure distribution, and the maximum von Mises stress. By
implementing analytical and numerical methods, the research
indicated that targeting the same objectives yields consistent
results, whether adopting the Hertz or the elastic FE method for
contact models (García-Prada et al., 2016).

Similarly, the study conducted by (Tehrani and Saket, 2009)
follow the elastic-plastic FE method. Their study objective was to
predict the fatigue life initiation due to high-cycle load. Stress
analysis was performed, and fatigue damage in rails was
evaluated numerically using the multiaxial fatigue crack initiation
model. The effects of material hardness, material fatigue properties,
vertical loading, and wheel/rail contact on fatigue crack initiation life
were investigated by using stress history during one loading cycle
and a fatigue damage model. The researchers suggested that future
work needs to take into consideration the interactive effects of those
parameters because the wheel/rail contact problem is highly non-
linear.

In 2017, El-Sayed et al. performed a numerical simulation to
study fatigue crack initiation life in railheads. The study focused on
the growing issue of RCF, particularly addressing aspects that had
been overlooked in prior research; they took into consideration
bending stresses due to the global dynamic response of railway
tracks and local stresses due to wheel-rail contact loads. Finite
Element (FE) analysis results were integrated with the critical
plane method and multiaxial low-cycle fatigue model to predict
crack orientation and and fatigue crack initiation life (El-sayed et al.,
2018). They concluded that, the model realistically simulates wheel-
rail contact, material non-linearity, and dynamic cyclic responses. In
2019, Zhang and Ren (2019) investigated the typical failure mode of
high-speed railway wheels considering the failure of wheel grade
ER8. Their study discussed wheel damage characteristics and failure
types; internal rim cracks, tread shelling, and tread pressing injuries
(Zhang and Ren, 2019). Additionally, In 2003, Cannon et al.,
identified and discussed the failure of rails in rail transport
associated with rolling contact failure and the method of crack
initiation, propagation, and fracture modeling for rail failure study
(Cannon et al., 2003).

The study in (Josefson and Ringsberg, 2009) showed the risk of
fatigue crack initiation and propagation in the railhead and rail
web were accelerated by welding residual stress and uncertainty in
load levels. They used finite element analysis to simulate the
interaction between the welding residual stress field and stress
field caused by service loads. The initiation of fatigue cracks was
assessed using the shear-stress-based multi-axial fatigue criterion
by Dang Van, and the propagation of fatigue cracks in the rail web
was carried out using a Paris-type crack growth law. An
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assumption, based on random variables, was formulated where
statistical analysis indicated that the contact load significantly
impacts crack initiation and fatigue life. The welding residual
stress magnitude came as the second most influencing
parameter with respect to fatigue crack initiation. Jun et al.,
2015 also studied crack failure analysis for weld-repaired rails
which are more susceptible to crack initiation. The experimental
and simulation on a weld-rail model showed that weld defects,
lamella cracks, and abrupt change in the physical properties and
internal structure of a material are potential causes for crack
initiation on rails, and crack propagation is strongly influenced
by tensile residual stress at the rail head due to the weld repair (Jun
et al., 2016). Lo et al., 2010 also investigated the residual stress on
failure for railway rails. The study considered new and used rails
with different loading and service conditions, and their results
revealed that due to wheel-rail contact loads, a hardened layer
(tensile and compressive residual stress) developed on all used
rails, while in new rail, the residual stress developed after load
engagement. Further, their study identified severe grain
deformation in rail gauge corners where a few small cracks
initiated and propagated bigger-sized cracks (Lo et al., 2010).

Further, a study by Fedorko et al., 2020 studied unique rail
damage that could be associated with hardened material indents on
rail surfaces. The research model the small circular indent with
linear center to center difference to form a cyclic damage. The study
modeled the small circular indent with linear center to center
difference to form a cyclic damage. The experimental study
revealed that once the damage occured, progressive surface
degradation leads to contact fatigue failure and horizontal crack
formation that eventually leads to complete rail fracture (Fedorko
et al., 2020).

