THESIS FOR THE DEGREE OF LICENTIATE OF ENGINEERING IN SOLID AND
STRUCTURAL MECHANICS

Predicting rolling contact fatigue crack
initiation in highly deformed rail steel

NASRIN TALEBI

Department of Industrial and Materials Science
Chalmers University of Technology
Gothenburg, Sweden, 2024



Predicting rolling contact fatigue crack initiation in highly deformed
rail steel

NASRIN TALEBI

(©) NASRIN TALEBI, 2024
All rights reserved.

Thesis for the degree of Licentiate of Engineering
Technical Report No. IMS-2024-12

Department of Industrial and Materials Science
Chalmers University of Technology

SE-412 96 Gothenburg, Sweden

Phone: +46(0)31 772 1000

Cover:
Accumulated damage after one load sequence in a railhead with deformed
material

Printed by Chalmers Digitaltryck,
Gothenburg, Sweden 2024.



To maman, baba, Saeed, and Kourosh.






Predicting rolling contact fatigue crack initiation in highly
deformed rail steel

NASRIN TALEBI

Department of Industrial and Materials Science
Chalmers University of Technology

Abstract

Rolling Contact Fatigue crack initiation is often associated with large accu-
mulated plastic deformations in the surface layer of rails and wheels. These
deformations are known to affect the mechanical and fatigue behavior of the
material. Even so, many fatigue crack initiation predictions in literature do
not account for the influence of the deformed near-surface material. This thesis
focuses on developing modeling methodologies that account for the long-term
accumulation of plastic deformations in fatigue crack initiation predictions.

The first part of the thesis deals with evaluating and improving fatigue crack
initiation criteria for severely deformed R260 pearlitic steel. This enhancement
is addressed by proposing modified criteria. Three groups of experiments
form the basis for the evaluations: Axial-torsion tests with large shear strain
increments (predeformation), uniaxial or proportional multiaxial low cycle
fatigue tests after different amounts of predeformation, and uniaxial high cycle
fatigue experiments. To assess the performance of both existing and proposed
crack initiation criteria, a cross-validation procedure is used. The proposed
criterion, which accounts for the influence of accumulated plastic strains on
fatigue crack initiation, improves the fit to the experimental data. Although
there is a tendency to overfitting, this can be mitigated by considering more
experiments.

In the second part of the thesis, fatigue crack initiation in a railhead
subjected to realistic traffic loading is investigated, focusing on the influence
of the large accumulated plastic deformations near the surface. The adopted
anisotropic material model is calibrated against experiments with railway-
like loading at different material states, corresponding to different depths in
the railhead. The identified material parameters are then used to consider
spatially varying properties in the railhead. This variation is governed by the
accumulated shear strain distribution, obtained from measurements in field
samples. By using the stresses and strains from finite element simulations of
wheel over-rollings, the previously developed crack initiation criterion is applied.
The results highlight the importance of considering the deformed near-surface
material in a railhead when predicting fatigue crack initiation, as it is shown
to reduce fatigue damage growth during a traffic load sequence.

Keywords: Railway mechanics, plasticity, fatigue crack initiation, anisotropy,
predeformation, railway-like loading tests, parameter identification, over-rolling
simulations

iii






List of Publications

This thesis is based on the following publications:

[Paper A] N. Talebi, J. Ahlstrom, M. Ekh, K. A. Meyer, ”Evaluations
and enhancements of fatigue crack initiation criteria for steels
subjected to large shear deformations,” International Journal of
Fatigue, vol. 182, p. 108 227, 2024.

[Paper B] N. Talebi, B. Andersson, M. Ekh, K. A. Meyer ”Influence of a
highly deformed surface layer on RCF predictions for rails in
service,” To be submitted for international publication.

The appended papers were prepared in collaboration with the co-authors. The
author of this thesis was responsible for the major progress of the work, in-
cluding taking part in the planning of the papers, developing theoretical and
computational frameworks, developing the numerical implementations, running
the simulations, and writing the papers.

Publication by the author, not included in this thesis, is:

N. Talebi, J. Ahlstrém, M. Ekh, K. A. Meyer, ”Crack initiation criteria for
deformed anisotropic R260 rail steel,” CM 2022 - 12th International Con-
ference on Contact Mechanics and Wear of Rail/Wheel Systems, Conference
Proceedings, pp. 857-864, 2022.






