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On the use of XFEM for frictional crack face contact
Application to rolling contact crack growth in rails
Louise Akesson

Department of Industrial and Materials Science
Chalmers University of Technology

Abstract

In this study, an existing numerical framework in 3D for predicting stationary rolling con-
tact fatigue crack growth direction and rate in rails using the eXtended Finite Element
Method (XFEM) is extended to account for the influence of crack face friction. To enable
this extension, as the first part of the study, the accuracy and robustness of XFEM for
stationary frictional cracks in 3D simulations, together with its practical implementation
in the commercial FE software ABAQUS, are evaluated through a set of numerical tests.
A rectangular block model with a predefined crack geometry is here considered, and the
XFEM results in terms of resolved contact shear stresses are compared with the explicitly
meshed fracture surface. Crack face friction is implemented using Coulomb’s model with
varying friction coeflicients, and the comparisons are conducted for pure shear load and
combined shear—compression load. To account for crack face friction in a stationary set-
ting using XFEM in ABAQUS, crack propagation is suppressed by assigning high critical
values for damage initiation and evolution. The trends for the computed shear stresses
aligned well those obtained using explicit crack modeling, despite some deviations in ab-
solute values, thereby indicating that the method is sufficiently robust for the qualitative
purposes of this study.

As the second part of the study, crack face friction is implemented for pre-existing head
check cracks in rails. Crack growth rates and directions are evaluated by employing Paris-
type equations and an accumulative vector crack tip displacement criterion, respectively,
using stress intensity factors extracted directly from ABAQUS. The results are evaluated
for a semi-circular crack plane with two crack radii under a wheel-rail contact load and
a combined contact and bending load at three points along the crack front. It was found
that crack face friction had a significant impact on growth rates for all points, crack radii
and load cases, where a higher coefficient of friction resulted in a lower rate of crack
growth. These reductions were found to correspond to large increases in traffic capacity
before reaching a certain crack radius. More specifically, the highest investigated friction
coeflicient was found to reduce growth rates by up to 49% for the case of combined con-
tact and bending loads, which in turn resulted in up to 72% traffic increase for reaching
the same crack size, compared to the frictionless case. This highlights the importance
of accounting for crack face friction to obtain more realistic predictions and to support
efficient maintenance planning of rails. The influence of crack face friction on growth
direction was found to be limited, with no clear observed trends due to a limited number
of studied cases, under either pure contact or combined contact and bending loads.

Keywords: Frictional contact, Crack face friction, XFEM, Rolling contact fatigue, Crack
growth rate, Crack growth direction
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1 Introduction

This chapter introduces the study by outlining its background and defining its scope. The
background and motivation are presented first, followed by the thesis objective and scope
and limitations of the study.

1.1 Background

The ongoing climate crisis has substantially increased the demand for sustainable living
to reduce global greenhouse gas emissions. Statistics from 2016 show that the transport
sector accounted for 14% of global greenhouse gas emissions, and was one of the largest
consumers of fossil fuels among all sectors (Bergman et al., 2016). However, railways
offer a low carbon footprint per passenger-kilometer and tonne-kilometer compared to
other modes of transport (Doll et al.,|2020)), and are also the only widely electrified mode
of transport (International Energy Agency (IEA), [2019). Furthermore, they are highly
time-efficient and one of the safest modes of transport (Statens institut for kommunika-
tionsanalys (SIKA), 2009). However, both punctuality and safety rely heavily on proper
maintenance of the infrastructure due to limited flexibility in railways. Hence, it is of
utmost importance to facilitate the continuous expansion of railway infrastructure, and
developing reliable numerical models for optimizing maintenance procedures would be
instrumental in achieving this.

Crack growth caused by Rolling Contact Fatigue (RCF) is one of the primary factors
for deterioration of rails (V. Krishna et al., 2021)), which is also highly expensive to miti-
gate (Zerbst et al., 2009). In addition, it can cause a rail break depending on the depth
and size of the crack, where relatively deep and long cracks are typically more prone to
deviate to transverse growth and can thus pose a clear safety hazard. Another compli-
cating factor is that RCF cracks mainly grow due to cyclic exposure to high shear and
compressive stresses in the wheel-rail contact. The shear can also be affected by tractive
stresses caused by accelerating, braking and negotiating curves (Salahi Nezhad, 2024).
Thus, RCF cracks grow under complex conditions of non-proportional mixed-mode and
compressive loading, resulting primarily from the wheel-rail contact load and its interplay
with other present loads in rails. Such loads, among other things, include bending of the
rail, and restricted contractions in continuosly welded rails due to ambient temperature
variations. Given this complexity, many of the existing fatigue crack growth criteria fail
under such conditions, which makes growth rate and direction of RCF cracks challenging
to predict (Ekberg and Kabo, |2005). This issue leads to significant uncertainties in pre-
dicting crack propagation, particularly under different operational scenarios. One of the
most common types of RCF cracks in railways are head checks (P.B.J. Dollevoet, 2010)),
which are small, inclined surface cracks that typically appear at the gauge corner of the
rail head.

Several 2D models exist in the literature to predict RCF crack growth. However, since
the wheel-rail contact load has a large influence on the predictions (Salahi Nezhad et al.,
2023) and is intrinsically a 3D load, 3D modeling is necessary for more realistic predic-
tions. To this aim, a numerical framework in 3D for predicting RCF crack growth under
operational loading has recently been developed in the literature (Salahi Nezhad et al.,
2024), using the eXtended Finite Element Method (XFEM) and ABAQUS (Dassault Sys-



témes Simulia Corp., 2023a) as the Finite Element (FE) solver. In this framework, head
checks are investigated, and modeled as stationary with frictionless crack faces.

The assumption of frictionless crack faces limits the prediction capabilities since crack
face friction can have a large impact on RCF crack growth (Salahi Nezhad et al., [2023).
In short, Salahi Nezhad et al. (2023|) showed that crack face friction decreases crack growth
rates, but also has an impact on the direction by mainly promoting downward growth and
hence potentially increases the risk of unpredicted railbreak. Thus, incorporating crack
face friction into the 3D model enables the prediction of these effects and could be an
important step towards achieving quantitative predictions and potential model validation.
As a result, this can improve the efficiency and planning of maintenance procedures on
rails, resulting in safer railway operations with lower maintenance costs, which is a major
step towards a greener future.

