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CAROLINE ANSIN
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ABSTRACT

Rails in railway tracks are subjected to complex rolling-sliding contact conditions that
can cause surface and subsurface damage in the form of wear, plastic deformation, and
Rolling Contact Fatigue (RCF). The prevailing operational conditions and maintenance
practices of the rails strongly influence the evolution of this damage. If not managed
properly, these mechanisms can degrade vehicle steering performance, increase noise
and vibration levels, and in severe cases lead to rail failure or derailment. However,
maintenance is costly and is difficult to plan correctly. Therefore, the ability to predict
damage evolution is essential for effective maintenance planning and extending the rails’
service life.

This thesis presents a digital twin framework for the long-term prediction of rail
damage evolution in railway curves under operational traffic conditions. The framework
integrates field measurements of rail profiles with numerical simulations using models for
the mechanical behavior of the rails. This enables continuous calibration and updating of
model parameters based on observed rail behavior. The simulations are performed using
models of dynamic vehicle-track interactions and accumulative rail damage computations
considering plastic deformation, wear, and surface RCF. The calibration process adjusts
parameters related to vehicle, track, contact model, and material properties, such as
wear coeflicients or yield limits, to ensure that the simulated degradation mimics the
field-measured rail profile evolution. After calibration, the digital twins can predict
railhead damage more accurately.

To speed up numerical efficiency, a reduced order modeling framework has been
developed for 3D rail geometry and plastic deformations. The framework adopts a
convective coordinate system that follows a moving contact load and assumes a steady-
state response. This transforms the transient moving contact problem into a stationary
formulation, where the material history is tracked along streamlines in the spatial mesh. An
iterative scheme couples the displacement and plastic strain fields. In addition, the Proper
Generalized Decomposition (PGD) has been adopted to provide an efficient representation
of the 3D displacement field through domain decomposition and parametrization of
the contact loads. The framework achieves accuracy comparable to that of a full 3D
finite-element analysis at a fraction of the cost.

The resulting digital twins efficiently and accurately forecast profile geometry changes
of railheads in curved tracks. Thus, this work demonstrates the feasibility of using digital
twins to predict rail damage evolution and provides a step towards building a foundation
for data-informed maintenance planning.

Keywords: digital twin, railway curves, plasticity, wear, Rolling Contact Fatigue (RCF),
Proper Generalized Decomposition (PGD), Reduced Order Modeling (ROM), Steady-state
in rolling contact, dynamic vehicle-track interaction
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1. Introduction

1.1 Background and motivation

Railway transportation is a safe and sustainable mode of transportation for both passengers
and freight. In terms of passenger safety, Akesson [1] estimated that rail travel was
approximately one hundred times safer than car travel per passenger-kilometer traveled
in Sweden between 1999 and 2008. Furthermore, it has been documented that rail
transportation has a low carbon footprint. According to Doll et al. [2], it has the lowest
COs emissions per distance traveled and per tonne transported among all transport
modes. Specifically, rail freight produces around one-tenth of the CO5 emissions per tonne
transported compared to inland road freight. These advantages position rail transportation
as a crucial element in the pursuit of sustainable mobility and in achieving national and
international climate goals. With these benefits comes a continually growing demand
for rail transportation, a trend that is expected to persist for the next two to three
decades [3]. However, the expansion of available track infrastructure has not kept pace
with the increasing volume of transportation. At the same time, higher operating speeds
and increased axle loads have placed additional stress on the railway network. This has
led to an increase in rail degradation, resulting in a corresponding need for increased
maintenance. As a result, maintenance costs have risen, and operational disturbances
have become more frequent in recent years.

Rail degradation results from repeated wheel-rail interactions and involves several
damage mechanisms, including wear, plastic deformation, and Rolling Contact Fatigue
(RCF). Over time, with many wheel passages, these mechanisms can lead to alterations in
the rail geometry and can result in the initiation and propagation of surface (or subsurface)
cracks. These damage mechanisms can also interact. When contact tractions generate
stresses that exceed the material’s yield limit, inelastic deformation accumulates, and
residual stresses develop within the contact region [4]. As the loading process continues,
plastic strains can accumulate, which can promote RCF crack initiation [5]. It can
also result in a work-hardened rail material near the contact surface, which influences
both wear resistance and crack growth behavior [4, 6]. Meanwhile, wear can remove the
work-hardened material as well as remove surface RCF cracks completely or reduce their
length [7].

In curved track sections, high tangential contact forces and creepages govern these
damage mechanisms and their interactions. In tight curves, wear tends to dominate
and may remove RCF cracks. In shallower curves, lower wear rates allow RCF cracks
to develop and propagate more easily. If such degradation is not properly managed,
it can lead to changes in rail geometry and crack propagation, which reduce steering
performance, increase noise and vibration, and, in severe cases, result in rail failure or



derailment.

To mitigate rail damage and extend the rails’ service life, regular maintenance and
inspections are necessary. These activities are also critical to minimize service disruptions,
ensure operational safety, and control costs. In Sweden, for instance, approximately 40
% of the total maintenance costs of tracks are associated with wear and damage related
to RCF [8]. Furthermore, the Swedish Transport Administration reported that track
maintenance cost was about 2.4 billion SEK in 2016 [9]. Such numbers underline the
economic importance of maintenance optimization. A variety of techniques are used to
manage surface damage and restore desired rail profiles. Common techniques used in
this process are grinding, milling, rail replacement, and preventative measures such as
lubrication. Grinding is the most widely applied method for reprofiling the rail to remove
surface irregularities and prevent crack initiation and propagation.

This maintenance action can be either corrective or preventive [10]. In corrective
grinding, material removal is performed only after visible damage has occurred. This
method typically requires more material removal and multiple grinding passes. Preventive
grinding is conducted at fixed intervals. It can be performed before the development of
visible defects, using smaller material removal depths. Although preventive strategies
generally result in better long-term rail conditions and lower total costs [11], they also
require accurate forecasts of rail degradation to determine optimal grinding intervals. Thus,
a challenge lies in finding a balance between extending the rails’ service life, minimizing
costs, and reducing traffic interruptions.

To support maintenance planning and improve the understanding of the governing
damage mechanisms under different operational conditions, numerical models have been
developed to simulate rail degradation and its evolution over time. Johansson et al.
[12] and Skrypnyk et al. [13] investigated long-term crossing degradation by coupling
multibody dynamics (MBD) vehicle-track simulations with models for accumulated wear
and plastic deformation. These models account for varying traffic conditions. Hossein-Nia
et al.[14] applied a similar approach to wheels, focusing on wear and RCF. Krishna et al.
[15] extended such modeling to curved track sections, predicting wear, RCF evolution, and
maintenance needs for rails of different curve radii and traffic scenarios. More detailed
analysis was conducted by Trummer et al. [16], who modeled RCF crack initiation on
wheels and rails by accounting for severe plastic shear deformation. Additionally, Vo et
al. [17] examined individual contact scenarios using a detailed 3D elastic—plastic Finite
Element (FE) model that captures material ratcheting, wear, and surface-initiated RCF
cracks.

While these studies have advanced the understanding of rail degradation, most are
limited to short-term analyses, simplified assumptions, or consideration of only one or
a few damage mechanisms. These simplifications and omissions are often necessary
because high-fidelity numerical models, such as FE models, are computationally intensive
and therefore impractical for long-term simulations. Consequently, existing simulation
techniques have limited predictive capability for extended operational periods or for cases
involving multiple damage mechanisms. Moreover, few studies validate numerical results
against field measurements, which partly explains why numerical simulations are rarely
used for maintenance planning in practice.

Therefore, there is a need for computationally efficient and data-informed models



that can accurately predict long-term rail damage under realistic traffic conditions. One
promising approach to achieving this is using digital twins. A digital twin can be defined as
a virtual representation of a physical system that mirrors its behavior through continuous
data exchange between the physical and virtual counterparts [18, 19]. The virtual model
is updated using measurement data from the physical system and, in turn, performs
simulations to predict its current or future states. In this thesis, the simulations predict
the long-term evolution of rail damage. Thereby, the digital twin can support decision
tools for more effective maintenance planning.

However, implementing digital twins to predict long-term rail damage presents its
own challenges. The simulations must be both accurate and computationally efficient to
allow for long-term forecasts. For many applications, such as the one considered in this
thesis, accurate predictions are retained through nonlinear transient FE simulations in full
3D, resulting in long computational times. To overcome this, Reduced-Order Modeling
(ROM) [20-23] can be used to construct low-dimensional approximations of full-order
models. A ROM reduces the computational complexity of high-dimensional, multiphysics,
or parametric problems while maintaining sufficient accuracy. One ROM approach is
the Proper Generalized Decomposition (PGD) method [22], an a priori technique that
constructs the reduced representation of the solution directly during the computation
process. In PGD, the solution is expressed as a finite sum of separable functions, each
depending on a subset of the problem coordinates.

1.2 Research objectives

The overall goal of the research in this thesis is to develop digital twins that are computa-
tionally efficient and can predict long-term rail damage in curved railway sections under
operational traffic. By integrating numerical simulations with field measurements, the
proposed framework aims to provide reliable forecasts of rail damage evolution while main-
taining fast and memory-efficient simulations by using tools such as ROMs. Ultimately,
the digital twins are intended to serve as decision-support tools to optimize maintenance
strategies, such as rail grinding or replacement.
To accomplish this objective, the specific sub-goals can be summarized as:

e Develop and calibrate a numerical model for use in a digital twin framework,
capable of simulating the evolution of railhead geometry and damage under relevant
operational traffic conditions.

— This process involves parameter calibration (e.g., wear rates, yield limits, vehicle,
and track parameters), using field measurements, as well as refinement of
contact modeling. The predictive performance is validated against independent
field data.

e Improve the numerical efficiency of simulation tools to facilitate rapid predictions.
— This involves reducing the cost of 3D FE analysis by using the PGD method
for rail sections.



