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Influence of small wheel defects on the risk of subsurface-initiated rolling contact
fatigue of railway wheels

Master’s thesis in Mobility Engineering

JASEUNG LEE

Department of Mechanics and Maritime Sciences

CHARMEC
Chalmers University of Technology

Abstract

Due to improved quality control in wheel manufacturing and maintenance actions
in railway operations, subsurface-initiated rolling contact fatigue rarely occurs these
days. However, in some cases, fatigue poses a risk to trigger accidents such as de-
railments. Therefore, it requires careful monitoring in wheel maintenance.

The thesis employed Finite Element simulation (FE-simulation) and impact loads
from wheel impact load detectors to study subsurface-initiated rolling contact fa-
tigue. First, the influence of finite boundary effects on the subsurface stress field
was studied by comparing stress evaluations from elastic Finite Element simulations
with the analytical solutions for semi-infinite bodies. The study included an investi-
gation of the lateral contact load position. It demonstrated that the finite boundary
effects from the finite wheel body and laterally shifted contacts were insignificant.

Second, the fatigue initiating defect sizes along depths were estimated using the
Dang Van multiaxial criterion and Murakami’s theory. The estimation derived the
Dang Van equivalent stress along depths with two cases, (1) extreme load and (2)
wheel impact loads corresponding to wheel impact load detector measurements. It
was found that a wheel defect at the depth from 1 to 10 mm below the wheel tread
would more likely initiate subsurface rolling contact fatigue. The minimum fatigue
initiating defect size (the critical defect size) occurred at depths 3 ~ 4 mm beneath
the wheel tread in both cases. The critical defect size was around 1.2 mm and 2.9
mm in each load case with non-detrimental defect size, d, = 40 pm.

Finally, the thesis estimated the fatigue life of a wheel containing a defect at a
depth of 6 mm from the peak and mean impact loads measurements. The estima-
tion derived a reduced equivalent Dang Van Wohler curve (often called SN curve)
due to material defects. The reasonable fatigue life estimates were around 191 x 103
and 330 x 10 km for a defect size 1 mm and non-detrimental defect size, d, = 40 pm.

The thesis confirmed the influence of a small defect (defect size of less than 1 mm) on
subsurface-initiated rolling contact fatigue with given realistic impact loads. How-
ever, the analysis results were highly dependent on non-detrimental defect size, d,,
equivalent fatigue limit, o.py, and fatigue limit cycle, N,. Therefore, it needs reli-
able sources for the selection of fatigue properties and durable assumptions to obtain
more accurate results.

iv



Keywords: Railway wheels, subsurface-initiated rolling contact fatigue, wheel defect,
Dang Van criterion, Murakami’s condition.



Acknowledgements

Firstly, I would like to express my sincere gratitude to Professor Anders Ekberg
from Chalmers University of Technology for his guidance and support. He always
appreciated my ideas and gave thorough comments on the subject as well as sug-
gestions for the thesis paper. He motivated me to have academic interests in fatigue
mechanisms, specially multiaxial fatigue. His feedback on the FE-simulation was
very crucial to find errors and fixing results.

I would like to thank Par Sodestrom and Per Wessling from SJ AB, who enthu-
siastically joined the weekly meetings for the past five months. Thanks to their
provision of the thesis topic, we had constructive discussions in meetings. Without
their help, it would have been impossible to effectively comprehend real railway
operations and maintenance actions. Their active engagements and hands-on expe-
riences contributed to the practicality of the thesis.

I also would like to also extend my appreciation to my dear friend Hon Lam Cheung,
who has helped me to set up the FE-simulation. His background knowledge and

advice have enabled me to run a FE-simulation using ABAQUS software.

Lastly, I would like to thank my wife, Dasom Kim, and my family in South Korea
for their kind support and heartfelt prayers during the Master’s program.

Jaseung Lee, Gothenburg, June 2023



Contents

1 Introduction

4.2

1.1 Background . . . . . . ...
1.2 Objective . . . . . . .
1.3 Methodology . . . . . . . ...
1.4 Research limitation . . . . . . ... .. ... .. ... ... ... ..
1.5 Thesisoutline . . . . . . . . . . ...

2 Theory
2.1 Rolling contacts . . . . . . . . ...
2.1.1 Hertzian contact stresses . . . . . . . ... ... L.
2.1.2  Finite boundary effects . . . . . . .. ... ...
2.2 Multiaxial fatigue . . . . . . .. ..o
2.2.1 Stress-based model . . . . ... ... .. L.
2.2.2 Dang Van criterion . . . . . .. ... ..o
2.3 Material defect effects: Murakami’s theory . . . . . ... .. ... ..
2.4 Residual stress effects . . . . . . .. ... oL
2.5 Fatigue life: Wohler curve . . . . . .. .00

3 Methodologies

3.1 Railway wheel model . . . . . . .. ... ... ... ... ...
3.1.1 Model construction . . . . . ... ...
3.1.1.1 Loading condition . . . .. ... ... ... .....
3.1.1.2 Boundary condition . . .. .. ... ... ...
3.1.2  Contact force measurement . . . . . . .. ... ... .. ...
3.2  Finite boundary effects . . . . . .. ..o
3.3 Material defect size . . . . . . ..o
3.3.1 Rolling contact representation . . . . . .. .. ... ... ...
3.3.2 Fatigue initiating defect size . . . . . . .. ... ...
3.4 Fatigue life estimation . . . . . . ... ... oL
3.4.1 Dang Van stress as a function of depth . . . . . . . .. .. ..
3.4.2 Reduced Dang Van Wohler curve considering defect sizes . . .

4 Results
4.1 Finite boundary effects on the stress distribution along depths . . . .

Fatigue initiating defect size analysis . . . . . . . ... .. ... ...
4.2.1 Defect size estimation with Dang Van criterion . . . . . . . . .

11
11
11
11
12
12
13
14
14
14
15
15
15

17
17
20
20

vii



Contents

4.2.2 Residual stress effects . . . . . .. .. ... L 22

4.2.3 Sensitivity analysis in fatigue initiating defect sizes . . . . . . 24

4.3 Wheel impact load detector measurements . . . . . .. ... ... .. 27
43.1 Rawdata . .. ... .. ... .. ... 27

4.3.2 Data fitting to Gumbel distribution . . . . . . . ... ... .. 28

4.3.3 Extreme load prediction . . . . . ... ... ... ... 30

4.3.4 Defect size corresponding to loads from WILD measurements . 31

4.4  Wheel life estimation . . . . . . . .. ... .. ... ... ... 33
4.4.1 Sensitivity analysis in Dang Van Wohler curves . . . . . . .. 34

4.5 Discussion . . . . . . ... 38

5 Conclusions and future works 39
Bibliography 41

viil



1

Introduction

This chapter covers the basic theories of subsurface-initiated rolling contact fatigue
(RCF) in railway wheels. It is followed by objectives and methodologies used for
investigations of subsurface-initiated rolling contact fatigue. The chapter concludes
with research limitations and an outline of the remaining parts of the thesis.