Preface and Acknowledgment

The work presented in this thesis was carried out at the Department of Indus-
trial and Materials Science at Chalmers University of Technology within the
research project MU41 ”Crack initiation in anisotropic wheel/rail material.”
This project has been part of the ongoing research activities within the National
Center of Excellence CHARMEC (CHAlmers Railway MEChanics). This study
is partially funded within the European Union’s Horizon 2020 research and
innovation program in the Shift2Rail project In2Track3 under grant agreement
number 101012456 and in Europe’s Rail project IAM4RAIL under grant agree-
ment number 101101966. In particular, the support from Trafikverket and
voestalpine Railway Systems GmbH is gratefully acknowledged. The majority
of the numerical simulations in this thesis were enabled by resources provided by
the National Academic Infrastructure for Supercomputing in Sweden (NAISS)
at Chalmers Center for Computational Science and Engineering (C3SE) par-
tially funded by the Swedish Research Council through a grant agreement
number 2022-06725.

I would like to express my gratitude to my main supervisor, Prof. Magnus
Ekh, for your endless support, guidance, and encouragement throughout my
research work. I am grateful for being given the opportunity to work with
you and learn from you. You provide a work environment that makes research
more enjoyable! T would like to thank my co-supervisors, Prof. Johan Ahlstrom
and Dr. Knut Andreas Meyer. Thank you, Johan, for your generous support
and for being so kind to me. Thank you, Knut, for always being available and
welcoming for our meetings and discussions. I look forward to working more
closely together at Chalmers!

I would like to extend my appreciation to the CHARMEC group and our
research partners for your insightful input and valuable discussions during our
workshops and reference group meetings. I would like to say a special thanks
to my co-author, Bjéorn Andersson, for helping me with the wheel over-rolling
simulations patiently!

Also, I want to thank all my friends and colleagues at the Division of
Material and Computational Mechanics and at the Division of Dynamics for
creating a welcoming and friendly work environment. The work would not be
as enjoyable without you!

Also, T would like to thank my family for your unconditional love and
sacrifices. Thank you, my brother Saeed, for always being there for me. Last
but certainly not least, I would like to express my deepest gratitude to my
husband, Kourosh. Your presence by my side, belief in me, selfless love, and
infinite support have been my greatest motivation throughout this way!

Gothenburg, August 2024,
Nasrin Talebi

vii






Contents

Abstract

List of Publications

Preface and Acknowledgment

I Extended Summary
1 Introduction
1.1 Background and motivation .
1.2 Aim of research . . . . .. ..
1.3 Scope of research . . . . . ..
2 Considered experiments
2.1 Predeformation . . ... ...
2.2 Multiaxial low cycle fatigue .
2.3 Uniaxial high cycle fatigue . .
3 Modeling
3.1 Distribution of accumulated shear strain . . . . . ... .. ...
3.2 Material model . . ... ...
3.3 2D axisymmetric simulations of predeformations . . . .. . ..
3.4 Wheel over-rolling simulations
3.5 Crack initiation criteria . . .
4 Parameter identification
4.1 Optimization procedure . . .
4.2 Prediction and cross-validation
5 Summary of appended papers
Bibliography

II Appended Papers A-B

ix

iii

vii

17
17
19

21

23

29






Part 1

Extended Summary






CHAPTER 1

Introduction

In this chapter, the background and motivation for this work, along with the
research objectives and scope, are presented.

1.1 Background and motivation

Repeated loading from wheels rolling over the rail causes Rolling Contact
Fatigue (RCF), which is recognized as a major source of problems in the
railway industry [1], [2]. Wheel-rail contact generates high contact pressure,
as well as large shear stresses due to tractive and cornering forces, on the
surfaces of rails and wheels, resulting in severe plastic deformations [3], [4],
see Figure 1.1(b). Accumulation of the large plastic deformations in the near-
surface material during service induces anisotropic material behavior [5]. These
high deformations are known to be the source for the initiation of common RCF
defects, such as gauge corner cracks, shown in Figure 1.1(a), cf. [6], [7]. RCF
defects reduce the reliability and safety of railways, and the mitigation costs

(a) R LG

Figure 1.1: (a) Gauge corner cracks (Photo: Anders Ekberg), and (b) the
deformed surface layer at the gauge corner of a rail (45° to the longitudinal
direction) [8]



Chapter 1. Introduction

are very high. For instance, the annual cost in the European rail system was
estimated to be 300 MEUR in the year 2000 [1]. Understanding the mechanical
and fatigue behavior of the heavily deformed and anisotropic material can assist
railway manufacturers and infrastructure managers in enhancing manufacturing
and maintenance planning, reducing RCF-related costs.