A numerical framework for predicting crack growth and including crack face friction in
2D has been developed in (Salahi Nezhad et al., |2023)), where the crack is modeled ex-
plicitly. Explicit crack representation requires conforming the crack geometry with the
FE mesh, which can be very time-consuming and even restrictive in complex geometries.
The crack is thus modeled using XFEM in extending the numerical framework to 3D in
(Salahi Nezhad et al., 2024). XFEM offers more flexibility in the crack representation, by
enriching the FE approximation in the crack area. This allows the crack modeling to be
(almost) independent of the underlying mesh, while the employed enrichment functions
capture the discontinuity. In this way, XFEM simplifies meshing for complex geometries
and also eliminates the need for remeshing when changing the crack geometry. However,
applications of XFEM in commercial software, such as ABAQUS, reported in the litera-
ture have largely been limited to frictionless stationary cracks, e.g., see (Andersson et al.,
2018, 2020)). This motivates investigations of the accuracy and robustness of using XFEM
for modeling frictional stationary cracks in 3D in ABAQUS.

1.2 Objective

The objective of this master’s thesis is to further develop an existing numerical framework
in 3D for predicting crack growth direction and rate in rails. More specifically, the aim
is to improve the fidelity of the framework developed in (Salahi Nezhad et al., 2024)), by
incorporating crack face friction and qualitatively evaluating its potential impact on crack
growth rate and direction under relevant operational load scenarios. Additionally, since
XFEM is employed as a crack modeling approach, the following specific objectives are
established:

e Investigation of the accuracy and robustness of XFEM for frictional 3D cracks, and
its practical implementation in ABAQUS

e Evaluation of the influence of crack face friction on RCF crack growth rate and
direction



1.3 Scope and limitations

Frictional crack face contact is implemented in the commercial software ABAQUS. For
this, the influence of crack face friction on crack growth rate and direction is investigated
without considering its potential interaction with external factors, such as lubrication
from water or grease. The study is also limited to incorporating friction in stationary
head checks. Additionally, the effects of crack face friction on the crack initiation process
are not considered, meaning that the FE model includes an initial crack of a certain size.

The rail material is modeled as a linearly elastic material, and thus cannot capture any
potential influence of anisotropy close to the rail surface. Wear-off and residual stresses in
the rail are furthermore not taken into account. Finally, microstructural effects are beyond
the scope of this study, and modeling parameters are not calibrated against experimental
data.



2 Modeling frictional crack face contact

This chapter introduces the fundamentals of XFEM versus explicit crack representation
in FE analysis, including their respective advantages and limitations. The adopted model
for implementing crack face friction constraints is also presented.

2.1 Crack representation

In the Finite Element Method (FEM), the displacement field, u(a), is approximated over
a discretized domain consisting of elements connected by nodes, i.e.,

N

u(z) =Y Ny(x)a; (1)

=1

where IN;(x) are the shape functions, a; are the nodal displacements and A is the to-
tal number of nodes. The accuracy of such an approximation depends on the mesh
quality and the type of elements used. However, this discrete formulation poses specific
challenges when introducing cracks, since discontinuities must be captured within the
discretized geometry. Accurate representation of cracks in numerical models is therefore
a major challenge in engineering, and often requires advanced modeling techniques. For
this reason, several approaches have been developed in the literature, each with their own
advantages and drawbacks.

One way to represent a crack is to do so explicitly, by creating separate node sets in
the FE mesh for the upper and lower surface of the crack, as shown in Figure 2.1p. Creat-
ing a physical crack in the geometry in this way provides an accurate crack representation,
but requires a high quality mesh around the crack, which can be an issue for complex
geometries. In addition, the mesh is required to conform to the crack path. For this
reason, crack propagation or geometric changes require mesh regeneration, which can be
cumbersome (Kuna, 2013).

One way to circumvent these inconveniences, is to incorporate the crack formulation in
the FE approximations, as done by XFEM (Belytschko & Black, |1999; Moés et al.,|1999).
As shown in Figure 2.1Ip, the idea of XFEM is to enrich the FE approximated displace-
ment field around the crack with additional functions, and thereby inducing displacement
discontinuities across the cracked elements (Khoei, 2015).
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Figure 2.1: Crack Representation in FE mesh using (a) Explicit representation. (b)
XFEM, where the enriched nodes are marked with hole circles.

A basic way to define the FE approximated displacement field with an XFEM formulation
is as follows (Khoei, 2015)):

N NETLT

u(w) =Y Ny(z)a; + Z Nj(z)H (z)as™, (2)

i=1

where aj"" denote enriched nodal displacements, and N is the number of enriched
nodes. Moreover, the Heaviside function H (x) can be defined for any point « in the
body as

H(z) =

{O if (x—a*) - n<0 3)

Lif (z—a*) -n>0,

and is referred to as the Heaviside step function. Here, m is the normal vector to the
crack at the closest point on the crack plane I', i.e.,

x" = argmin || — ||
@l

The relation between x*,  and n is illustrated in Figure [2.2]
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Figure 2.2: Illustration of the geometric relation between the point «, the closest point
x* on the crack surface I', and the crack normal vector n. Adapted from Salahi Nezhad
(2024]).

The added enrichment functions allow XFEM cracks to be almost completely independent
of the mesh, with the exception of potential numerical issues that can occur if the crack
intersects too close to a node. This independence greatly simplifies the meshing process,
and also removes the need for time-consuming remeshing efforts with changes in the crack
geometry, as long as the crack is still located in a refined mesh area. As a result, and
consistent with the motivation presented in (Salahi Nezhad et al.,[2024), XFEM is adopted
as a crack modeling approach for evaluating the impact of crack face friction on crack
growth rate and direction.

2.2 Crack face friction constraints

For representation of a realistic crack, especially under compressive and shear loadings,
contact constraints at the crack faces are necessary in both normal and tangential direc-
tions. The normal contact prevents unrealistic penetration of the crack faces at crack
closure under compressive loadings, while the tangential contact controls the presence of
crack face friction.

The penalty method, a widely used approach for contact problems in FE analyses (Wrig-
gers, 2006), is employed in this study. In this method, the normal contact pressure, ¢,
can be expressed as

t, = €,g, for g, <0, (4)

where g, is the gap between the crack faces and ¢, is the penalty parameter. In this
study, the penalty parameter was kept as the default value provided by ABAQUS, which
is automatically determined from the material stiffness and element size to balance the
need to avoid noticeable interpenetration while still maintaining numerical stability.

In the tangential direction, Coulomb’s model is utilized for the modeling of crack face
friction. The tangential traction between the contacting surfaces, t;, following Coulomb’s



model is evaluated as
t:] < ptn vy = 0 (stick)

vy # 0 (slip) , )

Uy
tt = —u tn—
|ve
where t, is the normal contact pressure and v; is the tangential velocity due to slip be-
tween the contact surfaces. Further, u is the friction coefficent.