1.1 Background

Fatigue is a major phenomenon that must be considered in long-term railway main-
tenance. Rolling stock, especially railway wheels is one of the parts that are sub-
ject to fatigue. In particular, high-magnitude normal contact stresses will promote
subsurface-initiated rolling contact fatigue in wheels [1].

Subsurface-initiated rolling contact fatigue of railway wheels is a critical form of
deterioration that requires consideration (See Figure 1.1). Since it begins beneath
the wheel surface, it is hard to detect and monitor. Conventional detection devices
using ultrasonic waves also have limitations in fully detecting fatigue progression.
Subsurface-initiated fatigue has been reduced as a result of improved wheel material
and railway track quality. However, it is still a potentially dangerous phenomenon
that, if not properly maintained, can result in a catastrophic accident such as a wheel
fracture and derailment [2]. To avoid accidents, it is critical to make informed wheel
maintenance decisions based on a thorough understanding of subsurface-initiated
rolling contact fatigue.

Rolling contact fatigue initiated under the wheel surface is influenced by contact
force-induced stress and wheel defects beneath the wheel surface. To make effective
maintenance action, it is necessary to investigate how these effects influence the
fatigue risk. With an assumption of semi-infinite bodies, the stress field under
the contact surface can be analytically derived. Since the actual wheel has finite
boundaries, however, the analytical solution may not accurately evaluate the stress
field near to the wheel side [3]. Finite Element simulations can be a useful tool for
studying the boundary effects on stress/strain field.
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Figure 1.1: Sketch of the subsurface-initiated crack on a railway wheel. From [4].

1.2 Objective

The main aims are to comprehend the influence of (1) finite boundary and (2) wheel
defect sizes on the risk of subsurface-initiated rolling contact fatigue. The thesis
aims to provide input to the wheel reprofiling on the risk of subsurface-initiated
RCF.

1.3 Methodology

o Study the influence of boundary conditions on subsurface stress field, and
thereby on subsurface-initiated rolling contact fatigue. To this end, stresses
derived from Finite Element simulations are compared to analytical solutions
for semi-infinite bodies

» Extend simulations to investigate influence of reprofiling and lateral contact
load position

o Estimate the influence of defect size on fatigue strength based on Murakami’s
theory

» Extend to 3D analysis to evaluate Dang Van stress, establishing an equivalent

Dang Van Wohler curve, considering the influence of subsurface material defect
sizes and load spectra

1.4 Research limitation

o Wheel profile of the S1002 trailer wheel used in the Finite Element simulation
does not exactly match the profile mounted in the considered railway vehicle
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for which the load spectra were derived. Numerical errors from minor geomet-
ric differences between the simulation and the actual wheel are ignored

o Influence of lateral load on subsurface initiated rolling contact fatigue is as-
sumed to be small and will not be considered

e A wheel model in Finite Element simulation only considers a linear elasticity
of the material. The plasticity effect on stress distribution under wheel tread
and fatigue initiation is not considered in the simulation.

1.5 Thesis outline

The present thesis is followed by four chapters. Chapter 2 introduces relevant theo-
ries of rolling contact mechanics and multiaxial fatigue. Chapter 3 explains how to
build railway wheel model and evaluate finite boundary effects in FE-simulation.
This chapter also presents procedures to estimate fatigue initiating defect sizes
and fatigue life using FE-simulation and WILD measurements. Chapter 4 presents
FE-simulation results for analyzing effects of finite boundary and defect sizes on
subsurface-initiated RCF. Estimating fatigue initiating defect sizes and fatigue life
from wheel impact load measurements are also discussed. The conclusions and fu-
ture works are presented in Chapter 5.
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Theory

2.1 Rolling contacts

2.1.1 Hertzian contact stresses

When a railway wheel rolls on the rail, it contacts in a small patch. In the small
contact area, rolling contact between railway wheels and rails can be approximated
as a contact between two cylinders [5]. Assuming that both wheel and rail feature
linear elastic material, a smooth geometry, and are semi-infinite, the contact patch
has an elliptical shape, see Figure 2.1. In that case, the contact pressure distribution
can be expressed as

p@wzml—f—ﬁ (2.1)

where x and y are defined as coordinate systems in the rolling and transverse di-
rection from the center of the contact patch, a and b are contact semi-axes of the
contact patch, p, is the maximum contact pressure that is evaluated from the normal
load P as

3P
~ 27ab
Contact semi-axes a and b can be determined from material properties and geomet-

ric parameters, i.e. Young’s Modulus and Poisson’s ratio, wheel and rail radius, and
wheel axle load (See chapter 13 of the [6] for a detailed derivation).

Po (2.2)
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Figure 2.1: Hertzian contact pressure distribution with maximum contact pressure,
Do, and semi-axes a and b

2.1.2 Finite boundary effects

Analytical solutions provides the stress distribution under elastic contact conditions
of semi-infinite bodies [7]. This analytical solution derives the deformation equa-
tions in elastic contact, and computes strains and stress based on this calculated
deformation (See the appendix of [7] for a detailed derivation).

Since the real railway wheel has a finite-boundaries, the analytical solutions can have
limitations in describing stress distribution close to boundaries [3]. Finite Element
(FE) based approaches can be used to account for the boundary effects on the stress
distribution and thereby on subsurface fatigue initiation of railway wheels.

2.2 Multiaxial fatigue

2.2.1 Stress-based model

Including railway wheels, most materials in rolling components experience multiax-
ial loads such as bending and torsion. There have been many studies to understand
mechanisms and estimate the fatigue strength of materials subject to multiaxial
loads. Stress-based models attempt to derive multiaxial fatigue criteria based on
stress states in material. Typically, they define equivalent stresses representative of
the fatigue impact under multiaxial loading conditions.

A key concept in stress-based models is the critical plane approach. This implies that
there is a particular material plane where the fatigue impact becomes highest in the
material point under the multiaxial load. Multiaxial fatigue criteria typically assume
that fatigue initiates in such a critical plane. There are various types of multiaxial
fatigue criteria, e.g., Findley, McDiarmid, and Dang Van [8]. These models have
common philosophies: All models use shear stress and normal stress to derive an
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equivalent stress. However, they employ different interpretations in defining shear
stress, normal stress, and critical planes (See chapter 5 of [8] for details).

