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Abstract
This study uses a finite element method based simulation methodology for in-situ railhead repair welding to investigate how
welding process parameters impact the repaired rail quality. The methodology includes material modeling with cyclic plastic-
ity, phase transformations, transformation-induced plasticity, and multi-phase homogenization. The weld process modeling
includes a 3D heat transfer analysis and a 2D Generalized Plane Strain (GPS) mechanical analysis. The Heat source model
used in the thermal simulation is calibrated using measurements from a repair welding experiment. To assess the performance
of the repaired rail, mechanical rolling contact simulations are performed to estimate the risk of fatigue crack initiation. The
process parameter study is based on the Swedish stick-welding railhead repair procedure and focuses on factors affecting the
repair quality, such as preheating and operation temperature conditions as well as variations in repair geometry. Significant
findings highlight both the inherent robustness of the process and regions susceptible to parameter variations. Specifically, the
powerful final zig-zag weld passes provide effective resilience against variations in additional heating, and the start and end
stretches of the repair welding are the most susceptible to parameter variations. Chamfered and deeper cutout repair geome-
tries are found to be effective in mitigating adverse effects. In agreement with field observations, the simulations identify the
fusion zone of the base and weld filler material as the critical region of the repaired rail in operation. This is attributed to
the integrated effects of unfavorable microstructures, longitudinal tensile residual stresses from repair welding, and tensile
stresses during operational traffic loads.

Keywords Welding simulation · Railhead defect repair · Numerical simulations · Phase transformation · Residual stress ·
Over-rolling simulation

1 Introduction

In today’s railway networks, with intensified traffic, higher
speeds, and increased axle loads [1–3], rail surface wear
and damage are inevitable challenges. To meet these chal-
lenges, effective rail maintenance is essential for minimizing
interruptions in railway operations [4], with repair welding
playing an important role in restoring the rail surface quality
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in events of local damage [5]. Repair welding offers a cost-
efficient and more sustainable alternative to replacing entire
rail sections [6–8]. However, in terms of mechanical analysis
it has not yet been investigated to the same extent as welding
techniques for joining rail, such as flash butt welding, see,
e.g., [9–11], or aluminothermic (thermite) welding, see, e.g.,
[12–14]. This knowledge gap underscores the significance of
the detailed investigations into the process parameters gov-
erning of railhead repair welding presented in this study.

Several aspects of the mechanics at play in railway wheel-
rail contact are uniquely challenging due to both high contact
pressures [15–17] and the high number of loading cycles [18–
20], also due to extended timeframes and length scales, often
spanning decades over stretches of thousands of kilome-
ters. Consequences of maintenance decisions may, therefore,
manifest long after actions are taken, making the task of
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improving rail maintenance incredibly complex [21–23]. In
this context, continued investigation and improvement of the
existent numerical simulations enable both anticipation and
mitigation of potential rail surface damage before disastrous
consequences occur.

Numerical simulations, particularly finite element anal-
ysis, have long been valuable tools for understanding the
general welding process, enabling the prediction of residual
stresses and the assessment of microstructural transforma-
tions [24–26]. The application of these tools has, of course,
extended to many railway welding processes, providing
important insights into the residual stress field [27–29].
Moreover, rail welding simulations often incorporate over-
rolling simulations to evaluate the fatigue performance in
welded rail sections [30–33], a matter of utmost importance
considering that a significant proportion of rail fractures
occur in the vicinity of welds [34–36]. In this study, we,
therefore, extend the numerical tools for repair welding
established in previous works [37–39] to also include over-
rolling simulations and evaluation of fatigue crack initiation.

The research objective of the presented study is to investi-
gate how railhead repair welding process parameters impact
the quality of the repaired rail section. Hence, we present
a systematic process parameter study that investigates key
factors, including preheating conditions, the shape of the
railhead cutout, and the choice of filler material. The nov-
elty of this contribution compared to other railhead repair
welding simulations in the literature, see, e.g., [40–42], is
primarily the insight into how the different process param-
eters affect the quality of the repair and greater detail in
severalmodelling aspects. These aspects includemulti-phase
homogenization, accounting for cyclic hardening plastic-
ity, repair welding simulations using continuous addition
of filler material, empirically based post-repair over-rolling
simulations, and calibration of the weld torch heat-source.
Moreover, this study is specifically adapted to the stick-
welding railhead repair process employed in the Swedish
railway system. This adaptation is accomplished by con-
ducting a railhead repair welding experiment and subsequent
calibration of the simulation model based on experimental
measurements. The insights derived from this research have
the potential to improve the quality and effectiveness of in-
situ arc welding repairs on railheads, thereby contributing to
improved railway maintenance practices.