Zhuo et al., 2023 investigated wheel-rail rolling contact
fatigue, emphasizing the need to understand crack growth
mechanisms due to their significant impact on railway safety
and maintenance. The study employed a combination of
theoretical models to simulate the conditions leading to
fatigue crack growth and a finite element method to analyze
stress distribution and crack propagation. The study discovered
that crack growth is most critical when contact loads are applied
and identified factors that can intensify the growth.
Furthermore, the study provided new insights into the
behavior of fatigue cracks under various mechanical loads
and frictional conditions. This offers valuable information
for improving the maintenance and safety of wheel-rail
systems (Zhou et al., 2023).

1.3 Novelty of the study

It is evident from the research above that rolling
contact fatigue affects rail profiles, and previous studies have
focused on notches, weld residuals, and grain boundaries as
initial areas for crack formation in their finite element
analyses; this study utilizes the extended finite element
method (XFEM) to model crack initiation. To the authors’
knowledge, research work that investigates the influence of
different crack orientations in the contact stress of the rail is
limited. In this study, the influence of different crack

orientations, parallel (longitudinal), perpendicular (lateral),
and oblique on the contact stress, was investigated. The
extended finite element method (XFEM) was adapted to model
cracks in the rails for finite element analysis, and subsequent
fatigue analysis was used to assess their impact on the life of
rail profiles.

2 Material and methods

The influence of cracks in the fatigue life of the rail was analyzed
using FEM. In this analysis, the following methods were applied as
depicted in the Figure 1.

2.1 Data collection

To develop the geometrical models, the international standard
model configuration BS EN 13262:2020 and BS EN 13674 for the rail
and wheel, respectively, were considered. Table 1 depicts the
mechanical properties of the wheel and rail, and Table 2 lists the
axle load adopted for this study.

2.2 Mathematical modeling

Research on the wheel/rail interface can be done experimentally
or numerically. However, experimental approaches have many
difficulties, and it is expensive. On the contrary, the numerical
technique has proven to be a useful and alternative tool for
complicated and expensive simulations. The model setup and
boundary conditions are modeled in such a way that they are
near to the real settings. That being said, the finite element
method (FEM) was chosen for this research work.

2.2.1 Governing equations
The assumptions of Hertzian contact theory provide the

theoretical foundation for wheel/rail contact. In the wheel/rail
interface, the contact area and pressure distribution can be
computed by using Hertz contact theory. When two elastic non-
conforming objects are pressed together, the contact region takes on
an oval shape with a semi-major axis ‘a’ and a semi-minor axis ‘b’
(Srivastava et al., 2014). The contact pressure distribution depicted
in Figure 2 is a semi-ellipsoid, expressed as:

P � Pm

������������
1 − x2

a2
− y2

b2
( )√

,with
−a≤ x ≤ a
−b≤ y ≤ b

{ (1)

Pm � 3F
2πab

(2)

where Pm is the maximum pressure, F is the maximum load, and a
and b are the major and minor diameter, respectively.

2.2.2 Contact stress in the wheel/rail interaction by
applying Hertz theory

Considering the material models for a pair of contact bodies are
linear-elastic, with friction between the contacting surfaces, the
material data E1� 210GPA,E2� 207GPA,v� 0.3, R11� 330mm,
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R22� 300mm,R12 � R21 � ∞ are used to compute the maximum
pressure at the contact zone.

K1 � 1 − v21
πE1

� 1 − 0.32

π*210e9
� 1.38e−12N/m (3)

K2 � 1 − v22
πE2

� 1 − 0.32

π*207e9
� 1.4e−12N/m (4)

A + B( ) � 1
2

1
Rr
1

+ 1
Rt
1

+ 1
Rr
2

+ 1
Rt
2

[ ] A + B( ) � 1
2

1
Rr
1

+ 1
Rt
1

+ 1
Rr
2

+ 1
Rt
2

[ ]
� 1
2

1
330mm

+ 1
∞+ 1

∞+ 1
300mm

[ ]� 3.18e−3/mm (5)

B − A( ) � 1
2

1
Rr
1

− 1
Rt
1

[ ]2

+ 1
Rr
2

− 1
Rt
2

[ ]2

+2 1
Rr
1

− 1
Rt
1

[ ] 1
Rr
2

− 1
Rt
2

[ ] cos 2ψ[ ] 1
2

B − A( ) � 1
2

1
330

− 1
∞[ ]2+ 1

300
− 1
∞[ ]2+2 1

330
− 1
∞[ ] 1

300
− 1
∞[ ] cos 2 45( )[ ] 1

2

� 2.25e−3 (6)

The angle ψ between the radius of the wheel and the rail is ψ
2,

where ψ is the straight segment curvature of the rail, which is usually
equal to the value of 45o.