1.3 Scope and limitations

In this thesis, each digital twin is defined as a numerical model representing a single high
(outer) railhead cross-section (see Figure 1.1). The analyses focus solely on the high rail
in curves, where surface damage is most pronounced. The model is continuously updated
using cross-sectional rail geometry field measurements to improve the accuracy of the
predictions. The numerical model predicts long-term changes of the railhead geometry,
accounting for surface wear and plastic deformation. The model also predicts the risk
of RCF crack initiation, although no such measurement data are available for either
calibration or validation. Moreover, the coupling between the damage mechanisms is
limited in the simulations, and the subsequent crack propagation has not been modeled.

Vehicle-track dynamic simulations are carried out for a representative load-collective
that captures the variability of operational traffic conditions. These analyses rely on
existing contact models implemented either in the MBD software or through the Hertzian-
inspired metamodel proposed by Skrypnyk et al. [24]. In all cases, the wheel is assumed
to behave linearly elastic, while the rail is modeled as either linear elastic or, to some
extent, inelastic. However, the latter representation is simplified, particularly regarding
the tangential contact behavior.

For the simulation of plastic deformation, FE models with cyclic plasticity are employed
to capture the accumulation of inelastic strains in the railhead. The rail material is
represented as an isotropic, elasto-plastic material at the macroscopic scale in a small-
strain setting. Two modeling approaches are considered for the FE models, either simplified
2D FE analyses under plane-strain conditions, or the ROM framework developed in this
thesis. The ROM is developed as a building block in the numerical model, analyzing
the inelastic railhead deformation for known wheel loads. Its accuracy and efficiency are
assessed by comparison with state-of-the-art 3D FE simulations.

Plasticity

‘Wear

Figure 1.1: Illustration of the digital twin approach for predicting rail damage. Field
measurements from a physical rail (left) are used to update the numerical model of the
railhead cross-section (right), which in turn forecasts future rail damage.



2. Operational conditions for curved
tracks

This chapter describes operational conditions and their influence on rail surface damage
mechanisms resulting from wheel-rail contact. It also outlines the damage mechanisms
considered in this work and provides an overview of the field measurement techniques
used to evaluate rail conditions and monitor profile evolution.

2.1 Wheel-rail contact conditions

Damage to rails originates from the stresses and sliding motions generated at the wheel-rail
interface. This interface is characterized by a small contact patch where heavy loads are
transmitted. Typically, the area is around 1 to 2 cm? [25] with normal contact pressures
reaching up to 1.5 GPa [26].

In addition to the normal problem described above, tangential stresses arise whenever
the wheelset does not exhibit pure rolling along the rail. This causes slip within the
contact patch. In practice, pure rolling is rarely achieved, since braking, acceleration, and
the non-radial alignment of wheelsets in curves all generate relative motion in the contact
patch, referred to as creepage.

When creepage occurs, Carter [27] and Fromm [28] showed that tangential tractions
are not uniformly distributed across the contact area. Instead, the patch is divided into
two zones as illustrated in Figure 2.1. A stick region at the leading edge, where wheel
and rail surfaces adhere, and a slip region at the trailing edge, where relative sliding
between wheel and rail takes place. The distribution of stick and slip areas, as well as
the magnitude of the resulting tangential forces developed in the contact, depends on the
applied creepage. As creepage increases, the slip portion of the contact area expands until
full slip is reached. At full slip, the creep force is limited by Coulomb’s friction law, that
is, normal force multiplied by the coefficient of friction.

The location of the contact point between the wheel and the rail is determined by the
geometry of the profiles and their relative position. On a straight track, contact generally
occurs between the wheel tread and top of the rail. However, on a curved track, the
lateral displacement of the wheelset shifts the contact point toward the gauge corner on
the high rail. This can result in a secondary contact between the wheel flange and the
rail gauge corner, as illustrated in Figure 2.2. Multiple contact points may also occur due
to irregularities in the wheel and rail profiles.
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Figure 2.1: Evolution of stick and slip regions within the contact area for increasing
creepage.
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Figure 2.2: The two-point contact between the wheel and rail results in normal Fn and
tangential Frr loads on the rail at each point of contact.

2.2 Operational conditions

Operational conditions determine the conditions in the wheel-rail contact and, conse-
quently, contact positions, stresses, and damage mechanisms that develop over time. Key
influencing factors include traffic loading, curve radius, wheel and rail geometries, and
environmental conditions.

The characteristics of the traffic loading are central since variations in axle load, train
length, and traffic mix (e.g., passenger versus freight vehicles) result in different load
magnitudes, creepages, and number of overrollings. Higher axle loads increase the severity
of the contact stress, and the number of wheel passages determines the cumulative
damage. Vehicle speeds also affect the contact since higher speeds increase dynamic
force amplitudes and alter the distribution of wheel-rail contact stresses along the rail.
Additional influences arise from vehicle features such as tilting mechanisms and suspension
systems, which modify the effective lateral acceleration and, consequently, the rail loading.

Track-related factors are equally important. The curve radius, cant, rail profile, and



track irregularities, together with the vehicle dynamics, determine how the wheelsets are
positioned on and load the rail. In curves, steering of the wheelsets introduces creep
forces, which increase as the radius of the curve decreases. Deviations or irregularities in
track geometry modify wheel-rail contact positions and may cause transient variations
in the normal and tangential contact forces. Variations in track stiffness, arising from
differences in ballast condition, sleeper spacing, or rail pad stiffness, affect how loads are
transmitted to the substructure and can amplify dynamic responses.

Environmental conditions also influence the wheel-rail contact and rail damage. Surface
contaminants such as water, ice, or leaf layers alter the coefficient of friction [29]. This
affects the balance between adhesion and slip in the contact and influences whether wear
or RCF dominates. Dry, cold air in combination with snow trapped in the contact can
promote the initiation of small cracks by lubricating crack faces and facilitating their
growth [30]. Low temperatures in continuously welded rails generate tensile stresses that
promote long crack growth and rail breaks. In contrast, high temperatures increase the
risk of thermal buckling.

2.3 Rail surface damage mechanisms

Repeated wheel passages create complex combinations of normal and tangential shear
loads, which impose high contact stresses on the railhead. This results in a multiaxial,
cyclic stress state in the rail material involving compression and shear [31]. Over time,
these loads lead to wear, plastic deformation, and crack formation due to RCF. Together,
these damage mechanisms govern the deterioration of the rail surface, as illustrated in
Figure 2.3.

(a) (b)

Figure 2.3: (a) nominal (BV50) and worn and deformed rail profile from [32], and (b)
gauge corner RCF cracks, (head checks). Picture (right) from Anders Ekberg.

Wear is the gradual removal of material from the contact surface due to slip within the
contact patch. Depending on the contact conditions (e.g., sliding velocity and contact



pressure), the material properties of the contacting surfaces, and the presence of debris
or contaminants, wear can range from mild to severe to catastrophic [33]. Mechanisms
that can affect wear include oxidation, adhesion, abrasion, and fatigue [34]. Wear is most
pronounced in tight curves, where large creepage and high tangential forces concentrate
at the gauge corner of the high rail due to the combination of rolling and sliding contact
(see Figure 2.3a). In agreement with this, Olofsson et al. [35] reported that the wear rate
at the gauge corner can be up to ten times higher than at the rail top. While excessive
wear shortens rail service life, increases the risk of derailment, and influences the dynamic
behavior of the train, a moderate wear rate, referred to as the magic wear rate, can be
beneficial since it optimally manages RCF by removing small cracks before they propagate
[36].

Plastic deformation occurs near the surface where contact stresses locally exceed the
yield strength of the rail steel. The plastically deformed material may flow laterally to
the field side or create a lip beneath the gauge corner of the high rail [32, 35] as shown in
Figure 2.3a. With repeated load cycles, plastic strain accumulates, known as ratcheting,
and residual stresses develop [4]. This process leads to cyclic hardening (or softening)
and a progressive change in the microstructure, resulting in a changed hardness and
yield strength close to the surface. During such cyclic loading, the Bauschinger effect
may occur, whereby prior plastic deformation reduces the yield strength in the reverse
loading direction. Work-hardened material may resist further plastic flow, resulting in
plastic shakedown and wear, as well as the tendency for crack initiation [4, 6]. Plastic
deformation also introduces anisotropy in the near-surface layer due to the formation of
texture and directional grain elongation [6, 37, 38]. As Larijani et al. [39] demonstrated,
this anisotropy influences crack initiation and growth paths in the railhead.

RCF is closely related to plastic deformation. It develops under repeated loading, where
cyclic compressive and shear stresses act on the surface layer and cause ratcheting when
the ductility of the material is exceeded [5]. The resulting cracks may initiate at either
the surface or the subsurface [31]. Surface-initiated RCF cracks are often referred to as
head checks, gauge corner cracking, or squats. These cracks typically propagate at shallow
angles into the rail surface and may lead to spalling, which is when portions of the surface
material detach (cf. Figure 2.3b). This is also where wear and RCF are related, since the
detachment of material from the surface can also be defined as wear [40]. If the crack
propagates downward, it can cause transverse failure, which may potentially lead to a
rail breakage and may cause derailment. The development of cracks due to RCF is a
dominant damage mechanism for shallower curves, where the cracks are not removed by
wear.

2.4 Field rail measurement techniques

Periodic maintenance inspections are used to monitor the condition of the rails and to
detect potential issues before serious defects develop. These measurements allow for the
identification of wear and plastic deformation and the detection of cracks. Various non-
destructive methods are used to assess rail damage, including profile geometry changes and
cracks. Rail profiles can be measured using vehicles equipped with laser sensors or using
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a handheld device such as the MiniProf (rail instrument from Greenwood Engineering)
[41]. The results can be used to quantify wear, plastic deformation, or material removed
from grinding or milling. Cracks and subsurface defects, on the other hand, are detected
using images, eddy-current, or ultrasonic techniques.

In this work, the Swedish Transport Administration provided MiniProf measurements
of rail profiles in the field. Crack detection was not included in the test campaign. The
data consists of rail profiles measured approximately every 60 meters along three curves
every six months, beginning in May 2021. Between each measurement, roughly 10 Million
Gross Tonnes (MGT) of traffic have passed on the tracks. The profiles were aligned at
the field side relative to the initial (reference) measurement using the MiniProf Envision
software [42] as illustrated in Figure 2.4b.