3 Investigation of XFEM for modeling frictional cracks

This chapter describes the investigation of using XFEM for modeling stationary frictional
cracks in 3D simulations in the commercial software ABAQUS.

3.1 Preliminaries

As highlighted in Section [I.1}, most previous work on XFEM applications for cracks in
ABAQUS has involved frictionless stationary cracks. As an example, XFEM was em-
ployed for 3D simulations of frictionless cracks in (Salahi Nezhad et al., 2024), while
explicit crack representation was used when crack face friction was included in 2D sim-
ulations (Salahi Nezhad et al., 2023)). This motivates further investigation of applying
XFEM to frictional stationary cracks in 3D simulations, since XFEM can significantly
simplify the mesh generation process. This is especially relevant for complex geometries
such as rail heads, which are of interest in this study.

For validating the use of XFEM for frictional cracks, the contact formulation at the
crack faces is the area of interest. One way of confirming that the crack behaves as ex-
pected under desired loading is to investigate stresses at the crack faces. For this, an FE
model of a simple 3D block is created using the commercial software ANSA and ABAQUS
CAE. ANSA is used for building the model, meshing and applying loads and boundary
conditions, while the crack geometry is implemented using ABAQUS CAE. In addition,
post-processing is performed in MATLAB.

One challenge with modeling XFEM cracks, however, is that there are no physical crack
surfaces in the model in terms of separate node sets. Instead, the crack is represented
in the FE formulation as displacement discontinuities using enrichment functions. As a
result, there is no way of evaluating output parameters directly on the XFEM crack faces
in ABAQUS. For this reason, a crack is embedded into a simple block geometry using both
XFEM and explicit crack modeling in two separate cases. The explicit model is used to
assess the plausability of the friction implementation, and thereby serves as a benchmark
for the behavior of the XFEM model. The first part of this chapter presents the simple
block model, followed by the crack implementation using explicit crack modeling. The
final part covers the XFEM crack implementation and concludes the feasibility study of
XFEM as the chosen modeling approach for stationary frictional cracks in 3D simulations.

3.2 Simple block model

This section presents the simple 3D block model, along with relevant analytical compar-
isons for different load sceanarios to ensure reasonable behavior. A rectangular block
having a square base with a side length of W = 100 mm and a length of L = 500 mm is
considered. The block is clamped in all directions at the right side, and loaded at the left
side with shear, tensile and compressive stresses in three different cases. In each case, the
load magnitude is 10 MPa. The loads are applied in the y- and z-directions, represented
by a vertical force V' and a longitudinal force F', respectively. The resulting homogeneous
traction is exemplified in Figure [3.1| for a pure vertical (shear) load V' (F = 0). Further-
more, the material is assumed to be linearly elastic with a Young’s modulus of 210 GPa
and a Poisson’s ratio of 0.3. The block is discretized using first-order hexahedral elements
with an element size of 12.5 mm.



Figure 3.1: Simple block model of 100 x 100 x 500 mm? subjected to shear loading.

The block can be approximated as a bar element under axial loading (tensile and compres-
sive), and an Euler-Bernoulli cantilever beam with a concentrated traverse load at the free
end under shear loading. Analytical formulae in basic solid mechanics given in Equations
@ and @, expressing displacements on the left side in the load direction for each load
case, are then used to compare with numercial results. More specifically, Equation @ is
used for the tensile and compressive load cases, while Equation @) is employed for shear
loading. The displacements from ABAQUS and the analytical values for all load cases
are presented in Table [3.1]

us(L) = o7 (©
u(n) =L )

Table 3.1: Displacements on the left side in each load direction

u.(L), u.(L), uy(L),

tensile load [mm| | compressive load [mm]| | shear load [mm|
ABAQUS 0.0237 -0.0237 2417
Analytical 0.0238 -0.0238 2.380

Table[3.1]shows that the displacements extracted from ABAQUS are close to the analytical
values, considering the element size of the mesh. Additionally, the stress distribution for
each load case was found to be consistent with the expected behavior in the analytical
models. For instance, negligible shear stresses were found in the tensile and compressive
load cases, while the expected parabolic shear stress distribution in the y-direction of the
cross section was observed in the shear load case.



3.3 Explicit crack on simple block model

This section presents the implementation of a frictional explicit crack in 3D into the
block model in Section [3.2] followed by qualitative assessment of the friction modeling.
As mentioned in Section the penalty method and Coulomb’s model are employed to
define normal contact and frictional interaction between the crack faces, respectively.

3.3.1 Analytical verification of frictionless crack

As a first step, the implementation of a frictionless crack is verified against an analytical
expression of the Stress Intensity Factor (SIF) under pure mode I loading K (Andersson
et al., [2018). A tensile load of 10 MPa is applied on the left side of the block, while
it is clamped on the right side. For this, the crack length is defined as a = W/2 = 50
mm and placed at height L/2 = 250 mm. The mesh is refined in the crack area with an
element side length of approximately 1 mm, in alignment with the conditions specified
in (Andersson et al., [2018). Figure illustrates the block and a scaled displacement
response (scale factor of 200) under pure tensile loading, which translates into pure mode
I loading at the crack.

Figure 3.2: Displacement response (scale factor of 200) of explicit crack under pure tensile
loading.

The analytical value for K7 is given in (Andersson et al., 2018)) as

\/miw tan (242 [0.752 + 2.024/W + 037 (1 = sin (%))’]
COS (%)

~11.2 MPa - y/m. (8)

K;=o0+vma

10



In the simulation, K; is evaluated in the middle of the crack front using the standard
ABAQUS implementation of the J-integral (Dassault Systémes Simulia Corp., [2023b)).
The obtained numerical value is 11.09 MPa - /m, which shows good agreement with the
analytical expression in Equation , and thereby verifies the crack implementation.