1.1 Present study

The present study is structured as follows; Sect. 2 describes
the in-situ railhead repair welding considered in this study,
providing an overview of the processes and techniques
involved. Section3 presents the material modelling and sim-
ulation methodology employed, highlighting the approaches
used to simulate the repair welding process. Section 4

addresses the critical issue of heat sourcemodelling accuracy
and presents a simple railhead repair welding experiment
designed to tune and adjust the heat sourcemodel by compar-
ing experimental measurements with phase transformation
simulation results. In Section 5, the tuned model is used
to simulate a complete railhead repair in accordance with
The Swedish Transport Administration’s regulations. Next,
in Section 6, we conduct a systematic study of the welding
process parameters and investigate how variations in these
parameters affect the railhead repair. Finally, in Section 7,
we evaluate the quality of the repaired rail by assessing its
mechanical performance under over-rolling conditions using
a multi-axial fatigue life assessment based on the Dang Van
stress.

2 The in-situ railhead repair welding process

In railway infrastructure maintenance, one of several imper-
atives is to ensure the structural robustness and longevity
of rail tracks. Discrete rail surfaces damage such as cracks,
squats, wheel-burns or other structural issues that could com-
promise rail integrity can be cost-efficiently repaired using
the in-situ railhead repairwelding process [6–8], as presented
in the current study. In accordance with the Swedish regu-
lations for stick-welding railhead repairs [43–45] (and also
European equivalent [46]), damaged sections of the railhead
are identified and removed, typically employing milling or
cutting techniques, to eliminate all the damaged material as
illustrated in Fig. 1. Importantly, the cut-out is done at a 45◦
angle with respect to both the vertical and axial direction.

Fig. 1 Illustration of railhead repair cutout, highlighting the cutout
angles
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The next step, prior to filling the cut-out gap with new mate-
rial, involves proper preparation for the welding process. The
preparation involves detaching adjacent sleepers and rais-
ing the rail to facilitate access to the repair area, ensuring a
clear path for thewelding process.Moreover, tominimize the
effects of intense temperature gradients during the welding
process, a propane torch is used to preheat the rail to a spec-
ified preheating temperature of 350◦C. The preheated area
includes the cutout section to be repaired and also extends
100mm to either side of the cutout. Next, skilled welders
execute the repair weld with precision, adhering to estab-
lished welding procedures and verification protocols. The
welding procedures include longitudinal weld passes along
the outer edges of the rail to build support ridges for the
succeeding higher power, zig-zag weld passes deposited in
between the outer support ridges. The chemical composition
of the weld filler material (ESAB OKWartrode 30 [47, 48])
and the R260 rail steel considered in this study is presented
in Table 1. To ensure optimal weld operating conditions, the
propane torch is used to reheat the rail cutout section to the
preheating temperature limit if the temperature falls below
the specified operating threshold of 300◦C during the weld-
ing procedure, before proceeding with the next weld passes.
Following welding, grinding is employed to remove excess
surface material and restore the railhead geometry. Finally, a
quality inspection is carried out to assess the weld’s integrity
and identify any surface or subsurface defects or irregularities
that may compromise rail safety [49]. This inspection con-
sists of non destructive testing; visual inspections and, based
on the weather conditions at the day of the repair, ultra-sonic
testing to identify potential subsurface porosities.

3 Simulationmethodology

This chapter presents the constitutive material model, the
simulation methodology of the repair welding and over-
rolling simulations, and the FE-models used in the simu-
lations.

3.1 Material model

Railhead repairs using arc welding subject the material to
multiple local heating cycles and the material will therefore

undergo multiple phase transformations. The temperature-
driven transformations considered are listed below. Note that
pearlite, bainite, and tempered martensite are referred to as
phases even though they are in fact microstructures:

1. Pearlite into austenite during heating
2. Austenite into martensite during high cooling rates
3. Austenite into pearlite and/or ferrite during cooling
4. Austenite into bainite for moderate cooling rates
5. Tempering of martensite and bainite during heating
6. Martensite into austenite during heating
7. Bainite into austenite during heating
8. Melting and solidification

Themodelling of the kinetics of the phase transformations
1 to 8 and how they occur during the cyclic heating in multi-
pass welding is described in detail in previous works [37–39]
and will here only be summarized briefly. The diffusive
transformations upon heating, (1,6 and 7) and upon cooling
(3 and 4) are modelled using the Johnson-Mehl-Avrami-
Kolmogorov (JMAK) equation [51, 52].Which describes the
decreasing volume fraction for a constant temperature. Vary-
ing temperatures is handled using Scheil’s additive rule [53,
54]. The displacive transformation of austinite into marten-
site during rapid cooling is modelled by using the purely
temperature-dependent Koistinen-Marburger equation [55].
Melting and solidification phase transformations are mod-
eled by linear development of a liquid-like phase. Note that
temperature limits for melting and solidification are set to
temperature levels below the physical melting temperature,
1200◦C and 1500◦C, respectively. Whereby the simulated
liquid-like phase serves as a mechanical simulation cut-off at
high temperatures. Finally, thematerial data used in the study,
i.e., continuous cooling temperature diagrams and austeniti-
zation diagrams, is obtained from JmatPro [56].