2.2.2 Dang Van criterion

The Dang Van criterion is one of the most commonly used multiaxial fatigue crite-
rion in rolling contact fatigue. The Dang Van criterion evaluates fatigue initiation
by projecting the stress-time series on a critical plane. The criterion exploits two
empirical facts explained below [12].

The first fact is that shear stress amplitude (deviation of the shear stress from its
mid value during a stress cycle) mainly contributes to fatigue initiation. If the mag-
nitude of the static shear stress is not high enough for generating global plasticity,
static shear stress provides no effect on fatigue initiation. The second fact is that
a tensile hydrostatic stress promotes fatigue initiation. On the other hand, a com-
pressive hydrostatic stress can enhance fatigue strength up to a certain limit.

The Dang Van stress represents a time-dependent state of stress using the shear
stress amplitude, 7,(t), the hydrostatic stress, oy(t), the equivalent fatigue limit of
the Dang Van criterion, o.py, and a material parameter, cpy as below.

OEQDV = Hl?X (Ta<t) + cpv O'h(t)) > OeDV (23)

The shear amplitude, 7,(¢) is evaluated as the difference between the mid value
of the shear stress during a load cycle, and the current value of shear stress, i.e,
Ta(t) = 7(t) — Tmia(t), see Figure 2.2 and the appendix of [4] for details.

Figure 2.2: Shear amplitude, 7,(¢) from shear stress path, 7(¢) in a material plane

The Dang Van criterion views the fatigue process on a microscale (often called
mesoscale). In this criterion perspective, fatigue initiates when the load magnitude
exceeds the elastic shakedown limit at the microscale. During the elastic shakedown,
local stresses induce plastic deformation and microscopic residual stress. The Dang
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Van criterion quantifies those microscopic fatigue behaviours as local shear stress
and local hydrostatic stress on the critical plane [9] — [10].

2.3 Material defect effects: Murakami’s theory

Despite improvements in the quality of railway wheel manufacturing technology,
it is difficult for wheels to fully avoid material defects in the manufacturing pro-
cess. Small defects and inclusions in the material can influence the fatigue limit and
threshold stress for non-propagating cracks, see Figure 2.3.

Figure 2.3: Typical example of material inclusions, fisheye. From [11]

Murakami’s criterion is one of the most commonly used approaches to evaluate
reduced fatigue strength in the presence of small material defects. Murakami em-
pirically studied how small defects (grain level size) affected the fatigue limit of
metallic materials [2].

By assuming material defects to be circular when projected on the critical plane, a
reduced fatigue limit can be derived as

o=

do

where oepy req is the fatigue limit reduced due to a material defect size of d, and
d, is the defect size corresponding to fatigue initiation at a stress magnitude o.py
[3]. Fatigue initiation of railway wheels containing defects can be assessed by the
criterion.

d\~
OeDV,red =2 OeDV () (24)

OEQ,DV > OeDV,red (25)

2.4 Residual stress effects

Heat treatment is one of key processing for hardening railway wheels during the
manufacturing process. Quenching is one of the most commonly used heat treat-
ment process as shown in Figure 2.4. It consists of spraying cooling liquids onto
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the rims of heated railway wheels. By quenching, railway wheels obtain hardening
zones with compressive residual stresses beneath wheel flanges and treads [14] (See
Figure 2.5).

Hardening zone

Figure 2.4: Hardening zone from heat treatment by wheel quenching

Since compressive stresses help closing cracks in the materials, the compressive resid-
ual stresses induced by heat treatment improve the fatigue strength of the wheels.
A static shear stress will not affect opqpvyres: Thus, the Dang Van criterion can
consider the residual stress effects on fatigue initiation using a term, oy ,es as (2.6).

Oh,res
OEQ,DV,res = OEQ,DV + CDV 3 > OeDV (2.6)

where tensile residual stresses are positive.

Maximum value = 212.0 at node 212
-226.9 430

Minimum value = at node

Figure 2.5: Hoop residual stress in a radial section of a manufactured wheel. From

[15]
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2.5 Fatigue life: Wohler curve

The Wohler curve (often called SN curve) describes the relation between a cyclic load
(stress amplitude) and the resulting fatigue life (number of cycles) of the material.
The curve is normally estimated from fatigue testing in uniaxial loading. It often
shows linear characteristics for metallic materials in log-log scales for fatigue lives
in the range 10® — 10° cycles (See Figure 2.6).

3

log(aa)

.
Yo
0
.
‘e
.
-
T
Q

Fatigue limit

Figure 2.6: Wohler curve (SN curve)

The Wohler curve can be modified to account for the effects of various factors that
affect the fatigue resistance. This includes mid stresses, surface conditions, stress
concentrations, and material defects. Therefore, the Wohler curve can be employed
as a fundamental tool to predict fatigue life under uniaxial loading.

For the current study, the Woéhler curve is modified to account for the multiaxial
loading by employing the Dang Van equivalnet stress. In addition, the fatigue limit
is decreased based on Murakami’s theory (See Figure 2.7).
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Fatigue strength
i

Reduced equivalent Wohler curve

1 >
1 >

:
3 6 log N
Life cycles

Figure 2.7: Equivalent Wohler curve with fatigue limit reduction
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Methodologies

3.1 Railway wheel model

3.1.1 Model construction

The draft of an X2 trailer wheel was obtained from SJ AB. A 3D wheel model
was constructed using the software, ABAQUS. Since the whole wheel model is too
computationally heavy, the model features a wheel sector covering 20 degrees around
the contact patch, see Figure 3.1.

Figure 3.1: X2 trailer wheel model in ABAQUS, entire wheel model (left) and a
partial model (right)

3.1.1.1 Loading condition

The model employs moving Hertzian contact loads. Contact pressure between the
rail and wheel forms the Hertzian contact pressure, which implicitly pressumes that
loads induced by friction between wheel and rail do not have a significant influence
on subsurface-initiated fatigue [3]. Figure 3.2 illustrates the contact pressure load
applied on the partial wheel model.

Table 3.1 lists contact patch dimension and maximum contact pressure for different
axle loads. Input parameters used for the calculations are Young’s Modulus,

11
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E = 210 GPa, Poisson’s ratio, v = 0.3, wheel, and rail radius, R; = 0.442 m, and
R2 = 0.3 m.