3.3.2 Qualitative assessment of friction implementation

For the assessment of frictional crack face contact, two loading cases are considered: (i)
pure shear of 10 MPa and (ii) combined shear—compression, with 10 MPa applied in both
shear and compression. In these cases, the shear load is applied in the y-direction (see
Figure [3.1)), and the compression in the z-direction. The implementation is evaluated by
examining the ABAQUS output variables CSTATUS and CSHEAR2 for friction coefficients
=0, p=0.3 and g = 0.5. CSTATUS indicates whether two surfaces are in contact and,
if so, whether they are sticking or slipping in the tangential direction. CSHEAR2 provides
the corresponding shear stress on the contact surfaces in the direction of the applied shear
load. The results for CSTATUS for one of the crack faces under pure shear and combined
shear-compression loadings are presented in Figure |3.3|

a) b) c)
CSTATUS CSTATUS CSTATUS

Bonded Bonded Bonded
Sticking Sticking Sticking
Slipping Slipping Slipping
Not 1in contact Not 1n contact Not 1n contact

—~

2]

Q

=

%)

)

=

=

[l

d) e) £)

o CSTATUS CSTATUS CSTATUS

'% Bonded Bonded Bonded

0 Sticking Sticking Sticking

8 Slipping Slipping Slipping

o, Not 1n contact Not 1n contact Not 1n contact

Q

T

o

2]

[}

<

wn

Figure 3.3: CSTATUS results for pure shear (a—c) and combined shear—-compression (d-f),
for different friction coefficients pu.
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In both pure shear and combined shear—compression cases, a frictionless crack yields com-
plete slipping in the contact area between the crack faces. In contrast, introducing friction
produces zones of sticking that expand as the friction coefficient increases. This behavior
is consistent with theoretical expectations, indicating that the contact formulation and
friction model generate reasonable results. It should be noted that the present boundary
conditions introduce a slight bending effect in the specimen, which explains the asymmet-
ric contact distribution observed at the crack faces in Figure [3.3]

To further support the conclusion that the contact formulation and friction model gener-
ate reasonable results, CSHEAR?2 is evaluated at two locations of the contact area for both
load cases, and are denoted ’left contact’ (section A-A) and 'right contact’ (section B-B)
moving forward. Results are evaluated at two locations to increase the amount of data
and to ensure that the observed trends are consistent in the area of interest. Figures [3.4]
and present the curves for CSHEAR2 for varying friction coefficients and load cases,
along with the corresponding evaluation points.

A CSHEAR2, pure shear load CSHEAR2, shear—compression load
=60 — 60 n=0
[ i A~ i nw=0.3
= ol Z ol
=401 400 |--p =05
= R = —
m 20 m 20
= =
n n
O 0 . ‘ O 0 ‘ ‘ ‘ ‘ ‘
50 60 70 80 90 100 50 60 70 80 90 100
X [mm] X [mm)]

Figure 3.4: Contact shear stress (CSHEAR2) results at the left contact side (section A-A)
for pure shear and shear—compression loads for different friction coefficients pu.

B CSHEAR2, pure shear load CSHEAR2, shear—compression load
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Figure 3.5: Contact shear stress (CSHEAR2) results at the right contact side (section B-B)
for pure shear and shear—compression loads for different friction coefficients p.

Figures [3.4] and show that CSHEAR2 is zero for frictionless cracks for both load cases,
and increases when friction is included. As expected, the highest stress peaks occur for
the friction coefficient ;1 = 0.5 due to sticking. This behavior is consistent with theory
and further supports the plausibility of the friction implementation. Since CSHEAR2 is not
available as a direct ABAQUS output for XFEM cracks, the internal shear stress in the
yz-direction (7,.) is instead used as a benchmark for comparison with XFEM.
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However, discrepancies were observed when comparing the shear stress evaluated at the
contact (CSHEAR2) and the shear stress evaluated in the volume (elements) adjacent to the
contact surface (7,,). This is expected since 7,, depends on the internal stress distribu-
tion as opposed to CSHEAR2, which is the shear stress component on the contact surface.
Another factor is that the internal shear stresses are evaluated at integration points inside
each element, while the contact shear caused by friction is evaluated directly on the crack
surfaces. To reduce the discrepancies, the following three adjusted models were consid-
ered: (i) mesh refinement around the crack, (ii) truncated sides to minimize potential
bending effects, and (iii) a combination of the two. To illustrate these modifications, the
combined truncated and refined model is shown in Figure [3.6, The new length is defined
as L = 73 mm and the element size in the refined crack area is approximately 0.4 mm.

Figure 3.6: Illustration of model variant (iii): truncated sides (100 x 100 x 73 mm?) and
refined mesh around the crack.

In Figures and [3.8 the shear stress evaluated at the contact (CSHEAR2) and the
shear stress evaluated in the volume (elements) adjacent to the contact surface (7,,) are
presented for the original model and the three adjusted variants. Both represent the
shear stress component 7,, but are obtained in different ways, and are therefore denoted
separately here for clarity: 7,, refers to the bulk stress evaluation at Gauss points, while
CSHEAR?2 is calculated from the contact formulation. Results are again provided for both
load cases and for the left and right sides of the contact area to ensure consistent behavior,
with the evaluation points illustrated in Figures [3.4 and [3.5] Moreover, the scaling of the
plots is such that differences between 7,, and CSHEAR2 are highlighted.
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Figure 3.7: Shear stress evaluated at the contact (CSHEAR2) and shear stress evaluated in
the volume (elements) adjacent to the contact surface (7,.) under pure shear loading for
varying friction coefficients pu. To the left are the left contact side results and to the right
are the right contact side results.
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Figure 3.8: Shear stress evaluated at the contact (CSHEAR2) and shear stress evaluated
in the volume (elements) adjacent to the contact surface (7,.) under combined shear—
compression loading for varying friction coefficients p. To the left are the left contact side
results and to the right are the right contact side results.
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Figures and show that for different block lengths, the curves seem to converge, but
towards different reference curves due to the truncation. Moreover, since the accuracy is
the lowest near the crack front (around x = 50 mm) due to stress singularities, this region
is not considered in the evaluation. Discrepancies between 7,. and CSHEAR2 are observed
for all cases, reflecting numerical differences between the bulk shear stress evaluation and
the shear stresses obtained from the contact formulation. In the frictionless cases, these
discrepancies provide a direct quantification of the numerical error, since both 7,. and
CSHEAR2 should theoretically be zero. Further, the results demonstrate that the truncated
model exhibits rapid mesh convergence, while the combined truncated and mesh refined
model consistently provides the overall smallest discrepancies between 7, and CSHEAR2, in
line with the expected results. Although this model does not ensure complete alignment
between 7,, and CSHEAR2, the similar curve trends and lowered discrepancy as model

improvements are added, motivate the use of 7, as a suitable reference for the case of
XFEM cracks.

3.4 XFEM crack on truncated simple block model

This section describes the implementation of a frictional crack using XFEM on the trun-
cated and refined block model described in Section [3.3.2] Additionally, results from com-
paring shear stresses of the explicit and XFEM cracks are presented.

3.4.1 Implementation of stationary frictional cracks in ABAQUS

Due to difficulties in implementing frictional contact with the same formulation as for the
explicit crack, alternative approaches were explored. Further investigations indicated that
the challenges of the contact implementation in ABAQUS are linked to the stationarity
of the XFEM crack. Upon finding that allowing for propagation resulted in more realistic
shear stresses as friction was included, an approach of inducing stationarity while allowing
for propagation, was adopted.