To achieve a physically realistic behavior during themulti-
phase stages of the welding process, it is necessary for a
softer phase to be capable of undergoing plastic deformation
while a stiffer phase simultaneously exhibits elastic behavior.
We obtain this constitutive behavior using a self-consistent
homogenization method [38] where the constitutive mod-
els of the individual phases are run in parallel. This method
employs an analytically based, incremental strain-driven
algorithm [57]. In each time increment, both the global

Table 1 Chemical composition of R260 rail steel [50] and weld filler material ESAB OK30 Weartrode [48]

C Mn Si P Mo S Cr Al V Fe

R260 060−0.82 0.65−1.25 0.16−0.60 ≤0.03 ≤ 0.08 ≤0.03 ≤0.15 ≤0.004 ≤0.03 bal.

Weartrode 0.1 0.7 0.7 − − − 3.2 − − bal.
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strain increment and temperature are given, with temper-
ature assumed to be uniform across all phases. Material
states from the previous time increment, along with homog-
enized strain and stress, are also considered as given inputs.
Using this data, the homogenization framework calculates
strain increments of each individual phase, using a fourth-
order concentration tensor. This tensor is computed using
the global algorithmic stiffness tensor, each phase’s indi-
vidual algorithmic stiffness tensor, and the Eshelby tensor
through a fixed-point iteration scheme [58, 59]. Based on the
strain increments of the individual phases, their respective
stresses and stiffness tensors are computed and the overall
homogenized stress and stiffness tensor for the current time
increment is determined again using the volume fractions and
concentration tensors.

The constitutive model used for each phase can be
described, in short, by its small strain additive decompo-
sition of the total strain. The total strain is assumed to
be constructed by six strain components; elastic, plastic,
thermal, transformation, transformation-induced plasticity
(TRIP), and discretized annealing. The elastic strain gov-
erns the stress, and we assume linear isotropic elasticity by
applying Hooke’s law. For the plastic strain of each phase,
we employ a Chaboche plasticity model, as proposed in,
e.g., [60], including the von Mises yield function, non-linear
isotropic and kinematic hardening. Thermal expansion and
transformation strains are considered isotropic due to vol-
ume changes during heating and phase transformations. The
latter is determined by phase densities and the conservation
of mass. TRIP strain arises from phase transformation under
applied stress, with the underlying physics described in, e.g.,
[61–63]. We allow for TRIP during the transformation of
austenite into martensite or bainite, adopting the formulation
proposed by LeBlond [64, 65]. The importance of capturing
virgin state recovery during melting and solidification is well
documented, see, e.g., [66]. Therefore, we reset the plastic
strains, hardening, and load history effects using a numeri-
cally discretized annealing strain component to ensure that
the material solidifies into a stress-free virgin material state.

During the railhead repair considered in this study, a single
material point may repeatedly undergo several of the listed
phase transformations. This is due to the multi-pass, multi-
layer welding process inherent in the repair process, which
subjects the material point to multiple heat cycles, for which
the cooling rates can vary significantly. We have demon-
strated this effect, and transient development of stresses
during welding for a simplified welding example (plate butt
welding) in a previous work [39].

3.2 Repair welding simulation

We employ a computationally efficient simulation method-
ology presented in a previous work [39]. In essence, this

methodology decouples the thermo-mechanical finite ele-
ment analysis into a transient thermal analysis and a quasi-
static mechanical analysis. The temperature field obtained
from the thermal analysis is used as input for the mechanical
analysis, in which the temperature field drives metallurgi-
cal processes and thermal expansions, which, in conjunction
with mechanical loading, governs the mechanical response.

The thermal analysis entails a 3D, full-scale simulation
of the repair weld process, incorporating a moving double
ellipsoid heat source, as described by Goldak et al. [67, 68],
to represent the specific heat flux input. The heat source is
presented in the following equation and is implemented in
Abaqus [69] by a user-defined subroutine:

q(x, y, z) = 6
√
3 fi Q0

abcπ
√

π
e−3

(
(x/a)2+(y/b)2+(z/ci )2

)
(1)

The power Q0 and traversing speed of the heat source are
adjusted tomatch themeasured values from the experimental
welding procedure, with the power computed based on cur-
rent and voltage (Q0 = V I ). The dimension parameters of
the heat source, a, b, and c, are fine-tuned to ensure that the
area of the simulated phase-transformed regions correlates
with experimental measurements. Moreover, the heat input
front and rear fractions fi are set to fi = f f = 0.6 for the
front section and fi = fr = 1.4 for the trailing section. Dur-
ing the simulation, filler material is continuously added using
the quiet element approach [70–72]. This method activates
individual filler elements as the moving heat source passes
the element.