Table 3.1: Semi-axis of contact patches and maximum contact pressure with axle
loads from 18 to 30 tonnes

Axle load [tonnes] | 18 | 20 | 22 | 24 | 26 | 28 | 30
a [mm] 68 | 7.0 | 7.3 | 75 | 7.7 | 7.9 | 8.0
b [mm] 52 | 54 | 56 | 58 | 59 | 6.1 | 6.2
Py |GDa] 119 | 1.23 | 1.27 | 1.31 | 1.34 | 1.37 | 1.41

Note that actual static axle loads of X2 trailer wheels range around 12 — 15 tonnes.
However, this study employs the loads above static levels to study extreme condi-
tions, e.g, for severely out-of-round wheels.

3.1.1.2 Boundary condition

The boundary condition for the partial model assumes that displacement and ro-
tation of points far from the contact patch are very small or negligible. Figure 3.2
depicts the rigidly fixed boundary conditions at both end sides and on the axle side
(bottom surface) of the partial wheel model.

(a) Pressure load using Hertzian contact (b) Boundaries rigidly fixed at the end sides

Figure 3.2: The partial model with (a) loading condition and (b) boundary con-
dition

3.1.2 Contact force measurement

There are wheel impact load detectors (WILD) installed on the railway track to
detect damaged wheels on Swedish railway lines. Measurements show the level of
maximum and average vertical contact force between wheels and rail. The SJ AB
provided measurements from WILDs at a Dammstorp (near Malmd), see Figure
3.3. This study analyzes contact force measurements from detectors located at the
Dammstorp.

12
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Géteborg DLCQ::;DE;Q'V""
7

Dammstorp

Figure 3.3: Locations of employed wheel impact load detectors (marked by black
flags). Original figure from [16].

Contact forces of X2 trailer wheels are investigated. The passenger trains have static
axle loads of around 12 ~ 15 tonnes and pass detectors at a speed of about 100 ~
170 km/h. The contact force measurement period was 12 months from September
2020 to September 2021, see Chapter 4 for details.

3.2 Finite boundary effects

This methodology was used to study the influence of finite boundary effects on the
stress distribution to compare with analytical solutions. It only includes nominal
contact and contact laterally shifted contact towards the field side, see Figure 3.4.
Note that both analytical solutions and FE-simulation results assume elastic condi-
tions.

) @

(a) Nominal contact (b) Field-side contact

Figure 3.4: Nominal and field-side contacts for the analysis of finite boundary
effects

13
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3.3 DMaterial defect size

3.3.1 Rolling contact representation

To represent rolling contact, the contact patch is moved along the wheel tread in
the circumferential direction (z in Figure 3.5). Stress distributions are evaluated at
fixed depths at each contact patch position. The stress distribution in a fixed point
represents the stress history of that material point during an over-rolling. Figure 3.5
illustrates the longitudinal contact patch movement. Here, [ is the contact patch’s
center position, ranging from -30 to 30 mm.

Moving contact patches

—

Figure 3.5: Contact patch movement on the wheel tread

This study employs the equivalent Dang Van stress to quantify the multiaxial state
of stress in the rolling contact. It derives equivalent Dang Van stress using the
equation (2.2) from the stress-time series obtained from FE simulations.

There are two parameters in the Dang Van criterion, cpy, and g.py. The material
property, cpy is assumed to be a constant with a value of 0.3 in this thesis. The
fatigue limit of the Dang Van criterion, o.py is taken as the fatigue limit in shear
from experimental results in [4].

3.3.2 Fatigue initiating defect size

Based on the equation (2.4) and (2.5), a material defect size, dg; which initiates
subsurface rolling contact fatigue at a certain opqpy magnitude can be evaluated
as,

_1
der = d, (M) ¢ (3.1)

0eDV

14
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The dp; also depends on the size of the non-detrimental defect size, d,. This calls
for sensitivity analyses to enhance estimation accuracy, see Chapter 4 for details.
The Murakami condition is valid when the defect size is small, which in this contaxt
is less than around 1 mm. If the defect size is larger, the theory of Linear Elastic
Fracture Mechanics (LEFM) is required to describe defect size effects.

3.4 Fatigue life estimation

3.4.1 Dang Van stress as a function of depth

For a more efficient evaluation of the fatigue life, a fatigue initiation index, F'lgy, for
subsurface-initiated rolling contact fatigue can be employed. F'Ig,, approximates the
maximum (considering depth) Dang Van stress from contact forces of pure rolling
contact (frictionless-rolling contact) as

max (orqpv(2)) = Flg = + CDV Oh res (3.2)

4rab
where P is the vertical contact force, a and b are contact patch semi-axes [21].

According to the analytical solutions [7] and FE-simulations conducted in this study,
the maximum Dang Van stress normally occurs at around 3 ~ 4 mm below the wheel
tread surface and decreases at higher depths. To investigate fatigue initiation with
Fy, it is observed from FE-simulations that the maximum values of shear stress
and Dang Van stress follow semi-linear relations at depths from 3 mm to 11 mm.
More detailed results are presented in Chapter 4.

3.4.2 Reduced Dang Van Wohler curve considering defect
sizes

The Wohler curve described in Chapter 2 can be modified to consider material
defects. One of the methods is to reduce the equivalent Woéhler curve based on
Murakami’s theory.

From the reduced Dang Van equivalent Wohler curve, fatigue damage per loading
cycle can be evaluated. By linear accumulation, the railway wheel operating distance
can be estimated, see Chapter 10 of [13] for more details. Figure 3.6 illustrates the
fatigue life estimation process using F'lg,;, and the reduced Dang Van equivalent
Woéhler curve.

15
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¥

Empirical and Gumbel estimated cdf

/ WILD measurements \

Measurement
0.9 [ |- — - -Estimated
0.8
o7

Fitting data to

Peak contact force [kN]

=" Gumbel distribution
. , &
0:1 O-’ l'l'

eqDV [MPa]

2

®» Running distance =

10000

lteration 10 000

/Fitted Gumbel distribution \

10* 105 108 107
Life cycles (log scale)

4

- 7 - Diameter

Figure 3.6: Fatigue life estimation using reduced Dang Van Wohler curve

16



4

Results

This chapter covers FE-simulation results performed to investigate finite bound-
ary effects on subsurface stress distribution and fatigue initiating defect sizes. It
also includes fatigue life estimation of railway wheels containing small subsurface
defects using loads from WILD measurement. The defect size analyses and wheel
life estimations also feature sensitivity analyses to identify parameters dominantly
contributing to the damage.

4.1 Finite boundary effects on the stress distri-
bution along depths

This section covers nominal and laterally shifted contact positions to investigate
boundary effects. The center position of the contact patch in the nominal case is 65
mm from the field side of the wheel. The lateral cases have the center of the contact
at 30 mm and 15 mm from the field side of the wheel.