Investigating the fatigue behavior of the anisotropic near-surface material
is a complicated problem. This thesis focuses on studying how fatigue crack
initiation is affected by the deformation-induced anisotropy in the near-surface
material under pure mechanical loading. RCF crack propagation is the topic
of other related CHARMEC projects (MU35, MU38). To address fatigue crack
initiation, it is essential to develop a modeling procedure that includes con-
stitutive models describing the complex near-surface material behavior, efficient
and accurate Finite Element (FE) simulations of wheel-rail contact, and fatigue
crack initiation criteria accounting for the deformed material behavior. Much
work has been performed on the first two areas in the previous CHARMEC
projects (MU14, MU19, MU34, MU37), and the third one is the primary object-
ive of this thesis. However, these models need to be calibrated and validated
against experimental data with respect to long-term cyclic and multiaxial
loading to accurately predict RCF cracks in real-world conditions. Due to the
large gradient of properties in the highly deformed surface layer, characterizing
material behavior using standard testing methods is very difficult. Therefore,
this thesis uses experimental data from the special technique developed in the
CHARMEC project MU34 to calibrate and validate the adopted and developed
models.

1.2 Aim of research

The ultimate goal of this research study is to enrich the understanding of the
influence of long-term accumulation of plastic deformations on the fatigue crack
initiation performance of R260 pearlitic steel through improvement of material
models and fatigue crack initiation criteria. To this end, the following parts
are completed and presented in this thesis:

e evaluation and further development of fatigue crack initiation criteria for
severely shear-deformed steels (Paper A)

e simulation-based investigation of the impact of highly deformed near-
surface material in rails under in-service loading on fatigue crack initiation
(Paper B)

The following future parts are foreseen in the second part of the project:

e consider a railhead with deformed geometry in the over-rolling simulations
of Paper B

e substitute a standard cyclic plasticity model with a cycle-domain model

4



1.3. Scope of research

e employ the cycle-domain model to simulate the whole life of a railhead
under realistic traffic loading (from virgin to highly deformed material
states)

o validate the predictions of RCF crack initiation against field measurements

1.3 Scope of research

The main focus of this thesis is to predict the initiation of macroscopic RCF
cracks in highly deformed surface layer of rails under pure mechanical loading.
Studying the subsequent propagation of the macroscopic cracks is dealt with in
other related CHARMEC projects. Conducting experiments is out of the scope
of this thesis. We study R260 pearlitic rail steel primarily, but the adopted
and developed approaches can also be relevant to studying wheel materials.
Investigating the influence of thermal loading, employing coupled continuum
damage models, as well as integrating crack initiation and propagation modeling
efforts, can be considered as future extensions of this work.






CHAPTER 2

Considered experiments

This chapter describes the considered experiments in the thesis, namely pre-
deformation, Low Cycle Fatigue (LCF), and High Cycle Fatigue (HCF) tests.
These experiments provide data for calibration and validation of the adopted
and developed models. The predeformation tests mimic the severely deformed
material near the surface of rails, as well as the loading condition experienced
by a rail in service. The LCF and HCF tests are further used to calibrate
the employed and proposed models for anisotropic material with respect to
long-term cyclic and multiaxial loading. The field samples extracted from the
main railway line in Sweden, between Stockholm and Gothenburg, formed the
basis for evaluating the predeformation technique in [8]. In this line, traffic is
dominated by passenger trains with axle loads between 15-19 tons. The annual
traffic is in the order of 15 - 10% tones, resulting in about 10 wheel passages.