Where Rr
1,R

r
2 are the rolling radius of the rail and wheel,

respectively, Rt
1, R

t
2 are the transverse radius of curvature of the rail

and wheel, respectively, and E and v are elastic constants for materials.

The coefficients ‘m’ and ‘n’ connect the ellipticity parameter a
b to

the geometrical parameter A
B. The values of ‘m’ and ‘n’ for various

values of θ are obtained by using the notation cos θ � B−A
B+A,

cos θ � B − A| |
A + B

cos θ � B − A| |
A + B

� 0.002252434
0.003181818

� 0.707 (7)
θ � cos−1 0.707907828( ) � 44.935o

The ‘m’ and ‘n’ values are obtained on the Hertzian contact-
stress coefficients by interpolation, thus, the values corresponding to
θ � 44.935o are obtained after interpolation between θ � 40o and
θ � 45o from the Table 3.

FIGURE 1
Methodology flowchart.

TABLE 1 Wheel and Rail mechanical properties (iTeh Standards, 2020).

E (GPa) v Density Kg/m3 Yield tensile strength (MPa) Ultimate tensile strength (MPa)

Rail 207 0.3 7,800 640 880

Wheel 210 0.3 7,800 547 879

TABLE 2 Axle load.

Axle load (kN) Load at the wheel (kN)

Overload 103.0 51.5

FIGURE 2
Pressure distribution across an elliptic area (Shin and Hur, 2022).
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From interpolation, the value of ‘m’ and ‘n’ corresponding to
θ � 44.935o, are

m � 1.9287, n � 0.6035

a � m
3π
4

F K1 + K2( )
A + B( )[ ] 1

3 (8)

b � n
3π
4

F K1 +K2( )
A + B( )[ ] 1

3 (9)

The F (active load) found in Table 2, then input the parameters
identified in the equation above, semi-elliptical geometrical values
obtained are;

a � 9.11mm, b � 2.85mm

According to Hertz’s contact theory, the highest principal
stress at the point of contact is perpendicular to the plane of
the contact point, which is on the line of applied load, and this
applied load might be compressive or tensile (Yan and Fischer,
2000).

Thus, the maximum pressure at the contact point will be as
follows:

Pm � 3F
2πab

� 3
2
*

51, 500.0
π*9.11*2.85

� 947.077MPa (10)

And the average contact pressure, Po,is given by:

Po � F

πab
� 51, 500.0
π*9.11*2.85

� 631.38MPa (11)

The average pressure obtained using Hertz contact theory will be
valuable input in the validation section of this study. The pressure
will be compared with the contact pressure obtained in the published
research work.

2.3 Finite element formulation procedure in
Abaqus/CAE

In this stage, the model of the physical problem was defined, and
an ABAQUS input file was created. The 3D model was created by
AutoCAD 2018 for adequate CAD modeling that imitates the real
wheel and rail profiles, see Figure 3, and then imported to the
simulation software.

2.3.1 Analysis steps
In this model, a one-step analysis was defined. This step provides

a convenient way to capture changes in the loading and boundary
conditions of the model and changes in the way parts of the model
interact with each other. In addition, the step allows for the changing
of the analysis procedure, the data output, and various controls. The
step analysis selected was general static with 1,000 increments. The
static, general analysis step was selected due to its compatibility with
modeling the extended finite element method (XFEM) crack
(Sukumar and Prévost, 2003; Fries and Baydoun, 2012).