Finite boundary effects are evaluated by comparing the maximum shear stress dis-
tribution from FE-simulations with analytical solutions. In the FE-simulations, the
Hertzian contact load is applied with maximum contact pressure p, = 1.41 GPa,
corresponding to an axle load of around 30 tonnes Note that this is an extreme case
to provoke an effect.

Figure 4.1 shows the maximum shear stress distribution at the contact patch cen-
ter point. Both FE-simulations and analytical solutions follow similar trends. The
maximum shear stress increases up to a peak value at a depth of around 3 ~ 4 mm
and then decreases at deeper depths.

The FE-simulation results tend to have a higher stress level than the analytical
solution. Unlike analytical solutions assuming a semi-infinite and continuous body,
FE-simulation contains a finite body with numerical errors in results. This can
explain the differences between the two analyses.

17



4. Results

0 =
é Nominal contact
0 _10 L
g
<
Nominal (65 mm) ‘*g
n 20 ¢
2
B
T‘O L
i 30l % —v— Analytical |
= e Fitted analytical
5 —w—FE-simulation
-40

-50 0 350 100 150 200 250
Max shear stress Tmax/2 [MPa]

Figure 4.1: Maximum shear stress of the nominal contact case, with contact 65
mm from field side

Figure 4.2 shows results from the laterally shifted contact cases with contact, 30
mm and 15 mm from the field side. As the contact patch comes close to the edge,
the maximum shear stress level increases as shown in the close-up in Figure 4.3.

—— Analytical
--=«« Fitted analytical

—e— FE-Nominal
—v—FE-Field side(30mm)
—e— FE-Field side(15mm)

0 — 50 100 150 200 250
Max shear stress Tma.x/2 [MPa]

Figure 4.2: Maximum shear stress in the nominal contact and laterally shifted
contacts

Since the railway wheels are capable to limit lateral contact movement by wheel
flange, lateral contact is normally 30 ~ 100 mm from the field side. In other words,

18



4. Results

the lateral contact at 15 mm from the field side rarely, only occurs (An example
where it can happen is when hollow worn wheels pass a crossing) Therefore, finite
boundary effects on subsurface surface-initiated rolling contact fatigue can be con-
sidered to be minor.

Note that these FE-solutions do not take into account any plasticity which can occur
close to free surfaces. In such cases, boundary effects will be more significant.

—— Analytical
----- Fitted analytical

10 —e— FE-Nominal

—v— FE-Field side(30mm)
I —e—FE-Field side(15mm)

[a—
[\

Depth below surface z [mm]
do

160 180 200 220 240
Max shear stress Tmax/2 [MPa]

Figure 4.3: Maximum shear stress of nominal and laterally shifted contacts at
depths around that of peak Typax/2
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4.2 Fatigue initiating defect size analysis

4.2.1 Defect size estimation with Dang Van criterion

This section analyzes fatigue-initiating defect sizes induced by rolling contact loads.
By moving a contact patch in the circumferential direction, subsurface stress-time
series are evaluated (See Chapter 3.3). Figure 4.4 illustrates six stress components
at a depth of 3.2 mm when loaded by Herztian contact pressure, p, = 1.41 GPa.
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Figure 4.4: Stress distribution as function of load position at a depth, 3.2 mm

The equivalent Dang Van stress represents multiaxial loads to evaluate the risk of
fatigue initiation from the obtained stress-time series. In calculating shear stress
amplitude, 7,, min-max and eigenvalue problems are required to be solved, see
[12] for more details. Figure 4.5 illustrates the equivalent Dang Van stress, ogqpv
obtained from the stress history at a depth of 3.2 mm, where the maximum ogq pv
is around 232.2 MPa.
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Figure 4.5: Equivalent Dang Van stress, shear stress "amplitude" and hydrostatic
stress at a depth of 3.2 mm

The distribution of the maximum ogq py along the depth forms a similar pattern to
the maximum shear stress along depths, see Figure 4.1 and 4.6. Since the compres-
sive hydrostatic stress is high at shallow depths, the peak value of orq py occurs at a
depth around 4 mm, which is slightly deeper than the depth at where the maximum
shear stress Tyax Occurs.
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Figure 4.6: Maximum equivalent Dang Van stresses along depth at the fixed point
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Based on the evaluated maximum ogq py, Figure 4.7 shows the corresponding fa-
tigue initiating defect size distribution with d, = 20 ym and o.py = 362 MPa. It is
found that under these circumstances defect sizes less than 1 mm can initiate fatigue
at depths from 1.3 mm to 6.65 mm, see the dotted line in Figure 4.7. The critical
defect size, dprmin is 0.28 mm at the depth of 3.2 mm where the opq pyv has a peak
value.

Depth z [mm)]

10 10’
Fatigue initiating defect size [mm]

-12

0

Figure 4.7: Defect size causing subsurface RCF along depths for d, = 20 pm and
OeDV — 362 MPa

4.2.2 Residual stress effects

The equivalent Dang Van stress can consider residual stress effects induced by heat
treatment (See equation (2.6)). The thesis applied approximated hoop residual
stresses from [17], see Figure 4.8. In Figure 4.8, the measured residual stress (dotted
line with red color) is the average stress over the wheel rim thickness below the
wheel tread using ultrasonic devices. Simulation results (blue line) were obtained
from simulations using an elastic plastic model with creep effects, see [17] for more
details.
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Figure 4.8: Hoop residual stresses along depth approximated from [17]

At depths where hoop residual stresses are compressive, they reduce the equivalent
Dang Van, see Figure 4.9. As depth becomes deeper than some 20 ~ 40 mm, tensile
hoop residual stresses cause increased equivalent Dang Van stresses.
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Figure 4.9: Maximum equivalent Dang Van stress along depth with residual stress
effects

Reduced Dang Van stresses from compressive hoop residual stresses result in in-
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creasing fatigue initiating defect sizes, see Figure 4.10. This will increase the critical
defect size, see Table 4.1.
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Figure 4.10: Fatigue initiating defect sizes along depth with residual stress effects

Table 4.1: Residual stress effects on the critical defect size, dpimin and fatigue
initiating defect size, dg; at a depth of -6 mm

Case NO 0y, res | On, res (Measurement) | oy, res (Simulation)
dF1 min 0.28 mm 0.40 mm 0.60 mm
dpr at -6 mm | 0.65 mm 0.98 mm 1.50 mm

4.2.3 Sensitivity analysis in fatigue initiating defect sizes

The defect size analysis using equation (3.1) depends on two fatigue properties of

the wheel material, (1) non-detrimental defect size, d,, and (2) equivalent Dang
Van fatigue limit, o.py. The d, proportionally determines defect sizes, d in fatigue
initiating defect curves (See Figure 4.11). For instance, critical defect size, dn
varies from 0.60 mm to 1.2 mm, when d, is increased from 20 pm to 40 pm, see

Table 4.2.
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Figure 4.11: Fatigue initiating defect sizes along depth with different non-

detrimental defect size, d,

Referring to the fact that the grain size of wheel materials empirically ranges from 42
pm to 55 pm [4], the non-detrimental defect size, d, can be roughly estimated. The
critical defect size, dpymin is around 1.2 mm for d, = 40 pm, which is comparable
to results in [18]. Therefore, d, ranging from 40 pm to 50 pm produces reasonable
fatigue-initiating defect sizes.