This approach includes establishing a damage criterion for the material by defining thresh-
olds for damage initiation and damage evolution. In this study, the Quads criterion is
adopted for damage initiation, where nominal stresses in each direction are defined, and a
combination of these serves as a threshold for initiating fracture (Dassault Systémes Simu-
lia Corp., |2023d, Defining damage). Possible damage evolution is defined through criti-
cal energy release rates with a mixed-mode criterion (Dassault Systémes Simulia Corp.,
2023c, Damage evolution). This method allows full control over both the damage initi-
ation and evolution by adjusting the critical nominal stresses and energy release rates.
Thus, propagation is prevented by significantly increasing the critical nominal stresses
and energy release rates for the material. To ensure stationarity, the ABAQUS output
variables STATUSXFEM and SDEG are examined after simulations. STATUSXFEM identifies
cracked elements by assigning a value of 1 to cracked elements and 0 to uncracked ones,
which allows verification that no additional elements have cracked after loading. SDEG
instead quantifies material degradation on a scale from 0 to 1. Hence, by confirming that
no intermediate values (0 < SDEG < 1) occur, it can be ensured that no damage evolution
has been initiated.
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3.4.2 Computed shear stresses for XFEM versus explicit crack

Figure [3.9] shows shear stresses 7,, for a frictional XFEM crack, using the method of
forcing stationarity while allowing for propagation, compared to the explicit crack results
for the truncated and refined model presented in Section The results are presented
for both load cases at the left and right side of the contact area. Furthermore, the plots
are scaled to exclude the parts representing stress singularities at the crack front.

explicit, uy =0 -~ XFEM, =0
explicit, p = 0.3 —-—-- XFEM, p=0.3
explicit, y = 0.5 —-—-- XFEM, 4 =0.5

a) b)
Pure shear load, left contact

20,
E
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E.
= 100
5L
o L
50 60 70 80 90 100 50 60 70 80 90 100
X [mm)] X [mm)]
c) d)
Shear—compression load, left contact Shear—compression load, right contact
207 207
15} 15 [
E i E i
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Figure 3.9: Comparison of 7,., between XFEM and explicit crack representation at dif-
ferent contact sides (see Figures and and under varying loadings. (a) Pure shear
loading at the left contact side. (b) Pure shear loading at the right contact side. (¢) Com-
bined shear-compression loading at the left contact side. (d) Combined shear-compression
loading at the right contact side.
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Figure [3.9| shows that the trends of the curves are similar when comparing explicit crack
modeling and XFEM, and that the shear stresses increase as the friction coefficient in-
creases. However, some discrepancies are observed, especially for the frictional cases.
Several factors may contribute to these discrepancies. First, stationarity is enforced by
allowing crack propagation but suppressing it through parameter adjustments. Although
stationarity checks are performed, differences may still arise in how propagating and
stationary cracks are treated in ABAQUS. In addition, enriched elements contain non-
polynomial and discontinuous enrichment functions, for which standard FE Gauss quadra-
ture is not exact and the number of integration points needs to be increased (Khoei, 2015)).
Depending on how this is handled internally in ABAQUS, it may reduce accuracy. More-
over, since Figure 3.9 shows internal shear stresses, they are particularly sensitive to mesh
size, boundary conditions and other modeling choices, which may further amplify minor
differences. Overall, given that the general trends in Figure [3.9) are very similar, and
since the present study aims for qualitative comparisons, it can be concluded that XFEM
is a suitable approach for representing frictional stationary cracks in 3D simulations in

ABAQUS within the scope of this work.
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4 Simulation of crack growth in rails

This chapter presents the procedure and results for evaluating the influence of crack face
friction on crack growth rate and direction in a 3D rail model. The first section describes
the FE model used for simulating crack growth in rails using ABAQUS, along with rele-
vant loading scenarios. Methods for evaluating crack growth rate and direction are also
presented. The final section presents the simulation results for different operational load
scenarios.

4.1 FE model and loading scenarios

When a wheel passes along a rail section, a large wheel-rail load is transmitted to the rail
through a small contact patch at the rail head, producing high local stresses. Additionally,
the wheel-rail load induces bending of the rail. There are also other loads present in rails.
As an example, in continuosly welded rails, thermal stresses can arise due to restrictions
when the temperature changes. For the scope of this study however, loading scenarios are
limited to wheel-rail contact load and rail bending.

4.1.1 FE model

Following Salahi Nezhad et al. (2024), the FE model features a rail section of a 60E1 rail
profile with a length of 300 mm and a height of 172 mm. Linear elasticity is assumed
for the rail material with F = 210 GPa and v = 0.3, and standard first-order hexahedral
elements are used for mesh generation.

A semi-circular crack is implemented for different radii at the gauge corner of the rail
section located at (x,y, z)=(-26.0, -2.3, 150) mm, with an inclination of 25° w.r.t. the
longitudinal direction of the rail (z-axis) and 27° w.r.t. the lateral direction of the rail
(z-axis). The mesh around the crack is refined to an element side length of 0.4 mm.
Figure illustrates the rail section and the crack.

Figure 4.1: Hlustration of rail section with a a semi-circular crack with radius r.
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The crack is assumed to be stationary following the approach presented in Section [3.4]
i.e., having a propagating crack in ABAQUS while ensuring its stationarity through pa-
rameter adjustments. Contact at crack closure and frictional crack faces are furthermore
considered using the penalty method and Coulomb’s model, as described in Section [2.2]

4.1.2 Contact load

Following Salahi Nezhad et al. (2024), the wheel-rail contact load is considered as a
combination of contact pressure and tractive forces in the longitudinal (z-)direction. In
this study, lateral tractive forces are disregarded. The contact pressure is modeled using
Hertzian theory, yielding an elliptic contact area and pressure distribution between the
wheel and rail. The contact pressure distribution in the contact patch is defined as

sy B EE () e () s

p(z, %2, 2) 7, 5
0 for (%) +(Z;Z) > 1.

Here, P is the magnitude of the contact load, which is set to 7.5 t in this study. Moreover,
a and b are semi-axes of the patch and (z, Z) is the wheel load position. The tractive
forces in the z-direction T, are evaluted by assuming full slip conditions with a traction
coefficient f,,,, such that T, = f,,.P. In this study, f,. = 0.3 is used. More details re-
garding implementation of this loading scenario and parameter calculations are presented
in (Salahi Nezhad et al., 2024]).

To simulate the passing wheels on the rail section, the centre of the contact load is
incremented in the z-direction over 100 steps. The incrementation is such that most steps
are located around the crack since this is the most critical area for considering crack de-
formation. Furthermore, for the case of pure wheel-rail contact load, the side surfaces of
the rail section are clamped in the longitudinal (z-)direction. The bottom is clamped in
the z- and y-directions.