2.1 Predeformation

As previously mentioned, due to large strain gradients in the surface layer
of rails, conducting conventional experiments on the material of this layer to
understand its mechanical behavior is very difficult. Equal angular channel
pressing and high pressure torsion have been used previously in literature to
replicate the material state found in the surface layer of rails [9]-[12]. However,
a limitation of these methods is that the extracted samples are very small,
making it difficult to achieve axisymmetric specimens needed for multiaxial
fatigue testing. Meyer et al. [8] developed an experimental technique using
axisymmetric test bars in an axial-torsion machine in order to mimic the
accumulation of shear strains in the surface layer of rails. In this technique, a
test bar is twisted in steps of 90° under a constant axial load. A test bar before
and after predeformation is shown in Figure 2.1(a), where the laser-etched lines
visualize the surface shear strains. The loading condition in these experiments,
i.e., combined shear and tension-compression, is similar to that experienced
by rail steel during wheel-rail rolling contact [13], and cracks were observed
on the test bars’ surfaces. These facts motivate using the experimental results
to investigate the fatigue behavior of the deformed material representing the

7



Chapter 2. Considered experiments

Figure 2.1: (a) Undeformed (top) and predeformed (bottom) test bar [8], and
(b) definition of cylindrical coordinate system in the thin-walled tubular test
bars.

material at a certain depth of a rail, see Paper A.

2.2 Multiaxial low cycle fatigue

Due to the low number of cycles to failure in the predeformation tests, previously
conducted LCF experiments are also included in the evaluations of fatigue crack
initiation criteria in Paper A. In these tests, the predeformed solid test bars
were remachined into thin-walled tubular shapes and were subjected to pure
axial, pure shear, or proportional multiaxial loading [14]. Most of the fatigue
life was spent on macroscopic crack initiation, and the crack propagation regime
was negligible (less than 1.1% of the total life).

In Paper B, in addition to the pure axial and pure shear test results, data
from multiaxial LCF experiments under non-proportional loading (compression
and shear), preceded by different amounts of predeformation, are also considered.
These data are employed to calibrate the adopted plasticity model described
in Section 3.2. The purpose of these experiments is to subject rail steel to
pulsating compression and alternating shear, replicating the in-service wheel-
rail rolling contact loading [15]. In the non-proportional loading experiments, a

8



2.2. Multiaxial low cycle fatigue

test bar is first subjected to compressive normal strain €,, and shear strain 7,g
in a specific loading direction (see Figure 2.1(b) for the definition of coordinate
system). The shear strain, 7,4, gradually reverses to an equal magnitude in
the opposite direction, while €., is held constant. The loading cycle ends when
both strains are reduced to zero. In both proportional and non-proportional
loading experiments, the equivalent von Mises strain amplitude was 0.8% on
the test bars’ surfaces. Some results from the non-proportional loading tests are
illustrated in Figure 2.2. An important observation in Figures 2.2(a) and 2.2(c)
for cycle 1 is that, hardening increases with higher levels of predeformation,
which is particularly pronounced when comparing PDy and PD;. A similar
trend can be observed when considering the axial and shear stress-strain
response in cycle 500 in Figures 2.2(b) and 2.2(d). Further, after 500 cycles,
material softening becomes apparent, especially in the axial response, see
Figure 2.2(b).

600 600
400 + 400 +
200t 200+
= s
& 0 & 0r
= =
v =200 22001
S )
-400 -400 - — PD,
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& 0 A, 0
= =3
T -200 T -200
o o
— PD, — PDy
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(c) (d)

Figure 2.2: Axial stress-strain response for (a) cycle 1 and (b) cycle 500, shear
stress-strain response for (c) cycle 1 and (d) cycle 500, from experiments. Note
that, PD, refers to x cycles of predeformation.
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2.3 Uniaxial high cycle fatigue

In Paper A, we use the results from the axial HCF experiments conducted
by Christodoulou et al. [16] on pearlitic rail steel Grade 900 A, as one part of
calibration data. The aim is to account for both HCF and LCF regimes in the
Jiang-Sehitoglu and the modified criteria, see Section 3.5. In [16], based on
the derived S-N curve shown in Figure 2.3, the fatigue limit was determined
to be 540 MPa at a fatigue life of 107 cycles. We use the fatigue limit and

the stress ratio of 0.1 from these experiments in the calibration procedure, see
Section 3.5.