Table 4.2: Critical defect size, dprmin and defect size at depth of -6 mm, d.g
with different non-detrimental defect size, d,

Case, d, 20 pm | 30 gm | 40 pm | 50 pm | 60 pm
dF1 min 06mm |09mm | 1.2mm | 1.5 mm | 1.8 mm
drrat -6mm | 1.5 mm | 23 mm | 3.0 mm | 3.8 mm | 4.5 mm

In addition, fatigue limit, o.py also determines fatigue-initiating defect size, see
Figure 4.12. The critical defect size is more sensitive to the magnitude of the o.py.
For example, the critical defect size, d,;, varies from 0.29 mm to 0.58 mm, when
oe.pyv only increases from 320 to 360 MPa, see Table 4.3. Apparently, the critical
defect size analysis is highly dependent on o.py. There have been many fatigue
tests performed to precisely estimate multiaxial fatigue strength of railway wheel
steels, leading to reduced uncertainty in oepy [4], and [19]. In that sense, it is a less
uncertain parameter than d,
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Figure 4.12: Fatigue initiating defect sizes along depth with different equivalent
Dang Van fatigue limits, ge.py

Table 4.3: Critical defect size, dprmin and defect size at depth of -6 mm, d_g mm
with different equivalent Dang Van fatigue limits, o.py

Case, oo.py | 320 MPa | 340 MPa | 360 MPa | 380 MPa | 400 MPa
dF1 min 029 mm | 0.4l mm | 0.58 mm | 0.80 mm | 1.1 mm
drer at -6 mm | 0.72 mm | 1.0 mm 1.5 mm 2.0 mm 2.8 mm
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4.3 Wheel impact load detector measurements

The analysis employs the contact force measurements of trailer wheels from wheel
impact load detectors (WILD) installed in Dammstorp (near Malmo) in Sweden, see
Figure 3.3. The WILDs detected contact force data during irregular periods from 2
to 5 times per month. Note that the uncertainty in wheel load detector data is not
considered in this study.

4.3.1 Raw data

Figure 4.13 plots the peak force measurements from the X2 trailer wheels passing
Dammstorp. The wheel on axle 4 showed an abnormal peak force, 154 kN close
to the end of measurements. The right wheel on axle 4 was found to be severely
defective by SJ AB. In this study, peak force measurements except for the right
wheel on axle 4 are employed for extreme load predictions.
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Figure 4.13: Peak force measurements of trailer wheels from WILD at Dammstorp.
The peak force of defective wheel on axle 4 (right wheel) reached over 150 kN at the
end.
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4.3.2 Data fitting to Gumbel distribution

Gumbel is known as useful distribution to fit data acquired with long measurement
intervals such as on a monthly or yearly basis. The WILDs have measured contact
forces two or five times per month. The thesis selected the Gumbel distribution to
fit WILD measurements and predicted extreme loads. Figure 4.14 visually displays
how much the WILD measurements follow the Gumbel distribution.

6

-log(-log(F))
| 1

-
-

65 70 75 80 85 90 95
Peak contact force [kN]

Figure 4.14: Gumbel probability plot of the trailer wheels (Right wheel on axle 1)
peak force measurements from WILD at Dammstorp

Since the WILDs have measured contact forces on a monthly basis, it can be as-
sumed that each sample in the measurements is independent. Figure 4.15 supports
the independent assumption by showing low autocorrelation, — correlation of each
sample with a delayed copy of itself. The maximum likelihood method is useful to
fit independently distributed samples into certain distribution and derive estimates.
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Figure 4.15: Auto correlation of the trailer wheels (Right wheel on axle 1) peak
force measurements from WILDs at Dammstorp

Assuming that peak force measurements follow independent distribution, it can fit
the measurements to the Gumbel distribution by using the maximum likelihood
method [20]. There are two parameters for fitting measurements to Gumbel distri-
bution, 6 and fi (See equation (4.1)). Table 4.4 lists parameter estimates using the
maximum likelihood method with peak and mean force measurements.
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Table 4.4: Parameter estimates of Gumbel distribution with peak force measure-
ments at Dammstorp (Unit: kN)

Wheel positions | & il
Right (Axle 1) | 4.5 | 76.8
Left (Axle 1) | 3.5 | 74.7
Right (Axle 2) | 3.5 | 74.4
Left (Axle 2) | 2.7 | 73.6
Right (Axle 3) | 3.0 | 70.3
Right (Axle 3) | 3.0 | 71.9
Left (Axle 4) |3.2|71.9
Average 3.3|73.4
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4.3.3 Extreme load prediction

Note however that actual contact forces between wheels and rails can be larger than
indicated WILD measurements if wheel damage causes out-of-roundness. Figure
4.16 shows the exceedance probability of peak force measurements and estimation
using fitting data to Gumbel distribution. The extreme peak force value which pos-
sibly occurs once in 10 years is 106.8 kN at Dammstorp, see Table 4.5.
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Figure 4.16: Exceedance probability plot of the trailer wheels (Right wheel on
axle 1) peak force measurements from WILD at Dammstorp

Table 4.5: Parameter estimates of Gumbel distribution with peak force measure-
ments at Dammstorp (Unit: kN)

Wheel positions | Extreme load | 95 % confidence interval
Right (Axle 1) 106.8 101.2 ~ 1124

Left (Axle 1) 98.1 93.7 ~ 102.5
Right (Axle 2) 97.4 93.1 ~ 101.7

Left (Axle 2) 91.7 88.3 ~ 95.1

Right (Axle 3) 90.3 86.6 ~ 94.0
Right (Axle 3) 91.7 88.0 ~ 95.4

Left (Axle 4) 92.9 88.9 ~ 96.8

The predicted extreme loads can be applied to identify deviation levels of wheel
damage from nominal states for long-term operations.
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4.3.4 Defect size corresponding to loads from WILD mea-
surements