4.1.3 Rail bending load

Following Salahi Nezhad et al. (2024)), longitudinal bending of the rail is obtained from
a vertical dynamic vehicle-track interaction analysis in DIFF (Nielsen & Igeland, [1995).
In this analysis, a wheel load of 7.5 t passes a smooth track section at 100 km/h. More
details regarding the employed ballasted track parameters are presented in (Salahi Nezhad
et al., 2022). The bending moment at the location of the crack is thus computed as a
function of the wheel load position z, and can be illustrated in Figure [£.2] The reference
position of the wheel load in Figure is at the centre of the crack where Z = 0.15 m. The
crack is subjected to longitudinal tensile stresses before and after the wheel passes, and
compressive longitudinal stresses when the contact is exactly on top of the crack-mouth.
The rail bending is applied to the rail FE model in ABAQUS as prescribed boundary
displacements on the side surfaces, following Euler-Bernoulli beam theory such that
L L +M(z) [he +y| L

P(. 24 _
u(z ey 5 £ 5) 2F1,

(10)
Here, M (%) is the bending moment, h. = 0.091 m is the vertical distance from the top

surface of the rail to the neutral axis, and I, = 30-107% m* is the moment of inertia. For
the simulation of rail bending load, the bottom is clamped in the x- and y-direction.
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Figure 4.2: Bending moment as function of the wheel load position at the location of the
crack. Adapted from Salahi Nezhad et al. (2024).

4.2 Evaluation of crack growth rate and direction

This section presents the methods for evaluating crack growth rates and initial crack
growth directions in the rail section after a load cycle. Following Salahi Nezhad et al.
(2024), the directions are predicted using a modified Vector Crack Tip Displacement
(VCTD) criterion, while the rates are evaluated using Paris-type laws that account for
various mode interactions.

Both of these methods require SIFs (K, Ky, and Kjyp) along the crack front, which
therefore constitute the governing parameters for crack growth rates and direction. In
this study, they are evaluated using a built-in ABAQUS implementation feature for three
different points along the crack front. Following Salahi Nezhad et al. (2024), the locations
of the points relative to the crack front and contact patch are illustrated in Figure [4.3]
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Figure 4.3: Locations of evaluation points A, B and C relative to (a) The crack plane. (b)
The contact patch from the wheel-rail load. Adapted from Salahi Nezhad et al. (2024)).

4.2.1 Crack growth rate

As proposed in (Salahi Nezhad et al., 2024), this study employs two Paris-type laws to
account for different mode interactions. For this, a lower estimate of the total growth rate
is calculated by assuming sequential loading without any overlap, and thus zero mode
interaction, i.e.,

( da )k,wer = C(AK)™ + C (AKy)" + C ( (11)

da AKy \™
dN '

Vi—v

Here, AK = mtax(K(t)) - mtin(K(t)) is the range of the SIF. Note that the negative K;

values are truncated to remove the influence of crack face penetrations in the simulations.
The upper estimate instead represents full mode interaction by assuming that the loads
are applied simultaneously, and is expressed as

da m
()., ~casr "

where AK,, is computed as

1
AKoq = \/AKE + AKZ + :AKIZH.
In this study, the material parameters C' = 2.47 - 107° ﬂ% and m = 3.33 are
employed following Salahi Nezhad et al. (2024)).

4.2.2 Crack growth direction

To predict the initial crack growth direction after a load cycle, an accumulated VCTD
criterion that accounts for non-proportional loading is adopted, following Salahi Nezhad
et al. (2024)). In this criterion, crack face opening displacements, d;(¢), and crack face
sliding displacements, dy1(t), are evaluated at each time instance t of the load cycle. Thus,
any influence of mode III on the crack growth direction is neglected due to limitations of

22



the criterion. The crack face displacements are computed at a distance d from the crack
tip, as the difference between top and bottom surface crack face displacements (¥ = 7
and ¢ = —m) under plain strain conditions in a local coordinate system of the crack, see
Figure £.4] The radial distance from the crack front is in this study set to d = 1 mm.
The crack face displacements are calculated as

oi(d,t) =u, (d,m t) —uy(d,—m,t) = B(d)Ki(t), (13)
ou(d,t) = uy(d, m,t) — uy(d, —m,t) = B(d)Ku(t), (14)
where B(d) is defined as
B = =) . V) %.

The crack driving displacement vector, Ac, is defined as

Ac = /0 C<d5;t(t)>éﬁ(t) dt. (15)

where T, is the load cycle duration and éy(t) is the unit vector in the direction of the

instantaneous crack growth direction, which in turn is computed as 9(¢) = arcsin <_551(It()t ) )

Further, (o) = 1(e 4 | ® |) denote Macaulay brackets and the instantaneous crack growth
direction d,(t) is expressed as

ba(t) =/ Br(0)2 + 205:(8)) 13u(0)] + 2(5u(8)). (16)

Here, the amplitudes &;/1(t) of d;(t) and di(¢) are defined using

51/11(15) = 51/11@) - SI/IIa SI/II = % [m?X((SI/H(t)) + mtin(él/n(t))} . (17)

Lastly, the accumulated crack growth direction for a load cycle is calculated as a unit

vector in the direction of Ac as
Ac

lAd]

~

€y (18)

Figure 4.4: Local coordinate system of the crack. The inclined black dashed line indicates
the initial inclination of the crack plane w.r.t. the z-axis. Adapted from Salahi Nezhad
et al. (2024)).

23



4.3 Simulation results for frictional crack in rails

In this section, simulation results for evaluating crack growth rates and directions are
presented. The FE model is implemented in ABAQUS following Section with two
different load cases: pure contact load and a combined contact and bending load (see
Sections |4.1.2) and |4.1.3)). Post-processing to evaluate crack growth rates and directions
according to Section is performed in MATLAB (The MathWorks, Inc., 2022). To
assess the influence of crack face friction, three friction coefficients are examined for both
load cases: =0, up = 0.3, and p = 0.5. In addition, two different crack radii, r = 3
mm and r = 5 mm, are considered in order to assess potential effects of crack size, given
that this study is restricted to stationary cracks. Stationarity of the frictional cracks is
induced following Section |3.4.1]

For the predicted growth direction ¢, a local coordinate system of the crack is considered
(see Figure 4.4). As a reference point, ¢ = 0 is the initial slope of the crack, and ¢ < 0
means that the crack grows downward while ¢ > 0 represents upward growth.