2.3.2 Material modeling
Material modeling considers the wheel and rail mechanical

properties as depicted in the FEM based on Table 1. Also, the rail
plastic deformation was taken into consideration, since when the rail
material reached its elastic limit, further application of stress will result in
permanent deformation. After yielding, when the load is removed from
the rail, not all the strain-affected material recovers its initial state; this
condition is caused by the rearrangement of the atoms within amaterial,
and it is irreversible. When the load is removed, the plastic deformation
remains in the material as permanent, non-recoverable deformation
(Abramowitch and Easley, 2016). Plastic deformation is considered as
piecewise linear with applied stresses, refer to Table 4 for the values of
plastic strain which used as input parameter in rail material property in
Abaqus.

2.3.3 Interaction
The interaction module gives a variety of options. Based on the

model, focuses were directed to some special interaction parameters:
contact, crack, and constraints. The contact definition was defined
using the contact property tool. Initially, mechanical tangential
behavior was defined using a penalty friction formulation with
friction coefficient of 0.35 (Harmon et al., 2020), followed by
normal behavior with hard contact in Abaqus. The nature of
contact used for this study was surface-to-surface contact, and
the contact pairs were defined as the wheel circumference
(master surface) and the top of the rail surface (slave surface)
(Yang et al., 2019).

2.3.4 Element type and mesh convergence
The model was meshed using three-dimensional, linear

hexahedral geometric order elements and eight-node solid

TABLE 3 Coefficients for Hertz’s theory (Cooper, 1968).

θ (deg) m n θ (deg) m n θ (deg) m n

0.5 61.4 0.1018 10 6.604 0.3112 60 1.486 0.717

1 36.89 0.1314 20 3.813 0.4125 65 1.378 0.759

1.5 27.48 0.1522 30 2.731 0.493 70 1.284 0.802

2 22.26 0.1691 35 2.397 0.503 75 1.202 0.846

3 16.5 0.1964 40 2.136 0.567 80 1.128 0.893

4 13.31 0.2188 45 1.926 0.604 85 1.061 0.944

6 9.79 0.2552 50 1.754 0.641 90 1.0 1.0

8 7.86 0.285 55 1.611 0.678 95 0.944 1.061
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elements with uniform reduced integration (C3D8R). Uniform
reduced integration enhanced the efficiency of model simulation
by reducing the computational cost through hourglass control
(Pagani et al., 2014). To have an adequate simulation result, mesh
refinement is needed. Using a coarse mesh size yields an incorrect
result; therefore, enhancing the mesh density to a very fine level helps
the solution converge to more precise values. However, this
improvement in accuracy significantly increase the computational
time and cost (Baiges et al., 2020). Mesh convergence helps to
conclude that the model used for the simulation gives a valid
result, and it can be done by using different parameters like stress,
energy, pressure, and strain. To find convergence, different mesh sizes
were used in the model, and the analysis result showed that the
maximum stress (von Mises) starts to converge at an element size of
9 mm, see Figure 4. For this study, a global mesh size of 7 mm was
adequate for the simulation. Further decreasing themesh size will only
increase the computational time/cost with a minor effect on the
desired results. Using this value, the wheel/rail model was created
with a mesh consisting of 48,857 nodes and 39,546 elements.

2.3.5 Boundary conditions
The boundary conditions adopted were essential boundary

conditions (e.g., velocity constraints) and natural boundary
conditions (e.g., vertical force). The velocity and displacement
were defined on the wheel reference point (center of the wheel)
to move along the rail’s axis. The velocity assigned was 11,666 mm/s
(El-sayed et al., 2018; Jaifu et al., 2018) and the wheel displacement
was defined as 600 mm, which is the distance between two sleepers
and it is quite enough to learn the dynamic response of the rail due to

bending. Having a shorter rail enables the model to have a very fine
mesh with a significant reduction in computational time/cost
(Mathias and Kim, 2019; Baiges et al., 2020).

2.3.6 XFEM crack modeling
The surface crack was modeled in three different orientations,

parallel, perpendicular, and at an angle from the rail’s axis, by using
the XFEM interface. Their different orientations were targeted for
this study to represent the real conditions of RCF cracks identified
from field observations and the literature (Franklin and Kapoor,
2007; Goswami, 2019). For the longitudinal (parallel to rail’s axis)
crack, since the crack was observed near the gauge corner, the
propagation was thus predicted to propagate through the rail head’s
lower jaw. Likewise, the lateral and oblique cracks (perpendicular
and at an angle from the rail’s axis) were modeled in same region as
that of the longitudinal crack (Rajagopal et al., 2018). All cracks were
modeled with an equal length of 16 mm.