The rail profile data allows several indicators of material degradation to be evaluated.
Examples of these indicators are shown in Figure 2.4 and have been described in more
detail in Paper A and Paper C. Profile evolution (see Figure 2.4b) can be analyzed
by computing changes of the geometry in the normal direction relative to the initial
measurement. This highlights the development of distinct contact bands along the railhead.
The total material removal caused by wear or grinding can be quantified by the reduced
area a,q (cf. Figure 2.4a), defined as the difference in area between the initial and measured
profiles. Localized shape changes indicate plastic flow, which can be estimated using the
isochoric shape change area a;s, (see Figure 2.4c), representing the volume-conserving
deformation of the railhead. Plastic deformation in metals is generally isochoric, with
only small elastic volume changes associated with residual stresses. Additionally, wear
metrics of vertical h and horizontal s wear (cf. Figure 2.4a), measured at predefined
positions on the profile, provide additional information on wear and grinding [43].

Reference
h profile

L

QGiso

0
// Measured .
y :

Profile change
profile

Centerline

(a) (b) (c)

Figure 2.4: Indicators of material degradation. (a) Rail profile alignment and wear
metrics a.q, h, and s, which are the reduced area, vertical, and horizontal wear,
respectively. (b) Profile change measured in the normal direction relative to the reference
profile. (b) Isochoric shape change area aiso is the volume-conserving deformation
indicating plastic flow.

60° .

Figure 2.5 presents the measured rail profile data at the midpoint of a 996 m radius
curve, which data is presented in more detail in Paper C. Figure 2.5a shows the profile
change in the normal direction relative to the initial measurement. Figure 2.5b displays
the progressive changes in the rail profile over time. The reduction in z-values with
subsequent measurement dates indicates material loss. Figure 2.5b shows that the most
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pronounced profile changes occur near y = 0 mm and y = 25 mm, which corresponds to
contact bands at the top of the rail and the gauge corner, respectively. Larger changes on
the field side (negative y) typically correspond to material removal by grinding rather
than wear. Furthermore, Figure 2.6 displays the profile change for three different cross-
sections after 10 MGT (211117) and 20 MGT (220512), where cross-section 2 is the same
one as displayed in Figure 2.5. The figures show a variation in profile change between
cross-sections for both traffic amounts, likely reflecting local differences in loading or
measurement noise.

Although field measurements offer valuable insight, their accuracy is influenced by several
factors. The results are sensitive to alignment errors between subsequent measurements,
particularly when profile changes are small and similar in magnitude to the potential
misalignment. The recorded grinding depths in the present work are only approximate
because measurements were not taken immediately before and after grinding. This makes
it difficult to distinguish between material removal due to grinding or wear. Moreover,
the variations observed between cross-sections, as shown in Figure 2.6, may result from
local differences in loading but could also reflect measurement uncertainty. These factors
contribute to scatter in the data and limit the precision of quantitative model validation.

— 211117 — 220512 — 221101 — 230613
— 231115 -- 240522 241031

15 :
1.5 .
0F 1 g
)
—_ ) 1k B
E - B | a0
E E
n e
—30 | 8 = 0.5} 8
=
a-‘ v
45| J
5 | | | | | 0 7“ | | | | | |7
=30 -15 0 15 30 =30 -15 0 15 30
y [mm] y [mm]
(a) (b)

Figure 2.5: Measured high rail profile cross-section at the midpoint of a 996 m radius
curve. The gauge corner is to the right. (a) Rail profile development. (b) Profile change
in the normal direction relative to the initial measurement.
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Figure 2.6: Measured profile change in the normal direction relative to the initial
measurement for three different cross-sections (1,2,3) along a 996 m radius curve. The
gauge corner is to the right, and the profile change is displayed after (a) 10 MGT, and

(b) 20 MGT of traffic.
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3. Digital twin framework for rail dam-
age evolution

This chapter presents a digital twin framework that is developed to evaluate long-term
railhead damage in curved tracks. The numerical model combines vehicle-track dynamics
with material degradation mechanisms and is calibrated using field measurements. The
physical rails and measurement procedures supporting this calibration are described in
Chapter 2.

3.1 Overview of digital twin framework

Digital twins provide computationally efficient, data-informed models capable of accurately
predicting long-term railhead damage under realistic traffic conditions. Ultimately, such
models aim to serve as decision-support tools for optimizing maintenance strategies,
including rail grinding and replacement.

The digital twin links physical rails, represented by field measurements of railhead
profiles, with a numerical model capable of simulating geometry changes of the railhead
when it comes to surface wear and plastic deformation, as well as initiation of RCF cracks.
Figure 3.1 illustrates the overall methodology.

The numerical model is based on a multidisciplinary simulation methodology presented
in earlier work [12, 13, 44, 45], but has been further developed in this thesis to suit the
present objectives. The simulations are applied in repeated cycles consisting of three
steps (see Figure 3.1):

1. Dynamic vehicle-track interaction is simulated using MBD software to determine
the wheel-rail contact positions, forces, and creepages for a given rail profile and a
representative loading sequence.

2. Rail damage evolution is predicted based on the contact conditions, and considers
accumulated wear, plastic deformation, and the initiation of RCF cracks.

3. Rail profile update, where the rail cross-section is modified to account for accumulated
changes in wear and plastic deformation. The updated profile is then used in the
next simulation cycle to get updated dynamic vehicle-track interactions.

By repeating these steps, the gradual evolution of the railhead profile can be simulated
over long time periods. Since updating the railhead profile after every wheel pass would
be computationally intensive, representative load sequences are generated and simulated
to capture variations in traffic (e.g., wheel profiles, vehicle speeds, and axle loads). These
load sequences are simulated a number of times before updating the dynamic loadings.

The framework operates as a digital twin by closing the loop between the physical and
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numerical representations. Field measurements are used both to validate the numerical
results and to calibrate model parameters to improve forecasts. This feedback process
improves predictive accuracy and makes it possible to provide more reliable long-term
forecasts of railhead damage than with an uncalibrated numerical model alone. The
following sections provide a more detailed description of each step in the methodology
and of the calibration procedure.

N\easurem eng
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Plasticity

MBD simulations RCF
Wear

Damage
evolution

W

Profile update

Figure 3.1: Digital twin framework for predicting railhead surface damage. Field
measurements of the railhead provide input to a numerical model that operates in repeated
cycles of (1) dynamic vehicle-track interaction, (2) rail damage evolution (wear,
plasticity, RCF initiation), and (3) rail profile updating. Model forecasts are validated
and calibrated against measurements to improve long-term prediction accuracy.

3.2 Dynamic vehicle-track interaction

To simulate dynamic vehicle-track interaction, MBD software is used. By solving the
governing equations of motion, the MBD simulations capture how the vehicle (including car
body, wheels, axles, etc.) interacts with the track under different traffic conditions. Such
analyses are typically performed using commercial software packages such as GENSYS
[46] or Simpack [47]. In this thesis, Simpack is used to generate load sequences for different
traffic conditions in the time domain. The outputs provide information on the wheel-rail
contact conditions, such as positions, contact areas, forces, and creepages, which are then
used as input for subsequent calculations of railhead damage.

In Simpack, two approaches are available to calculate the normal wheel-rail contact
tractions. The first is an equivalent elastic contact model based on Hertzian contact
theory [48]. The second is the discrete elastic contact method based on the semi-Hertzian
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STRIPES approach [49, 50], which can also account for material plasticity. The tangential
contact problem is solved using the FASTSIM algorithm [51], which is modified when it
is combined with the discrete elastic contact method. The different contact methods are
described in Section 3.3. Up to five contact patches can be active simultaneously in the
simulation.

3.3 Wheel-rail contact modeling

The wheel-rail contact generates a complex stress field that comprises both a normal
component, mainly resulting from the vertical wheel load, and tangential components,
which result from creepage. In numerical modeling, accurately capturing the shape,
magnitude, and distribution of these contact stresses is crucial to evaluating the railhead
degradation.

In detailed contact analyses, such as those using FE models or Kalker’s CONTACT
program [52, 53], normal and tangential contacts are typically solved in combination.
However, for elastic contact problems, tangential tractions have a minor effect on the
normal pressure distribution and contact area [54]. Therefore, a common approach is to
solve the contact problem sequentially. First, the normal contact problem is addressed to
determine the contact area and pressure distribution. Then, the tangential problem is
solved to compute the tangential tractions and slip distribution within the contact patch.
The total contact stresses are obtained by superimposing the tangential tractions onto
the normal pressure field.

The normal contact problem can be solved with a wide range of models as has been
proposed in the literature, see e.g. [53-55], each offering different levels of complexity and
accuracy. In this thesis, the scope is restricted to contact models that are either available
within the MBD software Simpack or the Hertzian-inspired metamodel developed by
Skrypnyk et al. [24].

Hertz contact theory [48] is an analytical solution that is widely used due to its simplicity
and computational efficiency. The theory considers an elliptical contact patch with semi-
axes a and b and a semi-elliptical normal contact traction distribution ¢, that reaches its
maximum p,, at the contact patch center, as illustrated in Figure 3.2a. The distribution

is defined as
2\ 2 Y 2
o) =i [1- (2) = (1) Wl<a i< (3.1

where x and y are local coordinates within the elliptical contact patch.
For the Hertzian contact to be valid, the following assumptions must be true:

e Homogeneous, isotropic and linear elastic materials: This implies small strains.

e Half-space assumption: The contact dimensions (a and b) are much smaller than
the contacting bodies’ dimensions and radii of curvature.

e Non-conformal contact: The contacting surfaces have different curvatures, resulting
in a small contact area relative to body dimensions.
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e Constant curvature: The contacting surfaces have constant curvatures, producing
an elliptical contact patch.

e Smooth surfaces.

e Quasi-identity or frictionless surfaces: no shear stresses are generated.