700 -

= Experiments
—Fitted curve

(=)
at
e}

Maximum stress [MPa]
ot D
S S
S S

500 L ‘ ‘
5 10 100 1000
Number of cycles to failure (x10%)

Figure 2.3: Fatigue S-N curve, data from [16].
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CHAPTER 3

Modeling

Describing the behavior of rail material that has undergone significant plastic
deformations, leading to heterogeneous material properties, is the modeling
challenge in this thesis. This chapter presents the adopted and developed
modeling strategies and tools to deal with the challenge.

3.1 Distribution of accumulated shear strain

As previously mentioned, during wheel-rail rolling contact, severe plastic shear
strains accumulate, even during the early loading cycles. In Paper B, we
use the measured accumulated shear strains versus depth at two locations in
the railhead, points Py and P3 in Figure 3.1, from [8]. Based on the typical
contact regions, we assume that the accumulated shear strains are zero outside
points Py and P4. Moreover, the depth of the anisotropic layer is assumed to
be 0.5 mm, and outside this depth, the material is considered isotropic. We
propose to linearly interpolate between the distributions at the points P5 and
P3, together with zero shear strains at any depth at the points Py and Py, in
the introduced £ — 7 coordinate system. Figure 3.1 illustrates the distribution
of the accumulated shear strain, -, in the railhead cross-section of a 50E3 rail
profile, where v decreases in depth and also varies in the transverse direction.
In the wheel over-rolling simulations (see Section 3.4), we use the distribution
of v to define a railhead cross-section with deformed near-surface material,
whose properties vary depending on the given spatial position. Moreover, the
initiation of fatigue cracks is influenced by the y-dependent initial ratcheting
strains in the railhead, see Section 3.5.

3.2 DMaterial model

Reliable predictions of crack initiation require accurate approximations of stress
and strain histories in the material. However, the large plastic deformations
in the rail result in complex material behavior, necessitating the use of finite
strain plasticity models with advanced hardening laws and anisotropic yield
surfaces. In Paper A, we adopt such a model [17] to obtain accurate stresses
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Chapter 3. Modeling

0.5 mm

—

10 mm

Figure 3.1: Assumed distribution of the accumulated shear strain, v, over the
railhead cross-section.

and strains during the predeformation experiments. Distortional hardening is
accounted for through the evolving anisotropy tensor C in the yield criterion
formulated as in [17]

cpz\/Mf;g:C:M;igg—Ygo (3.1)

where M9 is the reduced deviatoric Mandel stress, and Y is the isotropic
hardening.

In Paper B, we reformulate the advanced material model in [17] in the
small-strain framework in order to make it more computationally efficient for
use in the wheel over-rolling simulations. We assume that there is no evolution
of the anisotropy tensor, C, from its initial state, which is described by the
accumulated shear strain, . Furthermore, we calibrate the material model
against the non-proportional multiaxial cyclic tests with railway-like loading
(described in Section 2.2) at different predeformation levels. The identified
material parameters and anisotropy tensors for each predeformation level are
used to consider unique material parameter values at each integration point in
the railhead. This spatial variation of material properties is governed by the
accumulated shear strain distribution, see Section 3.4.

3.3 2D axisymmetric simulations of predeform-
ations

The shear strains vary radially during predeformation experiments, resulting

in an inhomogeneous stress field, such that only the axial force, the specimen’s

elongation, torque, and twist could be measured, see [8]. Accordingly, in
Paper A and Paper B, 2D FE simulations of the predeformation tests

12



3.4. Wheel over-rolling simulations

and the predeformation parts of the LCF tests (described in Chapter 2), are
performed in Abaqus [18] to obtain local stress and strain histories, as well as
the anisotropy tensor, C, for each predeformation level. For these simulations,
8-node quadratic axisymmetric elements with out-of-plane twist (referred to
as CGAXSR in Abaqus) and the finite strain model formulation from [17]
are employed. Figure 3.2 shows the shear stresses before unloading in the 6%
predeformation cycle under nominal compressive stress of —600 MPa, where
there is an increase in the shear stress, 0.¢, in the radial direction, from the
center to the surface of the test bar. In Paper A, the extracted local stresses
and strains are used as an input to the crack initiation criteria. Moreover, in
Paper B, the obtained anisotropy tensors from these FE simulations, are used
to introduce the deformed material state in the railhead.