FIGURE 3
Model assembly and wheel/rail interface.

TABLE 4 Plastic strain.

Stress (MPa) Plastic strain

640 0

880 0.0488

FIGURE 4
Mesh convergence (mesh size vs. von Mises).
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2.3.7 Crack initiation and propagation
Crack initiation refers to the beginning of degradation of the cohesive

forces within the element and especially at an enriched element, and this
degradation occurs in the area with local discontinuities like notches,
grain boundaries, welds residual, and modeled XFEM cracks (Areias and
Belytschko, 2005; Bergara et al., 2017).

In this study, the maximum principal stress damage criterion
(Maxps Damage) was considered in the crack definition. The
maximum principal stress was considered because it is the main
failure criterion that is widely used in recent times for predicting
failure of ductile materials (Feng et al., 2019). Also, the maximum
principal stress theory is suitable for promising the safe design of
machine components made of ductile materials under the three
conditions: a uniaxial state of stress, biaxial state of stress, and
hydrostatic stress (Bansal, 2009).

The maximum principal stress damage criterion is represented as

f � 〈σ max〉
σ °

max
{ } (12)

The crack is initiated once the ‘f’ in Eq. 12 exceeds 1. Thus, to
avoid crack initiation in the rail, the allowable working stress must
be less than 640 MPa which would be lower than the maximum
stress (yield stress).

0 < f < 1 + tolerance

where.

• σ °
max represents the maximum allowable principal stress.

• The brackets 〈〉 represent the Macaulay bracket,
i.e., 〈σ max〉� 0 (if σ max < 0 and 〈σ max〉�σ max if σ max ≥ 0)

The Macaulay brackets signify that a purely compressive stress
state does not initiate damage. Damage is assumed to initiate when
the maximum stress exceeds the critical stress, when the ratio of
maximum principal stress to maximum allowable principal stress
reaches a value of 1 (Smith et al., 2014; Mohamed et al., 2016).

2.3.8 Damage evolution
The damage evolution law for steel structures describes the

rate at which the cohesive stiffness of a material is degraded after
the corresponding crack initiation criterion is reached (Al-
Himairee et al., 2011). A scalar damage variable, D, represents
the overall damage at the intersection between the crack surfaces
and the edges of cracked elements (Chen et al., 2019). Initially,
before the damage has been modeled, the value is 0; after damage
evolution is modeled, D evolves from 0 to 1 upon further loading
after damage initiation (Al-Himairee et al., 2011; Chen et al.,
2019; Fu and Rivera-Díaz-del-Castillo, 2022). The general
framework for damage evolution is found in the material
properties editor of the corresponding material.

Effective separation of the evolution of damage under a combination
of normal and shear separations across the interface is defined as

σm �
�����������
〈σ2n〉+σ2s + σ2t

√
(13)

where.
σm: an effective separation, σn: normal component, σs: shear

component, and σt: tangential component.

Crack growth requires progressive damage, which includes
softening of material and loss of stiffness which cause severe
convergence difficulties. To counteract the convergence
difficulties, damage stabilization must be introduced. It has to be
within an acceptable limit because too much stabilization causes a
negative influence on the solution and produces even non-physical
results. The acceptable limit taken as the damage stabilization
cohesive coefficient was 1e-06 (Singh et al., 2014).

Fracture energy was estimated using this relationship:

GIC � K2
IC

E
(14)

whereGIC is the energy release rate,KIC is the fracture toughness of
the rail material (48 MPa-m-0.5) (Godefroid et al., 2020), and E is the
Young’s modulus of the rail material (207 GPa).

GIC � 482

207000
� 0.01113Nm

Fracture energy � 11.13N −mm

2.4 Fatigue analysis in FE-safe

Fatigue analysis in FE-safe starts after importing the FEA file in
the form of a dataset (e-strain, s-MPa, f-N, or D-mm) from the FEA
tool and setting all needed parameters perfectly in the FE model
platform in FE-safe. By starting fatigue analysis, the following
procedures were employed.