These assumptions are often violated in wheel-rail contact. For high axle loads or during
braking or slipping, plastic deformation can occur. For worn profiles, tight curves, or
flange contact situations, the surfaces can become conformal with non-elliptical contact
areas. Additionally, real wheel and rail surfaces are rarely perfectly smooth or frictionless,
which affects creep forces and tangential contact behavior. These violations motivate the
use of more advanced contact models.

The semi-Hertzian contact model STRIPES, developed by Ayasse et al. [49] and Quost
et al. [50], addresses some of these issues. It retains computational efficiency while
improving accuracy for cases where the conformity or constant curvature assumptions of
Hertz theory are not valid. The method accounts for variations in the lateral curvature
by dividing the contact area into longitudinal strips, as illustrated in Figure 3.2b. In each
strip, the normal stress distribution is calculated using a Hertzian-based formula along
the rolling (longitudinal) direction. STRIPES have also been extended by Sebes et al.
[56] and Chevalier et al. [57] to work for high-load cases where stresses exceed the elastic
limit by incorporating perfect material plasticity. In this extension, a simplified von Mises
yield criterion is applied at the center of each strip m to ensure that the local contact
pressure p* does not exceed the yield threshold detailed in [56]. As a result, the predicted
contact area increases and the peak pressures are reduced compared to a purely elastic
calculation. Nevertheless, the perfect-plastic assumption neglects material hardening and
can therefore underestimate contact stresses.

The Hertzian-inspired metamodel by Skrypnyk et al. [24] addresses this limitation by
incorporating elasto-plastic material behavior with hardening in the rail, while modeling
the wheel as linearly elastic. Compared to STRIPES, this leads to more realistic predictions
under high-load conditions. The model is calibrated based on 3D FE simulations of the
normal contact problem with elasto-plastic rail behavior. However, it relies on the Hertzian
assumption of constant curvature radii near the contact point, which limits its applicability
to elliptical contacts. On the other hand, this symmetry allows the FE analyses to be
performed on only a quarter of the domain, see Figure 3.2c. Computational efficiency
is achieved by calibrating a few model coefficients against these FE simulations for a
representative range of contact scenarios. However, this also makes the model’s accuracy
dependent on the quality of the calibration data. Once calibrated, the metamodel uses the
local contact radii and applied normal contact force from the MBD simulations as inputs
to predict the contact patch dimensions, maximum contact pressure, and maximum von
Mises stress.

Tangential contact models describe how wheel-rail forces arise from creepage. Carter
[27] and Fromm [28] established how tangential tractions vary within the contact patch
and introduced the concept of stick and slip regions (see Section 2.1). In the slip region,
the tangential ¢ (z,y) and longitudinal ¢, (z,y) traction is bounded by Coulomb’s friction
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Figure 3.2: Normal contact models used in this thesis. (a) Hertzian solution assuming
an elliptical contact patch, (b) the semi-Hertzian approach STRIPES, which divides the
contact into longitudinal strips to account for curvature variations, and (c) a
representative 3D elasto-plastic FE analysis used in the calibration of the Metamodel.

limit as
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where t,, is the normal surface contact traction distribution and p is the friction coefficient.
In the stick region, the traction is reduced by a counteracting smaller elliptic traction
bound. However, Carter and Fromm’s theories were formulated as 2D line-contact
problems assuming pure longitudinal creepage and plane strain. These simplifications
neglect lateral and spin creepages that also occur in realistic rolling conditions.

To address these limitations, more general 3D rolling-contact models have been devel-
oped, such as Kalker’s theories [51, 52, 58]. His formulations extend Carter and Fromm'’s
concepts and range from simplified models to more exact ones, and are reviewed in
[59]. His complete theory, implemented in the program CONTACT [58], provides highly
accurate predictions for all combinations of creepage and spin between two elastic bodies,
but is computationally demanding.

To improve computational efficiency, Kalker developed the simplified rolling-contact
algorithm FASTSIM [51]. The model assumes that local surface displacements are
proportional to the tangential tractions, which are saturated by Coulomb’s limit. Within
this contact theory, the contact patch is divided into rectangular elements. Although
originally derived for elliptical contact areas using elastic parameters derived from Kalker’s
Linear Theory [60], FASTSIM has since been extended to handle non-elliptical contact
shapes. In the STRIPES method, for instance, the contact area is divided into longitudinal
strips (see Figure 3.2b), and virtual local ellipses are assigned to each strip. These virtual
ellipses provide the input needed to evaluate the elastic parameters [61], which are then
applied to compute the tangential tractions strip by strip.

3.4 Elasto-plastic FE modeling

When studying the long-term mechanical response of rails under repeated wheel passages,
FE modeling with cyclic plasticity for material behavior provides a way to capture the
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accumulation of plasticity in the railhead. A cyclic plasticity model can predict phenomena
such as the Bauchinger effect, ratcheting, plastic shakedown, and cyclic hardening or
softening.

Full 3D models are the most accurate way to model evolving plasticity, see e.g., [62-67],
since they resolve the complete stress-strain history within the rail, but are computationally
demanding, which makes them impractical for many wheel overrollings. Simplified 2D
FE analyses, such as the plane-strain one used in [13, 44, 45] and Paper A, or the 2D
generalized plane strain model in [68, 69], are far more efficient but can only approximate
the contact stress distribution and miss important 3D effects, such as Poisson’s effects
in the rail, and longitudinal stress propagation, which is needed to accurately predict
mechanisms such as crack initiation planes. Therefore, a ROM framework was developed
in Paper D and Paper E, which is described in Chapter 4. The framework retains the
accuracy of 3D analyses while drastically reducing computational cost.

Thus, this thesis uses both the ROM framework in Paper D and Paper E and
simplified 2D analyses in Paper A to model evolving plasticity. The simplified 2D
model consists of a 2D nonlinear FE model assuming plane strain to investigate plastic
strain accumulation. To compensate for the lack of a full 3D contact description, the
applied maximum normal force per unit length was adjusted for each loading case such
that the maximum von Mises stress in the 2D model matches the one predicted by the
Hertzian-inspired metamodel (see Section 3.3). Tangential traction is incorporated by
assuming full slip, and the resulting plastic strains are computed in the 2D cross-section.
To make the simulations computationally feasible for many load cycles, the nonlinear FE
analysis, including plasticity evolution, is extrapolated using the procedure of [70].

When modeling long-term damage, it is crucial to use a constitutive model that can
capture the cyclic behavior of the material and predict its mechanical response under
repeated loading. The response can be modeled using a variety of cyclic plasticity models,
as discussed in the literature [71, 72]. The models differ in their choice of kinematic
and isotropic hardening laws and whether they include additional effects. Kinematic
hardening translates the yield surface to capture phenomena such as ratcheting and the
Bauschinger effect, while isotropic hardening expands or contracts the yield surface to
represent cyclic hardening or softening.

In this thesis, the Ohno-Wang [73] nonlinear kinematic hardening model is adopted,
assuming small strains, a von Mises yield criterion, and linear isotropic elasticity. Isotropic
hardening is neglected since kinematic hardening is often dominating for pearlitic rail
materials (see e.g., [44, 70]). The evolution of each backstress &; is given by

) 2 L matt \/§ c 2 o
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where €P is the plastic strain rate, C;, 7;, and m; are material parameters for each
backstress ¢, and the Macaulay bracket < e > is defined as < ¢ >=0.5 (e + | o). The
constitutive relations are presented in more detail in Paper D and [74].

The material parameters listed in Paper A and Paper D were calibrated against two
uniaxial stress-controlled cyclic loading tests on rail grade R260 from Ahlstrém et al. [75].
In the experiments, almost no isotropic hardening was observed, which again motivates
why it was neglected in the material modeling. Three backstresses were sufficient to
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reproduce the experimentally observed ratcheting behavior. In this thesis, the material
model is applied both in the Hertzian-inspired metamodel and for evaluating railhead
damage in terms of accumulated plastic deformation.

3.5 Wear modeling

Wear constitutes one of the primary degradation mechanisms in the wheel-rail system,
particularly in curves. This can result in significant material removal over time, thus
changing the rail profile substantially. Therefore, accurate wear modeling is important to
predict the evolution of the rail profile.

Two main approaches are commonly used to model wear. The first type of model is
based on energy dissipation and relates wear to the frictional energy lost in the contact
patch. The second type of model is based on sliding distance according to Archard [76]
and is proportional to the product of normal load and sliding distance. A review of these
models can be found in [77].

In energy dissipation-based models, wear is assumed to be proportional to mechanical
energy lost as heat due to factors such as friction. At the global level, the rate of energy
dissipation E in the contact can be estimated as

E = FXVX + Ftl/t + Z\4¢7 (34)

where Fy and F} are the longitudinal and lateral creep forces, M is the spin moment,
and vy, v, and ¢ are the corresponding creepages and spin. Several wear models are
based on this concept, often incorporating empirical fits between E and observed wear
rates [78-80]. Although energy dissipation concepts are simple and can be refined, many
different combinations of creep forces and creepages can result in the same value of E.
Thus, it is not always clear that material removal correlates uniquely with this single
quantity.

Instead, Archard’s wear model [76] relates the wear volume V to the normal contact
force Fn and sliding distance d as

Fn d

V=k
H7

(3.5)

where k is the wear coefficient, and H is the hardness of the softer of the two materials
in contact. Jendel [81] extended this formulation to incorporate local contact conditions
within the patch. The area is discretized using the FASTSIM algorithm [51], which provides
local distributions of contact pressure and relative sliding distance, from which the wear
depth distribution can be obtained. However, Archard’s model does not explicitly capture
the influence of frictional energy dissipation, temperature effects, or strain-hardened
materials [82]. Nevertheless, Archard-based approaches are well established in railway
applications, see e.g., [81, 83-85], and this model has been used in Paper A-Paper C.
Further details of the implementation are given in Paper C and in [86].