Compared to the thermal analysis, themechanical analysis
typically involves higher computational costs. However, by
adopting the aforementioned simulation methodology [39],
we circumvent this issue. In this methodology, the mechan-
ical analysis utilizes a 2D Generalized Plane Strain (GPS)
model of the rail cross-section, using Abaqus’ CPEG ele-
ments [69], which assumes that the 2D cross-section has
constant curvature with respect to the out-of-plane, axial
direction and lies between two rigid bounding planes. More-
over, the modelling is extended to account for the rail’s
out-of-plane axial and bending stiffnesses. The stiffnesses,
assigned to the bounding planes, are verified by beam theory
and allow for precise modelling of the out-of-plane stress
component. Specifically, for the cross-section under con-
sideration, our methodology has demonstrated the ability
to replicate results obtained from the more computationally
intensive 3D model [39], while also aligning closely with
repair welding residual stress measurements [42]. Addition-
ally, the simulation methodology has been further verified by
comparing it with surface residual stress measurements on
laser-heated railway steel samples [73].
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3.3 Over-rolling simulation

Post-repair over-rolling simulations are carried out to study
themechanical performance of the repaired rail section using
the crack initiation criterion of Dang Van to estimate the
multiaxial fatigue initiation limit. The over-rolling simula-
tion setup uses parts of the multi-step over-rolling simulation
methodology presented in [74], called over-rolling method-
ology in the following.

The over-rolling methodology was originally designed to
predict the long-term degradation of rail profiles in cross-
ings due to mixed traffic conditions, taking into account
various factors like contact forces, wear, and plastic deforma-
tions. In short, the methodology consists of a set of iterative
and multidisciplinary simulations and analyses; full-scale
dynamic vehicle-track interaction simulations using field
measurement load sequences, involving multiple vehicles
and repetitions, provide contact load inputs for subsequent
FE simulations. The FE simulations are carried out in 2D,
where the transition from 3D to 2D is accomplished by
adjusting the 2D model to preserve the maximum von Mises
stress of the 3D contact simulations. The 3D contact results
are obtained from a metamodel [75] that is trained against
3D normal contact FE-simulation results. Lastly, predictions
of accumulated plastic deformation and wear from the 2D
simulations are used to update the dynamic vehicle-track
interaction simulation before each new iteration.

We use one iteration of the over-rolling methodology,
starting from field measurements to deriving the 2D equiv-
alent over-rolling loading sequence. To elaborate, for the
conversion of quasi-static 3D contact loads to the 2D GPD
model is done by scaling the boundary load per unit length
of the 2D model individually to match the maximum von
Mises stress of the 2D over-rolling simulation to the 3D
over-rolling simulation. The scaling factors are computed a-
priori and implemented through the force equilibrium in the
element assembly of the FE-solver. Furthermore, the load
sequence is based on 483 wheel passage field measurements
from a curved rail section along the Western mainline in
Sweden, between Nyckelsjön and Sparreholm, and consists
90% passenger trains with axle loads varying from 11.7 to
21.0 tonnes, and 10% freight trainswith 22.5 tonnes axle load
[76]. The sequence is repeated several times to generate mul-
tiple thousands of over-rolling wheel passages. In contrast to
the over-rolling methodology, this repetition is done without
regenerating the load sequence. Therefore, the effect of pos-
sible wear and contact position variations in successive load
sequences is not accounted for. Lastly, it should be noted that
the curved rail section considered is especially suited for the
2D GPD model implementation as only transverse traction
loads can be accounted for in the simulations. The transverse
traction load applied varies between 5 and 10% of the normal
load.

The effect of repair welding residual stress redistribution
during over-rolling operational loads is estimated using the
DangVan stress fatigue criterion [77]. Thismultiaxial fatigue
criterion is used to assess the risk of fatigue crack initiation
in materials subjected to complex stress conditions in elastic
shakedownconditions. The probability of crack initiation due
to material slip bands and opening of existing micro-cracks
is estimated based on the hydrostatic stress and the shear
stress “amplitude” (the deviation from the mid-value during
a stress cycle) on a critical shear plane. Conveniently, the
criterion does not rely on a predetermined critical shear plane
but instead examines the fulfillment of the criterion for all
possible shear planes. Therefore, it has a reputable history of
use in fatigue analysis of railway welding applications [41,
78, 79], particularly in situations of rotating principal stresses
and multiaxial stresses. During the time of a full-load cycle,
fatigue crack initiation is expected if the following inequality
is fulfilled:

σeq,DV(t) = τTr,a(t) + 〈cDVσh(t)〉 > τe (2)

where σh is the hydrostatic stress, cDV a non-dimensional
material constant (cDV = 1/3 REF), 〈•〉 Macaulay brack-
ets, and τTr,a the Tresca shear stress “amplitude” computed
using the maximum and minimum principal stresses of the
deviatoric stress tensor “amplitude,” σdev,a,I and σdev,a,III:

τTr,a(t) = 1

2

(
σdev,a,I − σdev,a,III

)
(3)