To estimate the maximum equivalent Dang Van stress from WILD measurements,
there are five steps to calculate Flg,, as follows. Figure 4.17 shows an example of
FI,, distribution peak force measurements.

e Step 1: Fit contact force measurements to Gumbel distribution
o Step 2: Generate the contact force, p from the fitted distribution.
e Step 3: Calculate contact patch semi-axes, a and b

o Step 4: Calculate ﬁab

o Step 5: Scale ;2 as a function of depth obtained from FE-simulation (See

the Figure 4.6)
o Step 6: Add residual stress effect, oy, s as the term of cpy
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Figure 4.17: FI,, distribution corresponding to peak force measurements (Right
wheel on axle 1) at Dammstorp

The fitted Gumbel distribution with average parameter estimates, 6 = 3.3 kN, and /i
= 73.4 kN generates Flg,, (See Table 4.4). The 95% of peak forces are distributed
in the ranges from 69 kN to 86 kN. Based on the range, Figure 4.18 shows the
maximum equivalent Dang Van stress using scaled F'Ig,, along depths.
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Figure 4.18: Scaled F'l,, along depth corresponding to peak force measurements
at Dammstorp

Scaled F'ly,, along depth can be extended to estimate fatigue initiating defect sizes,
dpr, see Figure 4.19. The critical defect size, dpymin and the dpr at depth of -6 mm
individually range from 4 to 6.7 mm and 10.3 ~ 17.3 mm, see Table 4.6.
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Figure 4.19: Fatigue initiating defect size, dp; using scaled Flg, for d, = 40 pm
and OcDV — 362 MPa
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Table 4.6: Critical defect size, dpimin and defect size at depth of -6 mm, d. mm
using scaled F'lg,, along depth for d, = 40 um and o.py = 362 MPa

Case dF1 min dpr at -6 mm
WILDs | 4 ~ 6.7 mm | 10.3 ~ 17.3 mm

4.4 Wheel life estimation

This section presents wheel life estimation with reduced Dang Van Wohler curves
due to material defects. The procedure for wheel life estimation includes Flgy,
calculation by fitting WILD measurements to a Gumbel distribution. With scaled
FI, in depths, the accumulated damages are obtained using the reduced Dang Van
Wohler curves.

Reduction due to depth employs semi-linear ogq py distribution between depths of
3 mm to 11 mm below the surface, see Figure 4.20. For instance, the maximum
orqpv at the depth of 6 mm is around 86.8 % of the peak value, and ogq py at the
depth of 11 mm is around 46.9 % of peak value corresponding opq py around depth
3 mm, see Figure 4.20.
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Figure 4.20: Semi-linear region in the maximum ogq py from FE-simulation, com-
pare with Figure 4.6

Defect size effects are considered in the reduced Dang Van Wohler curves (See Figure
4.21). The reduced fatigue limit oepy req Will determine the slope of the Dang Van
Wohler curve. In that, a larger defect size leads to a higher slope of the curve.
The reduced Dang Van Wohler curve enables us to calculate the fatigue life (or
accumulated damages) for a given F'lgy,.
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Figure 4.21: Dang Van Wohler curve with defect sizes from 0.1 to 1 mm

Based on F'lg,;, obtained from measurements and the reduced Dang Van Wohler
curves, wheel damage is accumulated to estimate a wheel life in an iteration loop,
see Table 4.7. The thesis implemented a 10 000-cycle iteration loop for wheel life es-
timation. Fitted Gumbel distribution with average parameter estimates from WILD
measurements is employed to generate F'[,, for each iteration, see Table 4.4. Table
4.7 demonstrates how the size of a defect at 6 mm below the wheel tread influences
the wheel life.

According to railway maintenance operators in SJ AB, trailer wheels mounted on
passenger trains normally run 1 000 x10% km with three times wheel reprofilings.
However, the wheel life estimates with empirically selected d, = 20 pm and o.py
= 362 MPa produce unrealistically short wheel lives. Therefore, it is important to
properly determine those two parameters to have reasonable wheel life estimates.

Table 4.7: Wheel life estimates at a depth of 6 mm from the peak and mean force
measurements at Dammstorp for d, = 20 ym and o.py = 362 MPa (Unit: 10* km)

Defect size | Peak Mean
0.2 mm 4 221 | 3 814 300

0.4 mm 333 583
0.6 mm 126 215
0.8 mm 68 115
1.0 mm 44 73

4.4.1 Sensitivity analysis in Dang Van Waohler curves

Table 4.8 and 4.9 compare wheel life estimates with different d, based on peak and
mean force measurements. Assuming wheel materials have grain sizes around 42

34



4. Results

~ 55 pm from [4], the d, can be around 40 ~ 60 pm. In that case, the wheel life
estimates are longer than estimates with d, = 20 pym.

Table 4.8: Wheel life estimates with different d, at the depth of 6 mm from peak
force measurements at Dammstorp for o.py = 362 MPa (Unit: 103 km)

Defect size, d | d, = 20 pm | d, = 30 um | d, = 40 pym | d, = 50 pm | d, = 60 um
0.2 mm 4 221 00 00 00 00
0.4 mm 333 1 036 4 229 749 999 00
0.6 mm 126 334 734 1434 4 217
0.8 mm 68 165 332 610 1038
1.0 mm 44 100 191 333 542

Table 4.9: Wheel life estimates with different d, at the depth of 6 mm from mean
force measurements at Dammstorp for o.py = 362 MPa (Unit: 10® km)

Defect size, d | d, = 20 pym | d, = 30 pm | d, = 40 pym | d, = 50 pm | d, = 60 pm
0.2 mm 3 814 300 00 00 00 00
0.4 mm 583 1 857 00 00 00
0.6 mm 215 583 1301 3 426 3 689 600
0.8 mm 115 283 583 1 087 1 858
1.0 mm 73 170 330 582 960

This section also compares wheel life estimates with different fatigue limit, o.py.
The Tables 4.10 and 4.11 compare wheel life esitmates with o.py ranging from 320
~ 400 MPa. It is found that a higher fatigue limit leads to obtaining longer wheel
life estimates overall. However, wheel life estimates still remained much shorter
than expected running distances with small d, = 20 pym. For instance, wheel life
estimates for the case of a 1 mm defect were shorter than 150 x 10% km with o.py
ranging from 360 to 380 MPa.