2.4.1 Manage analysis group in the fatigue platform
Before starting to perform fatigue analysis, the analysis group on

the FE-safe has to be selected and for that only the rail group was
selected as the analysis group to proceed with the next stage of
analysis. This supports the fatigue platform to give an option in the
analysis group to assign the material and algorithm to be used.

2.4.2 Material definition and algorithm selection
In assigning material to be used in the analysis, FE-safe incorporates

a fatigue platform and material database platform. The material database
platform in FE-SAFE provides an option to tailor the material properties
according to the specific requirements of the simulation. Following the
selection of the rail material for analysis, the Brown–Miller criterion is
designated as the algorithm to be employed.

Fe-Safe software’s Brown–Miller criterionwithmean stress correction
is the most realistic life estimate for ductile materials (STL, 2014). The
Brown–Miller equation to determine the fatigue life is given by:

Δγ max

2
+ Δεn

2
� 1.65

σf
E

2Nf( )b + 1.75εf 2Nf( )c (15)

where.
Δγmax Maximum shear strain range
Δεn Applied axial strain range
σf Fatigue strength coefficient
εf Fatigue ductility coefficient
Nf Cycles to fatigue failure
b Fatigue strength exponent
c Fatigue ductility exponent.
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3 Results and discussion

3.1 Contact stress results from FEA

The stress results from different configurations of crack
orientation in finite element analysis are illustrated. The analysis
encompassed scenarios with a rail devoid of cracks and with cracks
oriented in parallel, perpendicular, and at a 45° angle along the rail’s
axis. This examination aimed to understand how different crack
orientations influence the maximum stress experienced by the rail.

3.1.1 Rail devoid of cracks
In the absence of any defect or crack formation in the rail, the

identified maximum Von Mises stress at a contact area was
633.1 MPa. As depicted in Figure 5A, this maximum stress value
remained below the yield stress of the rail material, signifying
minimal plastic deformation in the rail. Since the axle load used
(51.5 kN) was considered as overloading carrying capacity, the
proximity of the maximum stress to the yield strength thus
implies that the overloading effects on the train are within
allowable working stress.

FIGURE 5
Maximum contact stress (MPa) of (A) a rail devoid of cracks and (B) a rail with a longitudinal crack, (C) lateral crack, and (D) oblique crack.
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3.1.2 Longitudinal XFEM crack
When a longitudinal XFEM crack, aligned parallel to the rail’s

axis near the rail gauge corner, was introduced, the maximum von
Mises stress in the contact area increased to 642.8 MPa, as illustrated
in Figure 5B. This increase in stress is attributed to the presence of
the parallel XFEM crack and, notably, surpasses the yield strength of
the rail material (640 MPa), resulting in plastic deformation.

3.1.3 Lateral XFEM crack
Themodeling of a lateral XFEM crack, oriented perpendicular to

the rail’s axis near the rail gauge corner, revealed that the maximum
stress occurs in the vicinity of the crack. Figure 5C illustrates that the
maximum von Mises stress recorded in the contact area for the rail
with a lateral crack reached 644 MPa. Since these results exceed the
yield stress, they lead to plastic deformation in the rail; also, the
lateral crack’s impact is severer than the longitudinal crack.

FIGURE 6
PEEQ results (A) without cracks (B), with a longitudinal crack, (C) a lateral crack, and (D) an oblique crack.

FIGURE 7
Results comparison chart.
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3.1.4 Oblique XFEM crack
An oblique XFEM crack, situated at a 45° angle along the axis of

the rail, had a pronounced impact on the rail compared to other
crack orientations. The maximum von Mises stress for the rail with
an oblique crack reached 646.4 MPa, as shown in Figure 5D. These
results emphasize that the oblique crack orientation presents the
severest stress conditions among all scenarios.

3.2 PEEQ results (equivalent plastic strain
result)

The PEEQ represent the material’s inelastic deformation. If this
variable is greater than zero, it implies the material has yielded. The
PEEQ values become greater than zero at the vicinity of cracks. As
demonstrated in Figure 6, the maximum observed PEEQ (1.799e-3)
occurs in a rail with crack oriented at 45° from axial axis. In
comparison, rails with cracks aligned either parallel or
perpendicular to the axial axis show lower PEEQ values,
specifically 5.486e-4 and 5.601e-4, respectively. This could be
considered as the severest crack orientation that accelerates the
crack propagation and decreases the service life.