4.3.1 Pure contact loading

For the pure contact load case, a wheel load of 7.5 t with a traction coefficient of f,,, = 0.3
is applied, as described in Section[4.1.2] Figure[4.5shows the predicted crack growth rates
for point A, B and C and for the different friction coefficients and radii. For this, the upper
and lower estimates of the crack growth rates are included in Figure [£.5p, where both the
upper and lower estimates show the same trends. Since this behavior was observed for
all points, only the upper (most critical) estimates are shown in Figures and .
The predicted crack growth directions for all points, radii and friction coefficients are
presented in Figure [£.6]
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Figure 4.5: Predicted crack growth rates under pure contact load at different evaluation
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Figure 4.6: Predicted crack growth directions under pure contact load at different evalu-
ation points for varying radii and friction coefficients. (a) Point A. (b) Point B. (¢) Point

C.

For the predicted crack growth rates, point C exhibits the highest values, followed by
points B and A. This can be explained by point C being located closest to the contact
load, which increases its influence on the crack loading (i.e., SIFs) and thereby the growth
rates. Moreover, increasing the crack radius from 3 to 5 mm leads to higher growth rates
for all points. For points B and C, this effect is again attributed to their closer distance
to the contact load (see Figure ), while for point A it is more likely a consequence of
boundary effects (Salahi Nezhad et al., 2024)).

For all points and both radii, introducing crack face friction and increasing the friction
coefficient reduces the crack growth rate. Since the rates are presented on a logarithmic
scale in Figure [1.5] differences may appear visually subtle although they correspond to
substantial relative changes. For pure contact load, a friction coefficient of 0.5 results in
up to a 54% reduction in growth rate compared to the frictionless crack, while a coefficient
of 0.3 gives a reduction of up to 37%. The reduction occurs since friction promotes stick-
ing between the crack faces, which limits the relative sliding and shearing displacements
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of the crack faces. As a result, the mode II and III loadings are reduced without affecting
mode I loading, leading to lower predicted crack growth rates.

Furthermore, increasing the crack radius slightly amplifies the difference between friction-
less and frictional cracks for point A and B. The exception for point C may be attributed
to its proximity to the peak contact load, which in turn could promote crack closure. For
a radius of 3 mm, the largest relative reduction in growth rate between the frictionless
case and a friction coefficient of 0.5 is 48%, while for a radius of 5 mm the corresponding
reduction reaches 54%. This can be explained by the larger crack faces providing a greater
area of sticking, which suppresses more of the sliding and shearing displacements. As a
result, the mode II and III SIFs, and thereby the growth rates, are reduced. However, it
should be noted that only two radii are investigated, which is insufficient to establish a
general trend of larger radii leading to an increased influence of friction.

For the predicted crack growth directions, Figure predominantly shows downward
growth. This trend was also observed in (Salahi Nezhad et al., [2024)) for a frictionless
crack under pure contact load. Moreover, the differences between the friction coefficients
are too small to be regarded as significant, since the adopted VCTD criterion does not
provide that level of accuracy. Salahi Nezhad et al. (2023)) investigated the influence of
crack face friction in a 2D model of the rail and concluded that, within that framework,
frictional cracks tend to promote more downward growth. Although point C shows minor
indications of this effect, the differences observed for these radii are not large enough to
establish the general influence of crack face friction on the growth directions. In addition,
since the study is limited to two radii, it is difficult to determine whether there is a trend
in the results for the influence of friction on the growth direction.

4.3.2 Combined bending and contact loading

For the case of combined contact and bending load, a combination of bending and a wheel
load of 7.5 t with f,,, = 0.3 is studied, following load parameters and procedures described
in Sections [4.1.2] and [4.1.3] Figure [4.7] shows the predicted crack growth rates for point
A, B and C and for the different friction coefficients and radii. As for the pure contact
load case, the growth rates for the upper and lower estimates show the same trends as in
Figure . Hence, only the upper (most critical) estimates are shown in Figures and
[d.7c. The predicted crack growth directions for all points, radii and friction coefficients
are presented in Figure [4.8|
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Figure 4.7: Predicted crack growth rates under combined contact and bending load at

different evaluation points for varying radii and friction coefficients. (a) Point A. (b) Point
B. (c) Point C.
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The predicted growth rates in Figure [4.7] shows strong resemblance to the predicted rates
for pure contact loading, which in the frictionless case is explained by the low growth rates
under pure bending (see Salahi Nezhad et al., 2024). These effects are also observed for
the frictional cracks, which aligns with the 2D simulations performed in Salahi Nezhad
et al. (2023). Consequently, the growth rate trends are consistent for both load cases.
Higher friction coefficients decrease the growth rates for all points and both radii, and
increasing the radius to 5 mm amplifies the differences between the friction coefficients
for point A and B. More specifically, a friction coefficient of 0.5 results in up to a 49%
reduction in growth rate compared to the frictionless crack, while a coefficient of 0.3 gives
a reduction of up to 31%. Thus, adding rail bending yields a slightly lower, although still
high, influence of friction compared to pure contact loading. This can be expected due to
the high negative bending moment in Figure (i.e., compressive loading of the crack),
which results in lower rates.

The growth directions in Figure [4.§ generally display upward growth. The differences
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between friction coefficients are small and within the numerical accuracy level of the em-
ployed VCTD criterion, with the exception of point A for » = 5 mm, where the influence
of friction on promoting upward growth is not numerically small. However, with only two
radii studied, as for the case of pure contact load, it is difficult to identify trends in the
influence of friction on the growth direction, which thereby remains inconclusive.

In addition, the predicted crack growth rates are compared with field measurements given
in (INNOTRACK Consortium, 2009), which shows head check crack growth of 1 mm in
depth for 100 Mega Gross Tonnes (MGT) of traffic. Here, MGT to 1 mm crack depth
denotes the cumulative gross tonnage that passes the rail before the crack depth reaches
1 mm. The predicted crack growth rates are converted to an equivalent traffic mea-
sure assuming a constant crack growth rate such that Aa = j—gAN , to get 1 mm crack
growth in depth. The evaluated number of cycles to reach a crack depth of 1 mm is
then multiplied by the axle load (15 t in this case). For a combined contact and bending
load at point A and with » = 3 mm, a frictionless crack yields a passing traffic range
of 24 MGT < traffic < 37 MGT when considering the upper and lower estimate of the
rate. The frictional correspondents have a range of 30 MGT < traffic < 46 MGT and
38 MGT < traffic < 59 MGT for friction coefficients 4 = 0.3 and p = 0.5, respectively.
This is equivalent to a traffic increase of about 25% for p = 0.3 and 58% for u = 0.5
when comparing to the traffic of a frictionless crack. This emphasizes the importance
of incorporating crack face friction for having more realistic and reliable numerical mod-
els towards field measurements for optimizing maintenance procedure. As a side note, a
similar study has been conducted in Salahi Nezhad et al. (2024), where a different traffic
range (47 MGT < traffic < 71 MGT) was reported for a frictionless crack for the same
point, radius, and load case. The discrepancy compared to the range obtained in the
present study is most likely due to their evaluation of SIFs, which is performed using
a displacement-based method proposed in (Andersson et al., 2018)) in MATLAB, rather
than using built-in features in ABAQUS.