Both the energy dissipation and Archard formulations require a wear coefficient. The
value of this coefficient is difficult to determine because it depends on the material pair,
loading conditions, temperature, lubrication, and contamination in the contact. The
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simplest approach is to assign a constant (global) coefficient, as was done in Paper A
and Paper B. While this approach is straightforward, it may not yield sufficiently
accurate results. One refinement is to allow the coefficient to vary linearly with sliding
velocity, as proposed in Brouzoulis et al. [84], thereby capturing some of the observed
dependence on loading conditions. Another alternative is the wear map introduced by
Jendel [81] for use with Archard’s law. This map defines different wear regimes (and thus
different coefficients) as a function of contact pressure and sliding distance (see Figure
3.3). Such maps can more accurately represent transitions between mild, severe, and
catastrophic wear, but they are material-specific and can only be determined in principle
under idealized laboratory conditions (e.g., dry pin-on-disc or disc-on-disc experiments).
Therefore, their applicability to real railway environments, where weather, lubrication,
and contamination can strongly influence wear, is limited. For this reason, calibration
against field measurements is often required, as discussed in Section 3.7.
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Figure 3.3: Wear map for dry conditions with different wear regimes as a function of
contact pressure and sliding velocity, based on [81].

3.6 Surface rolling contact fatigue prediction

Rail surface damage caused by RCF typically initiates at the gauge corner and is a major
problem since it is driving a lot of track maintenance [87]. A wide range of models have
been proposed to predict the initiation of surface cracks in rails. See, for example, [31,
88, 89] for reviews. Models based on the ratcheting failure mechanism describe how
repeated loading leads to a gradual accumulation of plastic strain and, ultimately, to
the initiation of RCF cracks [5, 90]. Energy-based models, on the other hand, relate
fatigue damage to the dissipated energy (see Section 3.5) in the contact [91, 92], while
microstructure-based models incorporate material microstructure into the fatigue damage
predictions [16, 93, 94]. Shakedown-based methods identify operating conditions where
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surface plasticity or ratcheting is expected, thereby linking contact loads to crack initiation
risk [95-97]. Finally, multiaxial fatigue criteria such as the Dang Van formulation [98] or
the Jiang-Sehitoglu formulation [99] are often used to identify critical crack planes from
local stress-strain histories. These models are typically combined with MBD simulations
to provide realistic contact conditions or with elasto-plastic FE analyses (see Sections 3.4
and 4) to improve the accuracy of local stress-strain predictions [69, 100].

In Paper A, a simplified method is used that circumvents the need for revolved local
stress and strains within the rail. The method combines the shakedown theory [95] and
the energy dissipation model [91] through a distributed RCF index proposed by Nielsen
et al. [86]. In accordance with the framework, the surface index F'Ig,s sets out from the
shakedown map and was in [97] formulated as

VF2+F?  2mabr
FISurf = LA (36)
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where Fy, F; and Fy are the contact forces (see Figure 2.2), a and b are the semi-axes of
the Hertzian contact patch (see Figure 3.2a), and 7 denotes the shear yield stress. Surface
fatigue is predicted when F'I s > 0. A penalty function fp(E) is applied to reduce F'lgu¢
at large values of dissipated energy E (neglecting spin), since high energy dissipation also
leads to wear, which tends to remove cracks from the surface [91]. The turning points
of this function are determined by the contact area and the material properties of the
rail grade. Partial slip is incorporated by computing local damage in each element of the
discretized contact patch using FASTSIM [51]. The distributed index is then accumulated
over load cycles according to the Palmgren-Miner rule, with crack initiation assumed
once the value reaches one. Thus, this criterion provides an estimation of the risk of
crack initiation while capturing the influence of partial slip and the interaction with wear
through energy dissipation.

3.7 Model Calibration

Within a digital twin framework, model calibration is essential to ensure the consistency
between numerical predictions and field observations. Calibration involves adjusting
model parameters, e.g., wear coefficients and yield limits, so that the simulated response
accurately replicates the observed field behavior, such as railhead material degradation.
This process improves the reliability of predictions of future events.

Calibration is often formulated as an optimization problem, wherein a set of model
parameters a are tuned to minimize the discrepancy between simulated f(a) and measured
fmeas regponse through a loss function £ (e.g., normalized squared error). The optimal
parameter set a°P! is then obtained as

a®P' = argmin L(f(a), f™), (3.7)
(o3
In this thesis, the calibration targets f include the material degradation indicators
discussed in Section 2.4 as well as in Paper A and Paper C.

Different optimization strategies can be used, depending on the complexity of the
problem and available computational resources. The simplest approach relies on manual
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tuning, where parameters are varied one at a time, and the resulting model response
is compared with field data. This method was used in Paper A, where global wear
coefficients and yield limits were tuned against area-based measures to better capture
the accumulated wear and plastic deformation observed in the field. In Paper B, the
same calibrated wear coefficient was used, while model parameters related to track and
vehicle setup, as well as the contact formulation in the MBD simulations, were adjusted.
This was done to improve the agreement between simulated and measured rail profile
change distributions. Although this calibration approach used in Paper A and Paper B
improved the model accuracy, it is computationally costly for tuning multiple parameters,
and it does not guarantee optimal results.

To address these limitations, Paper C adopts a more systematic calibration procedure
focusing on the wear coefficients within the wear map [81] described in Section 3.5. Previous
studies have used various strategies for calibration of this map, including adjusting scaling
factors and regime boundaries [83], introducing linear variations of the wear coefficient
with the sliding velocity [84], or performing extensive simulations followed by parameter
fitting [14, 101]. Other authors, such as Ye et al. [102] and Wen et al. [103], reduced
computational cost by introducing surrogate models for the calibration problem.

Paper C also uses surrogate models for calibrating the wear map, but in this case
for a STRIPES contact formulation [49, 50] rather than the classical Hertzian contact
[48]. Although the STRIPES approach has been reported to influence wear modeling
significantly [104, 105], it has not previously been investigated in the context of calibration
of the wear map. Surrogate models are particularly useful when the evaluation of f(«) is
computationally expensive, as they eliminate the need for repeated full simulations during
the optimization loop. To construct the surrogates, full wear simulations are performed
on parameter sets sampled using Latin Hypercube Sampling (LHS) [106]. The accuracy
of the surrogate models depends on how representative the training data is, making it
crucial to cover the relevant parameter ranges of the wear coefficients and include enough
samples.

The choice of the surrogate model is also important. Polynomial regression is simple but
limited for nonlinear problems. Radial Basis Functions [107] are more flexible but sensitive
to kernel choice and scaling, while Neural Networks, as used in [102, 103], can model highly
nonlinear relationships at a large scale but require extensive data and careful tuning. In
this thesis, Gaussian Process Regression (GPR) [108] is used with an exponential squared
kernel of Automatic Relevance Determination (ARD). GPR is a robust technique that can
model nonlinear and noisy responses, provide smooth approximations even with relatively
small training sets, and deliver predictive uncertainty. The ARD kernel also quantifies
the relative importance of each input parameter by assigning individual length scales in
the covariance function.

Once validated, the surrogate models can be efficiently optimized according to (3.7).
As with surrogate choice, many optimization methods are available, and the best option
depends on the characteristics of f(«). In this work, where the evaluation of the surrogate
is inexpensive, the global optimization algorithm Particle Swarm Optimization (PSO) is
first used to explore the parameter space and avoid getting stuck in a local minimum.
The best solution from PSO is then passed as an initial guess to a local gradient-based
method, an interior-point algorithm, to refine the result.
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4. Numerical model reduction for evolv-
ing rail plasticity

This chapter introduces a Reduced Order Modeling (ROM) framework for efficient
prediction of 3D evolving railhead plasticity under moving contact loads. The approach
combines a steady-state formulation, an iterative scheme to handle the coupling between
solving plastic strains and displacements, and the Proper Generalized Decomposition
(PGD) method to efficently compute the displacement field.

4.1 Overview of the reduced-order modeling frame-
work

Accurately predicting railhead damage from repeated wheel passages requires determining
the 3D stress—strain history within the rail. However, full 3D FE analyses, such as those
in [62-67], are computationally expensive. Simplified 2D models, as used in [44, 68, 69],
are more efficient but miss key 3D effects that influence crack initiation and growth, such
as Poisson’s effects in the railhead, and longitudinal traction. To combine the accuracy of
3D modeling with the efficiency of 2D approaches, a ROM framework was introduced in
Paper D and Paper E.

The ROM framework reproduces the fidelity of a full 3D description while substantially
reducing the computational cost compared to conventional 3D FE analyses. The frame-
work, illustrated in Figure 4.1, incorporates the elasto-plastic behavior of the railhead
through three main components.

1. A steady-state assumption is introduced for the moving contact loads by adopting

a convective coordinate system that follows the contact along the railhead. This
transforms the moving contact problem into a stationary formulation, where the
material history is tracked along streamlines in the spatial mesh. This way, only
one load increment is needed, and the plastic strain computations can be carried
out in parallel at each integration point of the railhead cross-section, significantly
improving efficiency.

2. An iterative (decoupled) scheme is applied to manage the coupling between the
displacement and plastic strain fields.

3. The PGD method is used, which enables a domain decomposition of the 3D mesh
and a parametrization of the contact load to provide a more efficient solution of the
displacement field.

Once convergence is reached, the process is repeated for subsequent overrollings. The
detail of each part is presented in the following sections.
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Figure 4.1: Schematic of ROM framework for evolving railhead plasticity. The
framework consists of three main parts.

4.2 Steady-state formulation for moving contact loads

In analyses of moving contact problems, conventional 3D FE simulations are often carried
out in a Lagrangian frame (see, e.g., [64-67, 109]). This formulation uses a fixed spatial
coordinate system xo = (o, Yo, 20), as illustrated in Figure 4.2a. In this system, the
material points and their paths are tracked directly, as the computational mesh moves
with the material. The advantage of the Lagrangian description is its ability to directly
represent material deformation and evolving boundaries. However, this approach has
limitations when applied to moving contact loads. The load must be advanced step by step
across the mesh, requiring a large number of increments. Moreover, accurately capturing
the stresses and strains of nonlinear materials requires both long domains and a refined
mesh near the contact surface. This refined mesh cannot be restricted to a small region;
rather, it must extend over a large portion of the domain. Therefore, the computational
cost increases substantially, which makes Lagrangian simulations cumbersome when many
overrollings are considered.