0.9 [MPa]

5
—115
—235
—335
—475
—595
—715 2

Figure 3.2: Shear stresses in the 6'" predeformation cycle, before unloading, at
the nominal compressive stress of —600 MPa

3.4 Wheel over-rolling simulations

Due to the challenges of conducting field measurements, such as high costs,
time constraints, and the influence of environmental factors, FE simulations
of wheel-rail contact have been widely used. These simulations are employed
to investigate different phenomena, such as RCF crack initiation [19]-[22],
RCF crack propagation [23], [24], and ratcheting behavior [15]. Some recent
studies have developed computationally efficient 3D FE approaches, aiming to
capture the complexity of rolling contact conditions with lower computational
costs [25]-[27]. Despite these improvements, 3D models are still unable to
consider many loading cycles while accurately resolving contact regions. To
address this limitation, 2D FE models have been developed to reduce the
computational time while maintaining reasonable accuracy. These models have
been used to investigate, for instance, wear and fatigue crack initiation in
rough wheel-rail contact surfaces [28], or to simulate detailed repair welding
process [29].

Resolving the large shear strain gradient close to the rail surface in Paper
B requires a very fine mesh. Therefore, for modeling the rail during train wheel
over-rollings, we adopt the 2D Generalized Plane Strain (GPS) model developed
by Andersson et al. [29]. In the GPS model, a 2D cross-section is positioned

13



Chapter 3. Modeling

between two rigid bounding planes which can translate along the longitudinal
direction of the rail and rotate around the in-plane axes with respect to a
reference point. The translation and rotation of these bounding planes are
constrained by assigning axial and bending stiffnesses to the corresponding
degrees of freedom. To mimic a Hertzian contact pressure distribution moving
longitudinally on the rail surface, the element thicknesses are scaled such that
the maximum von Mises stresses in the 2D FE simulations match those from
full-scale 3D over-rolling simulations [30].

The representative traffic loading is obtained from the multibody dynamics
simulations in [31] of a circular curve, located at the west mainline in Sweden
between Nyckelsjon and Sparreholmen. The load sequence consists of 483 wheel
passages, representing 20 passenger trains with axle loads ranging from 11.7
to 21.0 tons, different measured wheel profile geometries, and varying vehicle
speeds [31].

The over-rolling simulations in Paper B consider both homogeneous virgin
(isotropic) and inhomogeneously deformed (anisotropic) material states. To
account for the deformed material state, we linearly interpolate between the
anisotropy tensors and the identified material parameters for each predeforma-
tion level. This interpolation is based on the distribution of the accumulated
shear strains, see Section 3.1. The resulting distribution of maximum von
Mises stress, as well as per-sequence accumulated plasticity and fatigue damage
increment from the over-rolling simulations, are presented and discussed in
Paper B.

In Figure 3.3, the von Mises stress field for both materials during the load
cycle with maximum contact pressure and traction is presented. As can be
seen, the maximum von Mises stress occurs in the railhead cross-section with
deformed and hardened material, and the location is at the surface near the top
of the rail where wheel-rail contact takes place. Further details underscoring
the importance of considering the deformed near-surface material in RCF crack
initiation predictions are provided in Paper B.

oM [MPa]
1100
880 o .
660 Virgin material Deformed material
440 . /]
220
0 10 mm

Figure 3.3: Comparison of von Mises stresses in the railhead cross-section for
virgin and deformed materials during the load cycle with maximum contact
pressure and traction.
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3.5. Crack initiation criteria

3.5 Crack initiation criteria

Predicting fatigue crack initiation is of great importance in railway engineering,
as it can be used as an aid when developing methods to delay the initiation of
RCF cracks, thereby extending the service life. Many studies have been per-
formed in the area of crack initiation predictions, see e.g. Sadeghi et al. [32] and
Ringsberg et al. [33] for reviews. An equivalent plastic strain model proposed
by Kapoor [34], a purely energy-density based criterion developed by Golos and
Ellyin [35], and approaches taking into account the material microstructure in
the fatigue damage predictions [36]—[38] are some of the established criteria
and methodologies in literature for crack initiation predictions. Some criteria
employ a critical plane search approach to identify the plane experiencing the
largest fatigue damage [39]-[42]. Jiang and Sehitoglu [43] suggested that fatigue
damage evolution on a given plane is influenced by normal and shear stress
and strain ranges.