For maintenance planning, it is useful to evaluate the amount of traffic that the rail
can endure before cracks reach a certain size. For this, the predicted crack growth rates
are employed, assuming that the rail has an initial crack size of » = 3 mm. The remaining
fatigue life until reaching r = 5 mm is calculated by integrating the rates and assuming a
linear variation between the two radii. As previously, the passing traffic corresponding to
this fatigue life is evaluated by multiplying it by the axle load (15 t in this case). Figure
4.9 shows the results at point A for the case of combined bending and contact load, using
the upper estimate of the growth rates. The results clearly show that the amount of traffic
increases as the crack face friction increases. More specifically, the amount of traffic is
observed to increase by 28% for crack face friction of 0.3 and 72% for crack face friction
of 0.5, as compared to the frictionless case. Note that the predictions in Figure shows
the amount of traffic needed for getting a » = 5 mm crack from a r = 3 mm crack. In
practice, much higher traffic is needed for the stage before this, i.e., from crack initiation
to form a r = 3 mm crack, which was not in the scope of the current study.
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5 Concluding remarks and future work

In this study, an existing numerical framework in 3D for predicting stationary RCF crack
growth direction and rate in rails using XFEM (Salahi Nezhad et al., 2024) has been
extended to account for the influence of crack face friction. For this, the accuracy and
robustness of using XFEM in ABAQUS for stationary frictional cracks in 3D simulations
have been assessed by comparing simulated shear stresses at the crack faces using explicit
and XFEM crack representation for a rectangular block model. Here, crack face friction
was implemented using Coulomb’s model. For the rail model, growth rates and directions
were evaluated by employing Paris-type equations and an accumulative VCTD criterion,
respectively, using SIFs extracted directly from ABAQUS. Results were evaluated for two
load scenarios, at three points along the crack front and for two radii.

For implementing a stationary frictional crack in 3D using XFEM in ABAQUS, an ap-
proach was used, where crack propagation is technically allowed but suppressed by assign-
ing very high critical values for damage initiation and evolution. The approach was found
to successfully enforce crack stationarity in the simulations and to generate a reasonable
shear stress response for frictional cases. It was shown in the study that the shear stresses
can be approximated with sufficient accuracy by evaluating the stresses in adjacent el-
ements. The predicted shear stress trends agree well with those obtained from explicit
crack modeling, although some discrepancies remain in the absolute values. Possible rea-
sons for this include differences in how ABAQUS handles propagating versus stationary
cracks, and/or potential reduced accuracy in the element integration for XFEM since
the enrichment functions are non-polynomial and discontinuous. Nevertheless, since the
overall trends and the influence of crack face friction are consistent, the adopted method
is considered sufficiently robust for the qualitative comparison purposes of this study.

Crack face friction was found to reduce crack growth rates for all points, radii, and
load cases, with higher friction coefficients leading to greater reductions. The influence of
friction also generally becomes more pronounced for larger crack radii, as the increased
crack face area promotes more sticking. Consistent trends were observed for both pure
contact and combined contact and bending loads, and evaluating the predicted growth
rates in terms of traffic (MGT) showed that including crack face friction increases the
traffic capacity before reaching critical crack depths. In short, for a combined contact and
bending load, having a crack face friction coefficient of 0.3 can reduce the crack growth
rates by up to 31% compared to the frictionless case. This number is up to 49% for the
case of a crack face friction coefficient of 0.5 in comparison to the frictionless case. As
presented in Section 4.3.2, these reductions can lead to a traffic increase of 28% for the
crack face friction coefficient of 0.3 and a traffic increase of 72% for the crack face friction
coefficient of 0.5 in comparison to the frictionless case, assuming a linear rate variation
between crack radii. These results highlight the importance of accounting for crack face
friction in order to obtain more realistic predictions and to support efficient maintenance
planning. The rate predictions were used to compare with a field measurement in the
literature and a reasonably good agreement was there observed. More specifically, the
agreement is better when the crack face friction is included, with higher values of pre-
dicted traffic.
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Growth directions under pure contact load predominantly show upward growth, which
also agrees with previous findings in (Salahi Nezhad et al., 2024) for a frictionless crack.
However, the differences between friction coefficients are small and within the accuracy
limits of the accumulative VCTD criterion. Thus, the influence of crack face friction is
judged to be marginal on growth directions. For the combined contact and bending load
case, the predicted directions generally display upward growth. Here, the influence of
crack face friction is again limited, with only minor deviations observed, such as at point
A for =5 mm. Given that a limited number of cases (only two radii) were analyzed in
this study, the overall effect of crack face friction on the crack growth directions remains
inconclusive.

The discrepancies observed between XFEM and explicit crack modeling in ABAQUS
indicate that further investigation of using XFEM for stationary frictional cracks in 3D
simulations would be valuable for more quantitative predictions. One potential approach
to this is to examine additional response parameters, such as displacements, to better un-
derstand the source of the discrepancies. Another possibility is to investigate alternative
approaches for enforcing or implementing stationarity.

For the rail model, the adopted methods for evaluating crack growth rate and direc-
tion rely solely on SIFs, which in this study were extracted using a built-in feature in
ABAQUS. Exploring alternative evaluation methods, such as the displacement-based ap-
proach presented in (Andersson et al., 2018)) or any other suitable methods, could po-
tentially improve the accuracy of the predictions. In addition, since only two crack radii
are considered in this study, the potential to identify trends is limited. This is especially
evident for the crack growth directions, where no clear trends regarding the influence of
crack face friction were observed. Including more radii would thus increase the possibil-
ity of identifying trends for the growth directions, and could potentially strengthen the
observed influence of crack face friction on crack growth rates. Furthermore, adopting
a propagating crack instead of being restricted to stationarity, would make more quan-
titative validations against field data possible. Finally, incorporating more relevant load
cases, such as thermal loading, and employing more realistic friction coefficients, reflecting
potential lubrication or surface roughness of the crack faces, may improve the accuracy of
the numerical framework (by fine-tuning, if needed) and increase the practical relevance
of the predictions.
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