In contrast, an Eulerian frame uses a fixed spatial grid and monitors how material
flows through stationary points. While effective for many fluid dynamics applications, the
approach is less suitable for problems with moving boundaries, such as fluid—structure
interaction or rolling contact problems.

To combine the advantages of Lagrangian and Eulerian descriptions, the Arbitrary
Lagrangian-Eulerian (ALE) formulation was introduced by Donea et al. [110] and Hughes
et al. [111] for fluid—structure interaction problems. In an ALE framework, the mesh can
move with the material (as in the Lagrangian description), remain fixed in space (as in
the Eulerian description), or move in an arbitrary manner independent of the material
[112]. This flexibility makes it particularly advantageous for rolling contact problems, as
it enables the mesh to track the moving load and accommodate material flow.

The use of ALE for rolling contact problems has been explored extensively in the
literature. Nackenhorst [113] first applied the ALE method to steady-state 3D rolling
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elastic contact with large deformations, modeling tire—pavement interaction where the
tire is deformable and the pavement is assumed rigid. He later provided the theoretical
foundation for ALE formulations for more general rolling elastic contact in [114]. Damme
et al. [115] extended the framework to rail-wheel contact, accounting for deformations in
both bodies.

Subsequent studies introduced nonlinear material behavior in rolling contact analyses.
Chang et al. [85] simulated wheel-rail rolling contact using a nonlinear material model.
Wollny et al. [116, 117] analyzed inelastic tire-pavement interaction. More recently,
Anantheswar et al. [118, 119] included transient effects from tire loads such as acceleration,
braking, and variations in load amplitude. However, when nonlinear material behavior is
included as in these studies, additional complications arise. Because state variables are
not tied to fixed integration points, they must be mapped between the initial (Lagrangian)
configuration and the current (deformed) configuration in a convective manner. This
remapping increases computational cost, complicates the update of material tangents,
and may introduce numerical instabilities due to the convective term.

In this thesis, we adopt a simpler alternative to the ALE approach presented in Paper E.
A convective coordinate system x = (x,y, z) is introduced that translates with the moving
contact load along the rolling direction in the undeformed configuration, as illustrated in
Figure 4.2b. We note that this simplification renders the material time derivatives explicit
in the prescribed convection. Another effect is that the convected domain, illustrated in
Figure 4.2b, deforms with the solution even at in- and outflow boundaries. By formulating
the problem in this moving frame and assuming a steady-state response, the load becomes
stationary, reducing the solution to a single increment. The computational domain can
thus be restricted to a compact region surrounding the contact patch, which reduces
the cost further. This approach has been successfully applied to inelastic deformation
in pavements by Shen and Kirkner [120], in rails by Dang Van et al. [121-123], and to
transient elastic wheel-rail contact by Draganis et al. [124].

In the convective frame, the stationary rolling response becomes time-independent and
is instead expressed as a spatial variation along streamlines of the FE mesh. Thus, the
material history is traced along the prescribed convected velocity along streamlines of the
FE mesh. At each integration point, the state variables are updated by reading the history
of the preceding point along the streamline, as done in previous steady-state formulations
[117, 121-123, 125]. Figure 4.2b illustrates this concept: material flows into the domain
at the right (inflow) boundary, moves through the mesh in the opposite direction to the
moving load, and leaves the domain at the left (outflow) boundary. Thereby, the plastic
strain field €P can be obtained as

ep(gc,y,z) = f[u(x,y,z),eﬁl(y,z)], (41)

where u is the displacement field and €} is the prescribed plastic strain at the inflow
boundary. For brevity, the representation in (4.1) omits additional internal variables that
are included in the full formulation presented in Paper E. Because each streamline in
the cross-section can be solved independently, the formulation allows for efficient parallel
computation.

Turning to the balance of momentum, the analysis is restricted to a quasi-static response.
Furthermore, small deformations are assumed, and the material is modeled as linear
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elastic—plastic, based on the additive decomposition of the elastic and plastic strains. The
weak form for the displacement field can then be expressed as

a(u,du) — b(e?, du) = l(q; du) Vou € U, (4.2)

where du a test function in the admissible space U and q is a prescribed load scenario. A
detailed description of the governing equations is provided in Paper E.
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Figure 4.2: Illustration of moving surface traction t in (a) the Lagrangian frame
xo = (x0, Yo, 20), requiring a long domain and multiple increments t, and (b) the
convective frame x = (x,y, z), where the load is stationary and material flows into the
domain at the right boundary and exits at the left. The blue area denotes the refined mesh
region.

4.3 Iterative solution of coupled displacement and plas-
tic strain fields

It is apparent that the single overrolling problem in (4.1) and (4.2) is coupled. The
displacement field governs the evolution of plastic strains, while the accumulated plastic
strains contribute to the overall deformation. Although this coupling can be resolved
monolithically, the present work adopts an iterative (decoupled) solution strategy to
reduce both implementation complexity and computational cost.

Several iterative techniques can be used for such problems, including Newton, New-
ton—Raphson, and fixed-point methods. Each approach involves trade-offs between
convergence rate, robustness, and computational expense. Newton-type methods exhibit
rapid (quadratic) convergence when the initial guess lies sufficiently close to the true
solution. However, they require gradient evaluations and tangent stiffness updates, which
increase computational cost, and they may fail if the initial estimate is poor [126]. Fixed-
point iterations, on the other hand, typically have a slower convergence rate (linear) but
avoid the computation of the Jacobian. For the studied problem, an evaluation of the
full Jacobian would increase the complexity of (4.1), making fixed-point iterations an
attractive alternative.

To further reduce the computational complexity, the linearity of (4.2) allows an additive
decomposition of the displacement field. Specifically, the total displacement u can be
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expressed as the sum of an elastic contribution u¢[g], driven by the applied load g, and a
plastic contribution uP[eP], induced by the plastic strain field €P

u = u°[q] + uP[€P]. (4.3)
Substituting this decomposition into (4.2) yields two uncoupled linear subproblems

a(u®,du) =l(gq;du) Voéu €U, (4.4a)
a(uP,du) = b(eP,du) Vou € U. (4.4b)

This decomposition effectively decouples the elastic and plastic contributions, allowing
each contribution to be solved independently'. An important advantage of the adopted
formulation is that it avoids the complex remapping of state variables typically required
in ALE formulations, since the convective term in (4.1) is independent of u.

For this formulation, a fixed-point iterative scheme is utilized, where the plastic strain
and displacement fields are updated in an alternating manner until convergence is achieved.
At each iteration, the plastic strain field in (4.1) is first updated based on the state variables
at the inflow boundary, together with a known displacement field in the entire domain.
The corresponding permanent displacement contribution P is then computed from (4.4b)
based on the updated plastic strains. This procedure is repeated until the prescribed
convergence criterion is achieved.

The elastic displacement u® obtained from (4.4a), which depends solely on the applied
load and the linear elastic material response, can be precomputed for each loading scenario.
Thus, only (4.1) and (4.4b) need to be performed iteratively, which substantially reduces
the computational cost. Each displacement contribution can be obtained either from a
full 3D FE solution or, to further reduce the computational cost, from a ROM using the
PGD method, as described in the next section.

4.4 Proper Generalized Decomposition for displace-
ment field computation

ROMs are used to reduce the computational complexity of high-dimensional, multiphysics,
or parametric problems. By constructing low-dimensional approximations of full-order
models, projection-based ROMs enable efficient computations while retaining sufficient
accuracy. This approach preserves the physical fidelity of the original equations while
significantly lowering computational cost. ROMs are particularly useful in applications
requiring repeated evaluations, such as parametric analyses, optimization, or real-time
simulations.

A wide range of model-reduction techniques has been proposed in the literature. Among
them are the a posteriori approaches such as Proper Orthogonal Decomposition (POD)
[20, 127, 128], Principal Component Analysis (PCA) [21, 129], and Singular Value
Decomposition (SVD) [130, 131]. These techniques rely on a set of precomputed full-order

IThe plastic contribution uP[eP] represents the solution to (4.4b), and not a potential for the plastic
strain, i.e., €P # e[uP] O.
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solutions, or snapshots, obtained for different parameter values [23]. In POD, these
snapshots are used to construct an orthonormal reduced basis that captures the main
features of the full problem. The approximation of a field variable u then reads

Nr
u(x,n) ~ Z ei(x)&i(n), (4.5)

where ¢, () are the (modal) basis functions of x, &;(n) are the associated modal coefficients
that depend on the parameters 7. The number of retained modes Ngi is much smaller
than the number of degrees of freedom of the full problem Npyy, i.e., Ng < Npai. For new
parameter values 7, the coefficients §;(n) can be computed (in an online phase) through
projection or interpolation onto the reduced basis.

While these a posteriori methods offer compact and efficient representations of the data,
their dependence on precomputed snapshots can make them impractical for problems
with large parameter spaces or when the full solution cannot be generated in advance.
The generation of a sufficiently rich snapshot set becomes computationally expensive, e.g.,
when the underlying problem involves many parameters.

To overcome these limitations, the PGD method [22, 132, 133] adopts an a priori
strategy. Unlike POD, which builds a reduced basis from precomputed full-order solutions,
PGD constructs the reduced representation directly during the solution process [22].
This eliminates the need for any preexisting snapshots, and PGD can also accommodate
additional coordinates, such as material or load parameters, by incorporating these
parameters as extra dimensions of the problem [23]. PGD has therefore been successfully
applied to a broad range of high-dimensional [132-135] and parametric problems [23,
136-140]. For high-dimensional problems, PGD mitigates the curse of dimensionality by
ensuring the solution complexity scales linearly with the dimension of the subproblems
[135]. Ammar et al. [132] demonstrated this capability for steady-state fluid flows
and later extended the formulation to transient effects [133]. The accuracy of PGD
solutions was further analyzed in [134], while Chinesta et al. [135] reviewed its advances
in multidimensional modeling. For parametric analyses, PGD allows a single offline
solution to represent the entire parameter space by incorporating parameters as additional
coordinates. This makes it possible to evaluate the model for arbitrary parameter
values without recomputation. Reported applications include the treatment of material
parameters as in [136-139], or boundary conditions considered in [22, 140].