In [44], it is shown that a more advanced criterion than the Kapoor criterion
is required to obtain a reasonable agreement between the predeformation
experiments and the corresponding simulation data. Furthermore, in Paper
A [45], we show that, due to the protective effect of predeformation, the so-
called mixed criterion [43], combining the Jiang-Sehitoglu (J-S) and Kapoor
criterion, does not lead to significant enhancement. Therefore, we propose and
evaluate two modifications to the J-S criterion in order to improve its fitting
and predictive abilities. The most successful modification allows the fatigue
damage threshold to depend on ratcheting strain as

FPy(e;) = FPs — (FPs — FPy)exp <;> (3.2)

Thereby, the cyclic fatigue damage growth is computed as

m

dDy; <maxn FP — FA’]30>

AN Co (3.3)

where the fatigue driving force, F'P, on a given plane is quantified as in [43]

FP = % Omax + J Ay AT (3.4)
The idea behind the suggested modifications is to account for an increased
resistance against fatigue crack initiation induced by predeformation. This is
inspired by the results from the study conducted by Gren and Ahlstrém [46]. For
the railhead with deformed material in the over-rolling simulations, the initial
ratcheting strain, €., at each integration point is obtained using the simulation
results from the predeformation tests and the distribution of accumulated
shear strains. The fatigue parameters, m, Cy, J, F P, and k, are calibrated
against the predeformation experiments and proportional multiaxial LCF tests,
explained in Chapter 2. Considering the HCF test results (see Section 2.3) and
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Chapter 3. Modeling

assuming an elastic material response in the HCF regime, we determine the
fatigue parameter, F' Py, by using the normal loading term in Equation 3.4. For
further details on the notations, the reader is referred to Paper A.
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CHAPTER 4

Parameter identification

Connecting advanced models and experimental data through parameter iden-
tification forms one important part of the work carried out in this thesis. In
Paper A, the fatigue parameters of the crack initiation criteria and, in Paper
B, the material parameters of the adopted plasticity model have been identified
using numerical optimization. This chapter presents a brief discussion of the
methods used in the appended papers for parameter identification.

4.1 Optimization procedure

A general optimization problem is to find an optimal solution @p that minim-
izes an objective function f(x)

Topt = arg minimum f(x)

ceS (4.1)

where S C R™ is a nonempty set, x € R" is a vector of model paramet-
ers, z;, 7 = 1,...,n, and f : R - R U {£oo}. Techniques for solving an
optimization problem can be divided into two groups: Derivative-free meth-
ods, such as Nelder-Mead simplex algorithm [47], [48] or BOBYQA [49], and
gradient-based methods, including steepest descent, Newton’s method, or
Levenberg-Marquardt [50]. Using the Nelder-Mead simplex algorithm with
multiple initial guesses has proven successful in previous works, see e.g. [51],
[52], and it is thus also adopted in the appended papers. The algorithm is
employed to minimize the objective function of a least-square type, which, in
general, is formulated as

f(m) = [|y®® — y*™ ()| (4.2)

where y®*P are experimental data, and y*™ () are the simulated data from
the model (as a function of the model parameters, ). The general procedure
for parameter identification in this thesis is summarized below:

1. specify permissible intervals @i, and @,y for the parameters  and
define the parameter space Q = {x |Zmin < T < Tmax}

17



Chapter 4. Parameter identification

2. use Latin Hypercube sampling to generate a full set Sgyy of initial guesses
x within the parameter space ()

3. use Sgy1 in Paper A, while in Paper B, after evaluating the objective
function for initial guesses @, choose the best x € S,cq (reduced set), to
start optimization from

4. perform optimizations to minimize the objective function f(x) for the
initial guesses

5. select the k best-optimized parameter sets with the lowest objective
function value, resulting in the updated set Sy Pass these as initial
guesses (updated @) to the subsequent optimization step

6. reduce k

7. repeat the steps 4 to 6 until convergence

More details of the optimization procedure are explained in Papers A and
B. In Paper A, the objective function minimizes the difference between the
fatigue crack initiation lives from the experiments and simulations. Since the
magnitudes of the fatigue lives observed in the experiments are significantly
different, the contributions to the objective function are normalized by the
corresponding experimental values. The fatigue parameters, as well as the
plasticity model parameters in Paper B, are normalized, ensuring that the
objective function’s sensitivity to small perturbations in the values of the
parameters is approximately equal. An observed issue with the Nelder-Mead
simplex algorithm was its tendency to stick to the lower or upper bounds
of the parameters. To mitigate this problem and improve the robustness of
the optimization procedure, it is important to be liberal with the size of the
permissible intervals.