Table 4.10: Wheel life estimates with different equivalent Dang Van fatigue limits,
oepv at the depth of 6 mm from peak force measurements at Dammstorp for d, =
20 pm (Unit: 10% km)

Defect size, d | 320 MPa | 340 MPa | 360 MPa | 380 MPa | 400 MPa
0.2 mm 295 796 2 741 4 889 300 00
0.4 mm 62 134 305 741 1904
0.6 mm 40 57 117 250 559
0.8 mm 18 33 64 126 261
1.0 mm 13 23 41 78 154
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Table 4.11: Wheel life estimates with different equivalent Dang Van fatigue limits,
oe.pv at the depth of 6 mm from mean force measurements at Dammstorp for d, =

20 pym (Unit: 10 km)

Defect size, d | 320 MPa | 340 MPa | 360 MPa | 380 MPa | 400 MPa
0.2 mm 516 1 416 1 092 000 00 00
0.4 mm 104 230 534 1316 79 290
0.6 mm 48 96 199 434 992
0.8 mm 29 55 107 217 455
1.0 mm 21 37 69 132 264

The fatigue limit cycle, N, of the equivalent Dang Van Wohler curve also influences
on wheel life estimation. The N, determines the knee-point of Dang Van Wohler
curves. The slope of Dang Van Wohler curves varies depending on N, selection, see
Figure 4.22. The small slope variation leads to inducing high scattered wheel life
estimates, see Table 4.12 and 4.13.
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Figure 4.22: Dang Van Wéhler curve with different N, from 1 x 10% ~ 7.5 x 10°
cycles

As the NV, increases, they produce larger wheel life estimates overall. However, wheel
life estimates are more sensitive with larger N,. For instance, wheel life for N, =
105 decreases by 35.3 % with increasing defect size from 0.8 mm to 1.0 mm in Table
4.12. However, the wheel life for N, = 2.5 x 10% and 5.0 x 10° decreases by 39.2 %
and 41.5 % respectively in same conditions.
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Table 4.12: Wheel life estimates with different N, at the depth of 6 mm from peak
force measurements at Dammstorp for d, = 20 pm (Unit: 10° km)

Defect size, d | N, = 10° | N, = 2.5 x 10° | N, =5 x 10° | N, = 7.5 x 10°
0.2 mm 4 221 o0 o0 00
0.4 mm 333 1 566 180 120 00
0.6 mm 126 521 1 523 6 478
0.8 mm 68 260 713 1 289
1.0 mm 44 158 417 735

Table 4.13: Wheel life estimates with different N, at the depth of 6 mm from mean
force measurements at Dammstorp for d, = 20 pm (Unit: 10° km)

Defect size, d | N, = 10° | N, = 2.5 x 10% | N, =5 x 10° | N, = 7.5 x 10°
0.2 mm 3 814 300 00 o0 00
0.4 mm 583 11 185 00 00
0.6 mm 215 955 10 887 1 375 000
0.8 mm 115 470 1 367 3 246
1.0 mm 73 284 790 1436
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4.5 Discussion
The observation points in Chapter 4 can be summarized as follows.

» Boundary effects from finite wheel bodies and free edges due to lateral contact
on subsurface-initiated rolling contact fatigue are small under elastic condi-
tions.

o Wheel damage states can be modeled by fitting WILD measurements to Gum-
bel distributions. The empirically fitted distribution can be employed for ex-
treme load prediction and wheel life estimation.

o A small defect located around 1 to 7 mm beneath the wheel tread can initiate
subsurface rolling contact fatigue. The influence of small defects at deeper
depths of more than 10 mm on fatigue initiation is minor. Yet, deeper defects
can significantly contribute to fatigue initiation when they become close to the
wheel tread after wheel reprofiling.

o Using WILD measurement load levels, a defect size less than 1 mm rarely ini-
tiates subsurface rolling contact fatigue. However, it can happen with larger
external contact forces induced by severely out-of-round wheels, or rail corru-
gation, and accumulated wheel damages.

o Wheel life estimates are highly dependent on initial parameters: non-detrimental

defect sizes, equivalent fatigue limits, and fatigue limit cycles. More empirical
evidence on these parameters is required to obtain realistic wheel life estimates.
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Conclusions and future works

The thesis investigated the influence of material defects in railway wheels on subsurface-
initiated rolling contact fatigue. Firstly, it investigated finite boundary effects on
subsurface stress below the wheel tread. By comparing FE-simulations with analyt-
ical solutions, boundary effects from a finite wheel body proved to be small under
elastic material conditions. It also investigated the influence of lateral contact posi-
tions by moving the contact patch position toward the field side. The FE-simulation
showed higher maximum level of shear stress distribution when the contact patch
becomes closer to the field side. However, the boundary effects from laterally shifted
contacts in realistic operating conditions also proved to be insignificant.

The thesis presented fatigue initiating defect size analysis using Murakami’s theory
and the Dang Van criterion. In the wheel loaded by 147 kN (axle load of around
30 tonnes), a small defect of less than 1 mm initiated fatigue at depths from 1 to 7
mm. However, the results from defect size analysis were sensitive to residual stress,
non-detrimental defect size, and fatigue strengths.

Using the maximum likelihood method, measurements from wheel load detectors
were fitted to Gumbel distributions. From fitted distributions, the thesis predicted
the expected extreme contact loads.

Finally, the thesis estimated the fatigue life of a wheel containing a material defect
at 6 mm depth below the wheel tread. It accumulated wheel damage predicted using
a Dang Van equivalent Wohler curve. It was found that the wheel life estimation
could be highly influenced by small variations in non-detrimental defect sizes, equiv-
alent fatigue limit, and fatigue limit cycles.

Future works can be listed as follows.

o Uncertainty — Both fatigue initiating defect size analysis and wheel life esti-
mation show high sensitivity to uncertainties in parameters. It requires further
research to reduce parametric uncertainties and improve the accuracy of the
analysis.

o Wheel life with wheel reprofiling — The present research can extend the re-
search question: What defect size at a depth of 11 mm would cause damage
if it runs 300 x10% km and runs 150 x10% km at a depth of 6 mm after wheel
turning?
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o Plasticity — In FE-simulation, the present study do not take into account
plastic effects on fatigue initiation. It also needs to investigate the influence
of plastic deformation around rolling contact area on the fatigue initiation.

o Lateral contact forces — This thesis only considered vertical contact forces
with pure rolling contacts and did not include lateral contact forces from stick
and slip effects. It is also necessary to study lateral load effects on subsurface-
initiated rolling contact fatigue, specially at shallow depths from 0 to 15 mm.

o Multiple defects — Results from the fatigue-initiating defect size and fatigue
life estimation assumed that only single wheel defect exits in a railway wheel.
However, actual material can have multiple defects close to each other. In that
case, it also needs to investigate the influence of the interaction between small
defects on fatigue initiation and fatigue lives.
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