3.3 Results comparison

The maximum von Mises stress observed in wheel/rail contact
using FEM (633.1 MPa) andmaximum pressure using Hertz contact
(947 MPa) in this study were in good agreement with the von Mises

stress using FEM (614 MPa) and maximum pressure using Hertz
contact (975 MPa) obtained in the article (García-Prada et al., 2016)
by J. C. García-Prada et al., 2017 when using 50 kN see Figure 7.

3.4 Discussion

The summary of the study results are depicted in Table 5, and it
has showed that, a rail without crack exhibits lower maximum von
Mises stress, equivalent plastic strain and damage compared to rails
with various cracks configuration. These findings imply that rails
without cracks are more durable, potentially sustaining operations
for over 1 million cycles ((>1M cycle). While among cases of rails
with cracks, those with an orientation parallel to the rail’s axial axis
showed less severity in stress, strain, and damage compared to rails
with cracks oriented at 45° and 90° from the axial axis.

The study further identified that rails with cracks oriented at 45°

experience a significantly reduced lifespan (32% less) and exhibit
higher plastic strain and damage.Figure 8 illustrates that the fatigue
life and damage of a rail changes abruptly once a defect or crack is
initiated, in contrast to rails without defects or cracks. This abrupt
change is attributed to the nature of the XFEM crack, which acts as a
discontinuity, concentrating stress in a manner similar to other
discontinuities such as notches and weld residues. The severity of a
crack’s impact is also influenced by its orientation. Specifically, an
oblique crack (oriented at 45° along the rail’s axis) results in a lower
fatigue life cycle and higher damage compared to longitudinal and
lateral cracks. This suggests that cracks not oriented parallel or
perpendicular to the rail axis exert a higher crack propagation
driving force.

4 Conclusion

In conclusion, the use of finite element analysis (FEA) and the
extended finite element method (XFEM) in this study opens the door
to further exploration of advanced simulation techniques, perhaps
incorporating emerging technologies such as artificial intelligence and
machine learning algorithms to predict fatigue life and crack
propagation. Additionally, while numerical simulations are robust
tools for theoretical analysis and offer valuable insights, they also come
with inherent limitations. These simulations might not fully capture
all the complexities and variabilities of the real world. Therefore,
verifying these findings with real-world testing and field data could
substantiate the results obtained from the simulation and significantly
contribute to the body of knowledge in this area, making it a highly
recommended direction for future research endeavors. To summarize,
the study has revealed that.

TABLE 5 Summary of results.

Crack Max stress (MPa) PEEQ (E) Life (cycles) Damage (mm) (E)

No crack 633.1 3.584-4 1,058,298 9.449-7

Longitudinal 642.8 5.486-4 817,158 1.224-6

Lateral 644.0 5.601-4 732,538 1.255-6

Oblique 646.4 1.799-3 723,377 1.365-6

FIGURE 8
The change in fatigue life and damage attributed to maximum
von Mises stress.
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• Cracks on rails significantly alter the stress distribution in rail
profiles, leading to increasing plastic strain and damage
compared with rails without cracks.

• The fatigue life for the rail is decreased significantly if the rail
possess a surface crack.

• The orientation of cracks on the rail surface also affects the
severity of stress induced in the rail and the resultant
damage.

• Cracks oriented at 45° from the rail axial axis were observed
to yield higher stress near crack surfaces that could
accelerate crack propagation, consequently leading to
complete fracture in short periods unless maintenance
measures are conducted.

• The fatigue life of rails with cracks oriented along the rail axial
axis and direction of ride has lower severity.

The implications of this research are of key importance in the
railway industry, as it underscores the need for proactive crack
detection and maintenance strategies on rails. Prioritizing the
identification and remediation of cracks will enhance rail safety,
extend operational life, and ensure the continued reliability of rail
transportation. Ultimately, this study contributes valuable insights
to the ongoing efforts to optimize rail maintenance practices and
improve rail safety standards.
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