As was observed in the experimental results in Figure 2.2, the stress-strain
response varies between different levels of predeformation. Hence, in Paper
B, we identify the 14 material parameters of the adopted plasticity model
based on the experiments at each predeformation level. Particularly, we use
certain experiments to identify specific material parameters, thereby reducing
the complexity of the optimization procedure, see e.g. [53]. Young’s modulus E
and shear modulus G are determined based on the mean values of the elastic
moduli during the pure axial and pure shear loading experiments, respectively
(no optimization has been performed). The initial back-stress is optimized
against the monotonic parts of the first loading cycles from four uniaxial
LCF experiments with different loading directions. The remaining material
parameters have been identified in a step-wise approach. In summary, a set of
optimized parameters with the lowest objective function values are chosen as
the starting points for the subsequent optimization step. The reason behind
using this procedure is to guide the optimization algorithm towards finding the
optimal solution.
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4.2 Prediction and cross-validation

The quality of a model cannot be evaluated only by its ability to fit experimental
data, as considering more independent model parameters may improve the
fit but reduce the model predictive ability (i.e. overfitting). Accordingly, in
Paper A, a one-fold cross-validation [54] is employed to assess the performance
of each crack initiation criterion on new data and to mitigate the risk of
overfitting. This method involves dividing the experimental dataset (with size
p) into calibration data (with size p — 1) and validation data (with size 1) in p
possible ways. In Paper B, some experimental data are retained to evaluate
the predictive ability of the plasticity model.
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CHAPTER 5

Summary of appended papers

Paper A

N. Talebi, J. Ahlstrom, M. Ekh, K. A. Meyer, ” Evaluations and enhancements of
fatigue crack initiation criteria for steels subjected to large shear deformations,”
International Journal of Fatigue, vol. 182, p. 108 227, 2024.

In this paper, we evaluate the performance of commonly used crack initiation
criteria in railway engineering for predicting experimental results of heavily
deformed R260 pearlitic steel. Furthermore, modifications to the crack ini-
tiation criteria are suggested. The evaluations are based on three groups of
experiments: Combined axial-torsion tests with large shear strain increments
(predeformation), proportional multiaxial low cycle fatigue experiments pre-
ceded by different levels of predeformation, and uniaxial high cycle fatigue tests.
Finite element simulations of the predeformation tests, with a finite-strain
plasticity model accounting for isotropic, kinematic, and distortional hardening,
provide local stress and strain predictions. A cross-validation approach is
adopted to examine the capability and reliability of both existing and proposed
criteria. One of the proposed modifications noticeably improves the fitting
error while maintaining a similar prediction error. Furthermore, it is also able
to fit satisfactorily when all experimental data are included in the optimization,
indicating its potential for further improvements with the availability of more
experimental data.

Paper B

N. Talebi, B. Andersson, M. Ekh, K. A. Meyer ”Influence of a highly deformed
surface layer on RCF predictions for rails in service,” To be submitted for
international publication.

The main objective of this paper is to investigate how deformed near-surface
material affects the mechanical behavior and fatigue crack initiation of a rail
under in-service loading. We consider multiaxial low cycle fatigue experiments
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under non-proportional loading at different levels of predeformation, represent-
ing the material behavior for different amounts of accumulated shear strains.
By calibrating an anisotropic plasticity model against these experiments, we
obtain a model that represents material behavior at different spatial positions in
the railhead cross-section. This variation is governed by the accumulated shear
strain distribution in the railhead, obtained from measured shear strains. We
use an efficient FE-simulation setup for modeling two rails subjected to realistic
traffic situations: One with virgin and one with inhomogeneously deformed
material. The results reveal that, in the railhead with deformed material, the
maximum von Mises stresses and per-sequence accumulated plasticity are much
higher than those in the railhead with virgin material. Using the proposed
crack initiation criterion from Paper A, we evaluate the fatigue behavior of
both materials, demonstrating that the deformed material noticeably reduces
the accumulation rate of fatigue damage. These findings highlight the import-
ance of accounting for the deformed near-surface material in a railhead when
predicting fatigue crack initiation.
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