3.4 FE-model of rail geometry

The FE-models used for the simulations are based on a rail of
European rail profile 60E1 [50]. Figures2 and 3 present the
3D model used in the heat transfer analysis and the 2D GPD
models [39] used in the mechanical analysis. Three cross-
sections are considered in the study; cross-section 1 through
the center of the repaired rail section, cross-section 2 through
the chamfered section, and cross-section 3 through the start
of the cut-out. It is important to note that, despite the 2D
assumption being less accurate in cross-sections 2 and 3, a
simple comparison of 2D and 3D mechanical response (in
simulations without phase transformations) shows how local
effects and general trends are captured, with reasonably good
agreement. In the 3D model, the mesh of the weld layers and
HAZ in the regions adjacent to the 2D cross-sections consid-
ered in the mechanical analysis has a characteristic element
length of approximately 0.25 mm. Whereas in the far field
regions, both in the cross-section and in the axial direction,
the mesh gets gradually coarser to minimize computational
cost. For the 2D GPD models, the mesh has the same char-
acteristic element length of approximately 0.25 mm for the
weld layers and HAZ, and a gradually coarser mesh for the
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Fig. 2 a 3D FE-model used in
the heat transfer analysis, b
railhead repair highlight, and c
railhead damaged section
cut-out highlight. The
distinctive colors represents the
different longitudinal and
zig-zag weld passes

far field regions in the rail web and rail foot. An important
consideration in determining the chosen element length is the
necessity to resolve temperature gradients to a degree such
that resulting regions with local phase transformations span
multiple elements.

Figure2c illustrates the cutout of the railhead which is
to be repaired, in accordance with the Swedish regulatory
railhead stick weld repair procedure as outlined in Sect. 2.
The cutout has a depth of 10mm, measures 40mm at the
shorter edge and 180mm at the longer edge. The distinc-
tive colors in Fig. 3b correspond to individual weld passes,
with five longitudinal passes at each edge to create the outer
ridges and two zig-zag passes to fill the gap between the
ridges. The longitudinal weld passes start at cross-section 3

andmove in the direction toward cross-section 1, whereas the
final zig-zag weld passes start in the opposite end. Note that
the top layers include 2mm of excess filler material which
is removed by correcting grinding after the repair process.
However, the simulations do not model the full effect of this
grinding explicitly but remove these elements using the quiet
element approach. Therefore, possible heating effects during
grinding are not accounted for, only stress redistributions due
to element removal.

When simulating the experimental procedure to calibrate
the welding heat source, the FE model is set-up to replicate
the experiment using simple image correlation. 2D coordi-
nates are extracted from images of the repaired rail and used
to reproduce the overall shape of the added weld material in

Fig. 3 a 2D FE-model used in the heat transfer analysis, b railhead repair highlight, and c the three cross sections investigated in 2D mechanical
analyses. In a and b, the distinctive colors represent the different longitudinal and zig-zag weld passes of the two weld layers
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the FEmodel. For the 3Dmodel, this shape is extracted in the
axial direction to construct the repaired section of the rail.

The simulations of the experimental procedure and the
complete railhead repair welding use the same boundary
conditions; In the thermal analyses, radiation and convec-
tive boundary conditions are applied to the surface of the
rail. While in the mechanical analyses, only the master node
of the 2D GPD model’s element formulation is constrained
in the weld simulations and the bottom nodes of the rail foot
during the over-rolling simulations.

4 Railhead repair welding experiment

It is well known that in computational welding mechanics
(CWM), the accuracy of the heat input modeling governs
the fidelity of the simulation outcome [80–82]. To address
this issue, this chapter presents a simple railhead repair weld
experiment, used to tune and adjust the heat source modeling
by comparing experimental measurements and simulation
results.

4.1 Experiment procedure

The experiment and its equivalent FE-model are illustrated
in Fig. 4. Note that this is a simplified surface repair weld
procedure used only for FE-model tuning and verification
purposes. For example, no damaged material is removed,
and the repair welding is performed at the edge of the rail
specimen and not at the center. However, the experiment is
otherwise carried out in accordance with the Swedish regula-
tory railhead stick weld repair procedure outlined in Sect. 2,
including thorough surface preparation, preheating of the
specimen, and operating temperature monitoring. The weld
procedure consists of a series of 16 weld passes; 15 vertically
stacked, longitudinal weld passes to the rail corner, followed
by a final zig-zag weld pass on the horizontal, top surface,

covering half of its width. These weld passes are illustrated
by different colors in Fig. 4d. Specific parameters for each
weld pass, such as current, voltage, and traversing speed,
were recorded and are presented in Table 2. The recorded
values align with recommendations found in literature, e.g.,
[83]. Moreover, it should be mentioned that the experiment
bares significant resemblances to the repair procedure of a
worn, or damaged, railway switch frog.

Throughout the welding procedure, the surface tempera-
ture was monitored with a laser thermometer. To maintain
the desired operating temperature, reheating was performed
at the end of every fifth weld pass. Once the welding proce-
dure was completed, the specimen was left to cool naturally,
without the application of any forced cooling.