The central idea of PGD is to approximate the solution as a finite sum of separable
functions, where each function depends on a subset of coordinates or parameters z* (e.g.,
spatial coordinates, time, or load parameters). Exploiting this separability, a generic field

u(xl, ..., 2%) expressed in K-dimensional input can be represented as

N K
u(@!, .. 2= ] Xk, (4.6)

where X* are the unknown separated (modal) functions that define the nth mode. The
approximation is enriched incrementally by adding one separable mode at a time until
convergence is achieved or the prescribed number of modes N is reached.
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A common feature of many ROM techniques is the offline-online strategy, which
separates the computationally intensive tasks from those that can be performed efficiently.
In POD, the offline phase involves solving the full-order problem for several parameter sets,
collecting snapshots, and forming a reduced basis via orthogonal decomposition. PGD
follows a similar structure, but the offline phase instead involves computing all separable
modes across the entire parameter domain, as in (4.6). Once obtained, these modes enable
rapid online evaluation of particular solutions for any combination of parameters. This
separation is highly advantageous when the dimensionality of the parameter space is high
but limited. However, in contrast to POD, PGD can also be used directly in the online
stage, providing approximate solutions without the need for an offline database or prior
data collection.

In Paper D and Paper E, PGD was applied to efficiently approximate the displacement
field described in (4.3) and (4.4) by using a domain decomposition and a parametrization
of the distributed surface load. Following the domain decomposition approach proposed
in Bognet et al. [141, 142] and Giner et al. [138], the railhead is represented by a 2D
in-plane cross-section y = (y,2) and a one-dimensional out-of-plane discretization z,
treated as parameters in the separated representation. This decomposition is illustrated
in the second step of Figure 4.1. Thus, the displacement field u(y, z) is expressed as

N
u(y,x) = > Y, (y) Xn(2), (4.7)
n=1

where Y,, are 3D vector field defined on a 2D domain and X, are scalar functions on a
1D domain. Since the computational effort is dominated by solving the functions for Y,
the effective cost is comparable to that of a 2D problem, while still providing the full 3D
displacement field.

Previous studies [22, 23, 139] have reported difficulties in maintaining separability when
representing distributed loads or solving nonlinear problems, such as material plasticity.
In these cases, a large number of modes may be required to achieve accurate results [143].
For instance, Cueto et al. [23] and Zou et al. [139] limited their analyses to moving unit
loads to prevent the introduction of too many non-separable parameters in the PGD
formulation. Vitse et al. [144] and Néron et al. [145] addressed solving transient nonlinear
problems using a hybrid PGD-LATIN approach. The LATIN method, originally proposed
by Ladeveze [146-149], acts as an iterative strategy for solving nonlinear problems.
When combined with PGD, the separated representation is embedded within the LATIN
framework, enabling reduced dimensionality and improved computational efficiency.

In the present work, the decomposition of the problem shown in Section 4.3 is particularly
advantageous, as it preserves separability. Instead of solving a coupled nonlinear problem,
the elastic (4.4a) and plastic (4.4b) contributions can be computed independently as
linear problems using the PGD domain decomposition in (4.7).

In addition to the domain decomposition, the distributed surface load p used to
compute u® in (4.4a) is parameterized within the PGD framework by introducing it as
additional coordinates. The semi-Hertzian STRIPES contact model [49, 50] enables this
parameterization while preserving separability, as it provides a semi-discrete representation
of the contact pressure distribution. Taking advantage of the linearity of the elastic
problem, each strip m = [1, ..., M] in each loading direction /3, can be treated as a separate
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problem u7'(y, z,b™), where the out-of-plane width ™ of each strip (see Figure 3.2b) is
introduced as an additional coordinate alongside the domain decomposition. The total
displacement field can then be expressed as a superposition of these solutions

M
w(y,z,p) = > > up(y,zb")pF, (4.8)

m=1 €A

where pjg' denotes the maximum contact traction for each strip and loading direction. The
direction indices A = {n,t,x} corresponds to the normal n, lateral I, and longitudinal z
direction, respectively. Each uj'(y,z,b™) can be approximated using PGD.

For solving w® in (4.4a), an offline-online separation is used. All modes are computed
in the offline phase, enabling near-instantaneous evaluation of particular load cases in
the online phase. For uP in (4.4a), the domain decomposition in (4.7) is used directly in
the online stage, since precomputing all possible plastic strain combinations would be
infeasible. Nevertheless, the computational cost remains substantially lower than full 3D
analysis because the domain decomposition reduces the problem dimensionality.
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5. Summary of appended papers

This chapter summarizes the appended papers, which together contribute to the goal of
developing digital twins for predicting long-term railhead damage. Paper A-Paper C lay
the foundation by linking field measurements with simulations through data analysis and
model calibration. Paper D-Paper E extend the framework through the development
of a ROM that enables efficient 3D simulations of railhead plasticity.

Paper A

Paper A contributes to the development of digital twins by presenting and validating a
numerical methodology for predicting long-term railhead damage in curves. This method-
ology combines field data with simulations of wear, plasticity, and RCF crack initiation
under operational traffic conditions. The study focuses on the railhead degradation of the
high railhead cross-section in a circular curve. The study utilizes railhead profile data to
both calibrate the numerical model and to validate its predictive capability.

The simulation framework includes multiple steps applied in repetition: MBD simula-
tions are utilized to evaluate vehicle-track interaction for a given loading situation and
rail profile. This is followed by elasto-plastic wheel-rail contact analysis and damage
evaluation in terms of cyclic plastic deformation, surface wear, and surface-initiated RCF.
After each cycle, the rail profile is updated from the accumulated wear and plasticity and
fed back into the next cycle. To ensure computational efficiency, a metamodel is used
for the elasto-plastic contact problem, cyclic plasticity is evaluated through simplified
nonlinear 2D FE simulations assuming plane strain, and load collectives are repeated and
partly extrapolated in plasticity simulations to reduce the runtime.

The results demonstrate that the model can predict RCF crack initiation and reproduce
the average profile changes observed in the field when calibrated with respect to a global
wear coefficient and the material yield limit. Figure 5.1 compares measured and simulated
profile changes after approximately 10 MGT of traffic, showing the relative contributions
from wear and plasticity. The simulations show that wear is the primary driver of long-term
profile evolution, while plastic deformation contributes less to the geometry change but can
be utilized for predicting RCF crack initiation. In addition, there are some discrepancies
between simulated and measured profile changes, particularly near the gauge corner.
This can stem from several factors. Firstly, the limited traffic between measurements,
therefore, the data is sensitive to measurement errors and the rail alignment. Secondly,
simplifications from the Hertzian contact and traffic load representation. Finally, the use
of globally calibrated wear and plasticity parameters may not capture local variations
along the rail profile.
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Figure 5.1: Comparison between measured and simulated profile change in the normal
direction for one cross-section after approximately 10 MGT of traffic. The simulation
results are calibrated, and the figure illustrates the relative contributions from wear and
plastic deformation to the total profile change.

Paper B

Paper B extends the work in Paper A by analyzing how different model parameters
influence the wear distribution on a railhead cross-section in a curved track, since there
was a discrepancy between the measurement and simulation in Paper A. With the
overarching goal to improve the predictive ability of the numerical model, this study
aimed to identify which parameters of the vehicle and track, as well as the contact model
used in the MBD simulations, most strongly affect the contact conditions and thus the
resulting wear.

The numerical method builds on the framework established in Paper A, combining
MBD vehicle-track simulations with Archard’s wear law [150] and the FASTSIM [51]
discretization of the contact patch. In this study, the railhead geometry is kept fixed,
and one model parameter is varied at a time to isolate its effect on the predicted wear
distribution. The parameters investigated include vehicle types (passenger versus freight),
sets of measured wheel profiles, vehicle suspension stiffness, equilibrium cant, lateral
acceleration limits, and the choice of contact model for the normal contact problem. For
the latter, both the Hertzian formulation and the semi-Hertzian STRIPES method were
considered, the latter allowing for (simplified) elasto-plastic material behavior in the
contact.

The parametric study indicates that no single factor drastically alters the predicted
wear distribution, suggesting that the original load collective used in Paper A already
captures the dominant features of the contact conditions. However, three parameters were
identified as particularly influential: (1) the inclusion of freight vehicles in the traffic mix,
(2) the use of varied measured wheel profiles, and (3) the adoption of the semi-Hertzian
contact model. Each of these factors broadened the simulated wear distribution across the
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railhead, resulting in a closer resemblance to the field measurements. Other parameters,
such as cant or increased suspension stiffness, mainly affected the magnitude of wear
rather than its distribution.

Paper C

Paper C extends the work of Paper A and Paper B by advancing the digital twin
framework for long-term railhead damage prediction in curves. The study combines
field measurements with the same numerical method as in Paper A, focusing on wear
and incorporating a semi-Hertzian contact model based on the results from Paper B.
In addition, it applies and extends the parametric analysis for the load collective from
Paper B to better represent the operational traffic.

In this study, eight field measurement occasions are available, capturing the gradual
material removal from wear and grinding over time. These measurements provide a more
detailed basis for validating the simulations. The accuracy of the predictions is improved
through an enhanced calibration procedure. Instead of relying on a single global wear
coefficient as in Paper A, the key coefficients in Jendel’s wear map [81] are identified
and calibrated. Since optimizing multiple coefficients would require many full simulations,
surrogate modeling combined with an optimization algorithm is used to efficiently explore
the parameter space. Latin Hypercube Sampling (LHS) [106] is used to generate training
data, from which surrogate functions are built to approximate the simulation response.
The appropriate simulation length (amount of traffic) and sample size are determined to
ensure reliable training data.