4.2 FE-simulation

The experimental procedure was replicated in an simulation
using the FE model illustrated in Fig. 4. The basic aspects
of the FE model setup have been presented in Sect. 3.4. In
the simulation of the experimental procedure, the preheating
process was implemented by applying a surface heat flux of
60 kW/m2 to the preheated surface for a duration of 500s. For
the succeedingweldpasses, the power and traversing speedof
the moving heat source were set to match the values recorded
during the experiment, see in Table 2. These parameters
are considered as fixed inputs in the heat source calibra-
tion. Whereas the dimensional parameters of the heat source
were manually fine-tuned to ensure the simulation accu-
rately produced phases transformed regions consistent with
the hardness measurements provided in Sect. 4.4. The final
heat source dimensional parameter values, i.e., a, b, ci = c f

and ci = cr in Eq.1, were set such that its width (2a) and
depth (b) correspond to thewidth and height of theweld bead,
and its front and trailing extent to 1/2 and 3/4 of the bead
width. The heat source starting point in each weld pass was
set at the end of the rail specimen and at the center of each

Fig. 4 a experimental rail surface repair welding setup, b FE-model of experimental setup, c cross-section of repaired rail, and d FE-model of
cross-section with different colors illustrating the 16 weld passes. The total length of the rail is 660mm while the length of repaired section is
220mm
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Table 2 Welding process parameters during rail surface repair process

Weld pass 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Time [s] 20 22 28 32 35 44 48 53 49 55 56 49 53 58 44 247

Current [A] 166 166 166 166 166 166 166 166 166 166 166 166 166 166 166 210

Voltage [V] 29 29 29 29 29 25 25 25 25 25 25 25 25 25 25 25

Speed [mm/s] 11.0 10.0 7.9 6.9 6.3 5.0 4.6 4.2 4.5 4.0 3.9 4.5 4.2 3.8 5.0 4.4

weld bead cross-section. Importantly, the heat source double
ellipsoid was rotated such that its vertical axis is aligned with
the direction of the rail surface normal for each weld pass.
The rotation of the heat source can be interpreted as the weld
stick being orthogonal to the surface. Furthermore, the heat
input efficiency was set to 80% for the phase transformations
of the experiment and simulation correlate. This value agrees
with high-efficiency arc welding power sources as suggested
by, e.g., [84].

Acknowledging the practical need to reposition the weld
torch and remove slag between each successive weld pass,
a 30 s wait was introduced between each weld pass as well
as before and after the reheating procedures. The reheating
was simulated identically to the preheating method but was
applied for a duration of one minute, to attain the specified
preheating temperature of 350 °C and thus ensuring that a
satisfactory operating temperature is maintained. The final
top surfaceweld layerwas simulated by 47 transverse zig-zag
weld passes. Furthermore, the simulation accounted for the
effects of natural surface convection and surface radiation.
The final cooling step of the simulation was terminated once
the simulation reached a steady-state condition.

4.3 Measurement procedure and equipment

In order to assess themechanical properties and themicrostruc-
ture of the repair-welded railhead, a series of experimen-

tal measurements were conducted. Vickers hardness (HV)
indentation measurements were performed on the entire
cross-sectional surface of the railhead. These measurements
were carried out using a 1kg indentation weight in a Struers
Emcotest DuraScan 70 G5 hardness tester. Samples for
microscopy were prepared by mechanically polishing with a
diamond solution and then etched with a 3% Nital solution
(HNO3 in ethanol). The prepared samples were examined
using a Zeiss Axioscope 7 microscope with Zen Core 2.7
software.

4.4 Experimental measurements and simulation
results

Figure5a and b present the results from the indentation
hardness measurements of the repair-welded railhead and
micrograph images highlighting theHAZ, respectively. From
the results, the outline of the HAZ can clearly be identi-
fied by the texture transition highlighted in Fig. 5b and by
the significant increase in hardness and, suggesting that the
microstructure has undergone phase transformations. Simi-
lar hardness values are presented by Popovic et al. [85] for
bainitic microstructure resulting from railhead repair weld-
ing. Moreover, Fig. 5a also illustrates the three calibration
paths used to compare the experimental results and the sim-

Fig. 5 a hardness measurements [HV] and illustration of paths used for FE-model heat source calibrations. b micrograph images highlighting the
HAZ of the repaired rail corner. c simulation results of the rail surface repair welding experiment material phases
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ulation results. The hardness results along these paths are
plotted in Fig. 6, where volume fraction simulation results
are also presented.

In Fig. 6, the HAZ is easily distinguishable due to devi-
ations from the initial state of the material in terms of both
hardness and phase volume fractions. The nominal hardness
of the pearlitic R260 railmaterial is 260HV.Within theHAZ,
the measurements indicate an increase in hardness and the
simulation results predict a multi-phase microstructure. Fur-
thermore, Fig. 6 demonstrates a good correlation between the
simulation and experimental results regarding the size of the
areas that have undergone phase transformations. This indi-
cates a satisfactory calibration of the heat source.