The enhanced calibration procedure significantly increases predictive accuracy compared
to Paper A, as reflected in the improved match between simulated and measured profile
change seen in Figure 5.2. The agreement is particularly strong at 10 MGT of traffic,
probably because the measurement data was used in the calibration. The model also
predicts the data for 20 MGT of traffic well, although that data was not used in the
calibration. This indicates that the calibrated parameters generalize well to higher traffic
volumes. Some discrepancies remain, such as the overestimated wear at the rail top, but
these are acceptable given the uncertainties associated with long-term damage prediction.
These uncertainties arise from unknown variations in traffic conditions, simplifications
in the modeling assumptions, and the limited accuracy of the measurement data itself.
This is evident upon comparing the relatively small discrepancies to the rather large
variation in measurements at different instances along the curved section shown in Figure
2.6. Overall, the calibration of the wear map yields a wear distribution that aligns more
closely with field data compared to Paper A. The proposed surrogate-based optimization
ensures computational efficiency, making the approach suitable for integration into a
digital twin framework.

Paper D

Paper D takes a first step towards developing a ROM for efficiently predicting evolving
railhead plasticity. The model focuses on the 3D elastic response of a railhead subjected

35



[ adif — meas — sim — Ah — As

0.2 0.2
E 0.15| 1 Eo015 |
E E
(] (]
on en
g 01f 1 E o1 i
Q Q
o o
= =
Q% 0.05 . Q% 0.05 .
0 | | | | | 0 |
=20 —10 0 10 20 30 40 =20 —10 0 10 20 30 40
y [mm] y [mm]
(a) 10 MGT (b) 20 MGT

Figure 5.2: Profile change for the optimized parameter set compared to measurements,
gauge corner to the right, at (a) 10 MGT and (b) 20 MGT. The shaded areas indicate the
difference between simulation and measurement aqig, while Ah and As illustrate the
vertical and horizontal differences.

to different contact scenarios. The study introduces a ROM framework based on the PGD
technique to retain the accuracy of a 3D simulation at almost 2D computational effort.

The methodology includes a domain decomposition of the 3D solid railhead, wherein a
2D in-plane cross-section and a one-dimensional out-of-plane discretization are treated as
parameters in the PGD approximation. This separation reduces the full 3D problem to
2D and 1D problems, thereby ensuring that the computational cost scales with the 2D
calculations while still capturing the fully resolved 3D stress state.

To account for different load scenarios in an efficient manner, the PGD framework is
extended by incorporating the semi-Hertzian STRIPES [49, 50] approach. STRIPES
is chosen since it showed promising results in Paper B. Furthermore, in comparison
to Hertzian contact, it provides greater separability and allows multiple simultaneous
contact points. The contact load is parameterized so that it can be included as additional
coordinates in the PGD formulation. In the implementation, the linearity of the elastic
problem is exploited by treating each strip in each loading direction as a separate PGD
expansion, with the out-of-plane width of the contact strip being incorporated as an
additional coordinate alongside the domain decomposition.

The proposed framework demonstrates high accuracy in predicting the 3D elastic
response of the railhead under various contact load scenarios using PGD, while maintaining
a computational complexity comparable to that of 2D simulations. This efficiency is
demonstrated in Figure 5.3, which compares the PGD solution with conventional 3D FE
analysis. The figures show significant reductions in CPU time and memory usage, while
achieving similar accuracy in displacements and stresses. Once the PGD solution has
been constructed offline for a wide range of load distributions, new contact scenarios can
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be evaluated almost instantly in the online phase by superimposing precomputed PGD
solutions. This facilitates efficient simulations across many load cases, thereby establishing
a foundation for extending the framework to elasto-plastic material behavior, as pursued
in Paper E.

Out-of-plane DOF =50 In-plane DOF Out-ofplane DOF 0™ 500 1 jlane DOF
(a) (b)

Figure 5.3: Comparisons of (a) CPU time and (b) memory usage between PGD and
conventional 3D FE simulations for different in-plane and out-of-plane discretizations.

Paper E

Paper E builds upon the work done in Paper D and presents a ROM framework
to efficiently predict evolving plasticity in a 3D railhead subjected to many wheel-rail
overrollings. This study aims to enhance the accuracy of earlier 2D FE elasto-plastic
simulations by switching to a 3D representation of the railhead, while maintaining
computational efficiency. This is imperative for integration into a digital twin framework,
wherein simulations must be both accurate and rapid to support long-term predictions of
railhead damage.

The methodology extends the PGD-based formulation introduced in Paper D to
incorporate elasto-plastic material behavior. The approach is structured around three
main components. First, under the assumption of steady-state conditions, a convective
coordinate system that follows the contact along the railhead is introduced. This trans-
forms the moving load into a stationary contact problem, making the material response
time-independent. The response can then be tracked along streamlines in the spatial
mesh, which enables parallelization across integration points in the railhead cross-section
and thereby accelerates the computation of plastic strain. Second, an iterative fixed-point
scheme is implemented to address the coupling between the displacement field and the
plastic strains. Third, the PGD framework with domain decomposition, as presented
in Paper D, is used to efficiently solve the 3D displacement field. Upon achieving
convergence, the process is repeated for subsequent overrollings.

Validation against full 3D FE simulations for different Hertzian contact load scenarios
shows that the ROM captures the displacement field for both a single overrolling and
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for multiple overrollings with high accuracy, as illustrated in Figure 5.4. It has been
demonstrated that convergence is achieved within only a few fixed-point iterations per
overrolling, resulting in a substantial increase in efficiency, estimated to be 63 times faster
than reference simulations. This efficiency is crucial for simulating accumulated plastic
deformation over many wheel passages, which would be computationally prohibitive with
conventional 3D FE models.

Beyond these results, the ROM framework offers a promising basis for integration into a
digital twin, where rapid yet accurate simulations are essential. Due to the fully resolved
3D stress and strain states, the simulations allow predicting the initiation and orientation
of RCF cracks in the future extension of the digital twin.
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Figure 5.4: Displacement field for multiple overrollings. (a) Norm of nodal
displacement vector of the permanent profile after each overrolling for the ROM and
reference solution. Norm of displacement field in the ROM solution after five overrollings.
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6. Conclusions and outlook

The overall goal of this thesis was to develop computationally efficient digital twins capable
of predicting long-term railhead damage in curved railway sections under operational traffic
conditions. To achieve this, the work was structured around two main objectives. First,
to develop and calibrate a numerical model for use in a digital twin framework. Second, to
improve computational efficiency through Reduced Order Modeling (ROM). The appended
papers collectively contribute to fulfilling these objectives and demonstrate the potential
of digital twins as data-informed decision support tools for railway maintenance.

Regarding the first objective, Paper A-Paper C established a numerical framework
for predicting long-term railhead damage. The framework combines MBD vehicle-track
simulations and railhead damage evolution, accounting for wear, plastic deformation, and
Rolling Contact Fatigue (RCF) initiation. The predictive accuracy of the model was
improved by calibrating against field data of railhead profiles. Paper A formulated the
workflow and demonstrated that, when calibrated with global parameters for the wear
coefficient and the material yield limit, the model can reproduce the average changes
in the geometry of the railhead. In Paper B, the influence of modeling choices related
to the formulation of the contact or parameters related to the track or vehicle was
highlighted. The findings indicated that adopting a semi-Hertzian contact model, using a
different set of measured wheel profiles, or including freight vehicles in the traffic scenario
resulted in improved prediction of the profile change distribution. Paper C introduced
a refined calibration procedure by combining surrogate modeling and optimization to
efficiently find optimal wear coefficients in Jendel’s wear map. This approach improved
the agreement with the measured profile change distribution. It is noteworthy that the
calibrated parameters demonstrated a high degree of generalization, extending beyond the
calibration interval to higher traffic levels. This verifies the model’s capability for reliable
railhead damage predictions. The collective contributions from these papers demonstrate
how continuous updates with measurements and systematic model calibration strengthen
the link between simulation and field data, thereby enhancing the predictive capability
required in a digital twin framework.

The second objective was addressed in Paper D-Paper E, where ROMs based on the
Proper Generalized Decomposition (PGD) method were developed. In Paper D, a PGD
formulation with domain decomposition and parametrized distributed contact load was
introduced to compute the 3D elastic response of the railhead under different contact load
scenarios. This approach yields a computational cost that is nearly equivalent to that
of a 2D model while maintaining the accuracy of a full 3D model. The framework was
extended in Paper E to account for elasto-plastic material, allowing efficient computation
of the evolution of plasticity for many passages of the wheel. The approach is comprised
of three distinct components. First, the transformation of the moving-load problem into a
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stationary problem is achieved by using a convective coordinate system under steady-state
assumptions. Secondly, the coupling between the displacement field and the plastic strains
is addressed by using an iterative scheme. Thirdly, the PGD framework developed in
Paper D is used to effectively solve the displacement field. The ROM was validated
against full 3D finite element simulations, which demonstrated substantial speedups while
maintaining high accuracy. These results demonstrate the ROMs capability to provide
the computational efficiency required for long-term damage predictions in digital twin
simulations.

At the same time, several challenges persist that present opportunities for future research.
To enhance the accuracy of long-term predictions, there is a need for improved field data,
including systematic information on cracks, precise records of material removed during
grinding, and more detailed descriptions of operational conditions. The ROM framework
should be implemented in the digital twin framework presented in Paper A-Paper C to
more accurately capture the evolution of plasticity in rails. In addition, it can also be
combined with an RCF criterion to enhance the predictive ability of crack initiation and
its direction, particularly now that the full multiaxial stress-strain history is predicted.
Furthermore, the current work is limited to the contact models available in either the
MBD simulation software or the Hertzian-inspired metamodel. For the ROM proposed
in Paper Paper E, and for all simulations of wear in Paper Paper A-Paper Paper
C, contact stresses are obtained directly for the contact models in the MBD simulations,
which do not account for inelastic response in the contact patch. Consequently, there is a
need for more accurate contact models that can account for inelastic material responses,
particularly in the tangential direction. One possible development would be to extend
the ROM so that it can serve as a contact model within an MBD simulation framework,
enabling computationally efficient analyses while capturing detailed geometric and material
effects.
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