The FE-simulation of the welding experiment gives the
final fields of the material phases as shown in Fig. 5c. The
color scheme used to illustrate the material phases primarily
shows which phase that is dominating. For instance, the pre-
dicted phase fractions at highlight 1a are approximately 7/10
martensite, 1/5 retained austenite, and 1/10 bainite. More
detailed information about the phase fractions along the cal-
ibration paths is given in Fig. 6.

5 Repair welding— regulatory procedure

5.1 FE-simulation set-up

The Swedish railhead stick weld repair procedure, approved
by the Swedish Transport Administration as outlined in
Sect. 2, is simulated using the FE-model presented in Sect. 3
and the welding heat source established in Sect. 4. Specif-
ically, the initial longitudinal weld passes, which create
supporting ridges for the final zig-zag weld passes, are simu-
lated using the welding process parameters of the first 3 weld
passes of the experimental procedure, as shown in Table 2.
The final zig-zag passes, used to fill the gap between the
ridges, are simulated similarly to the top surface weld pass
in the experiment, i.e., using the parameters of weld pass 16
in Table 2.

5.2 Simulation results

Figure7 presents simulation results from the reference case
in three columns and two rows. Each column corresponds

Fig. 6 Hardness measurements [HV] and simulated volume fractions [-] plotted along the calibration paths defined in Fig. 5a: a along red square-
marked line, b along orange triangle-marked line, and c along blue circle-marked line
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Fig. 7 Reference case simulation results. First row: phase volume frac-
tion illustrations; red, martensite; white, austenite; blue, pearlite; green,
temperedmartensite and/or bainite; yellow, melt; and grey, bainite. Sec-

ond row: longitudinal residual stress fields. First column: cross-section
1. Second column: cross-section 2. Third column: cross-section 3.High-
lights are explained in the Section 5.2

to one of the 2D cross-sections defined in Fig. 3c. The first
row provides rudimentary illustrations of the phases obtained
after the repair welding, while the second row presents the
longitudinal stress component of the residual stress field.
Investigating these results, it is evident that for cross-section
1, the substantial heat input from the zig-zag weld passes
results in slow cooling rates, facilitating pearlite formation
in both the filler material and melted base material (highlight
1a). Consequently, the residual stress in this region is rela-
tively low (highlight 1c). However, it should be noted that
by using the weld filler material presented in Table 1, the
resulting microstructure (highlight 1a) is not a fully pearlitic
microstructure. The lower carbon content produces a ferritic-
pearlitic microstructure. For illustrative simplicity, this is not
presented in Fig. 7, moreover, it is also deemed to have minor
effects for the presented residual stress state. Moreover, in
the adjacent HAZ (highlight 1b) of the R260 base mate-
rial, the predicted material phase is a mix of pearlite and
bainite, adding to the tensile residual stresses in this region
(highlight 1d). The general profile of themaximum longitudi-
nal residual tensile stresses occurring some distance beneath
the surface aligns with experimental [42] and numerical [41]
findings in the literature.

Furthermore, the chamfer of the cutout leads to shorter zig-
zag weld passes at the start and end stretches of the repair rail
compared to the full rail width of cross-section 1. As cross-
section 2, see Fig. 3c, cuts through the chamfered section
only half of the cross-sectionwill be subjected to repair weld-
ing, visible by the excess filler material (highlight 1a). This
results in less heat input and faster cooling rates, resulting in a
fully bainitic microstructure (highlight 2b) and tensile resid-

ual stresses (highlight 2d). Additionally, it also results in a
small bandwith somemartensite content (highlight 2c)which
consequently produces compressive stresses (highlight 2e).
The width of the martensic band is 1mm, which with the fine
mesh resolution constitutes 4 elements in width.

In the case of cross-section 3, the material does not
reach melting temperatures; however, the austenization tem-
perature is reached in the uppermost corner of the rail
cross-section. This region then experiences cooling rates
rapid enough for bainitic transformations (highlighted in
3a). The heating and phase transformations of this region
cause tensile residual stresses (highlight 3b). Note that the
phase transformations occur during initial, longitudinal sup-
port ridgeweld passes and not during the zig-zagweld passes.

The distinct stress gradients, evident in all residual stress
plots presented in Fig. 7, e.g., between highlights 1c and 1d,
can be partially attributed to the mechanical properties of
the filler material applied to all previously molten material.
Whereas, the primary contributor to these gradients is the
annealing discretization effect resulting from the simulated
virgin material state during solidification, as described in
Sect. 3.1. This modeling results in a significant difference
in material hardening and thermal contraction for the molten
and unmolten regions. Considering the stress gradients, it is
important to note that the presented stress fields utilize the
nodal average of stresses calculated at adjacent integration
points, providing a continuous and smoothed stress represen-
tation.

When comparing repair welding to thermite or flash butt
rail welds, the difference in thermal load profiles produces
notably different residual stress states within the rail. For
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the repair welding process, the asymmetric concentration of
heat in the upper section of the rail causes stronger ther-
mal contraction in the railhead compared to the rail web and
rail foot, resulting in the residual stress state presented in
Fig. 7. In contrast, thermite welding and flash butt welding
uniformly subject the entire cross-section to thermal load,
resulting in a more homogeneous thermal contraction. These
procedures typically produce compressive stresses in the rail-
head and rail foot, counterbalanced by tensile stresses in the
rail web, c.f. [9, 14]. Consequently, the mechanical perfor-
mance of repair welding requires considerations in railway
operation and maintenance. Reports and failure analyses of
rail fractures in the field identify the interface between weld
filler material and rail base material as particularly critical
for fatigue crack initiation [86]. As an example, Fig. 8 shows
a fractured rail where beach marks indicate that the fatigue
crack was initiated in the fusion zone of the shallow rail sur-
face repair weld (highlight 1). The fusion zone being the
critical region can also be identified from the results pre-
sented in Fig. 7, in terms of concentrations of both tensile
residual stresses and more brittle material phases.

6 Repair welding—process parameter study

6.1 Preliminaries

The quality of in-situ welded railhead repairs is believed to
be significantly influenced by temperature gradients through-
out the welding procedure, which are dictated by the overall
temperature distribution during the repair process. The pre-
heating temperature limit, the minimum allowed operating
temperature, and repair geometry are the primary factors

Fig. 8 Fractured rail with a shallow surface repair weld. Highlight 1
roughly indicates the surface repair weld [86]

influencing the temperature distribution in the repair weld-
ing process. Therefore, to demonstrate the value of numerical
simulation tools in enhancing railhead repair welding proce-
dures, this study presents a process parameter study with
two primary focuses: variations in preheating and in-process
reheating conditions, and variations in the geometry of the
repair. Additionally, a change of weld filler material is also
taken into consideration.

Motivating our primary focuses, firstly, the operating tem-
perature is crucial due to its susceptibility to unintended
variations caused by operator errors or changing of weather
conditions. In addition, there is a necessity to investigate the
relationship between regulatory temperature limits for pre-
and reheating and the temperature intervals for phase trans-
formations of thematerial, particularly themartensite starting
temperature. Secondly, variations in repair geometry affect
both the total heat input and its distribution during the repair
process and are consequently important for the repaired rail’s
quality. While the geometry of the repair is dictated by weld-
ing specifications and is likely less susceptible to unintended
variations, this study explores variations to assess sensitiv-
ity to geometry variations and potential improvements.While
welding parameters such as voltage, current, and torch direc-
tions are important, this study treats them as fixed due to their
inherent stability against unintended variations.

Furthermore, the mechanical and metallurgical properties
of the filler material used in the repair process will have a
significant effect on the resulting phase transformations and
final mechanical performance of the repaired rail. To illus-
trate this, an additional simulation is performedusing thebase
material, i.e., R260 rail steel, as the simulated filler material.

Finally, to assess themechanical implications of variations
in pre- and reheating, as well as in cut-out geometry, we use
the simulation of on the regulatory repair welding procedure,
presented in Sect. 5, as a reference. This allows for the iden-
tification of the effects of alterations to the parameters of the
repair welding process. As will be discussed in the follow-
ing sections, only the most critical of the three cross-sections
will be considered in the parameter study.

6.2 Process parameter variations

Four variations in pre- and reheating temperature limits are
examined, as outlined in Table 3. The table presents the con-
sidered initial rail temperatures and the temperature limits.
The presented cases span a range of scenarios, starting with
case 1, a simulation using no pre- or reheating. For case 2,
the temperature limits for pre- and reheating are increased
by 100◦C. Next, case 3 represents a worst-case scenario in
accordancewith governing regulations. This scenario consid-
ers theminimumallowable ambient rail temperature of -10◦C
and themaximum permissible measurement equipment error
of ±5◦C. Lastly, case 4 includes a postheating step, identi-
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Table 3 Temperature limits for pre- and postheating and environmental
temperatures considered in the repair welding simulations

Case Temperature limits [°C]
Rail Preheat Reheat Postheat

Ref. 20 350 300 none

1 20 none none none

2 20 450 400 none

3 −15 350 300 none

4 20 350 300 350

cal to the preheating procedure, after the final zig-zag weld
passes are completed.

Table 4 presents the three variations of the geometry of the
railhead repair weld considered in this study, where unmen-
tioned aspects remain unchanged. The first, case 5, involves a
more shallow 5mm cut-out, resulting in a single layer repair
weld. The second, case 6, considers a rectangular cutout (i.e.,
90◦ cutout angles inFig. 1)with a depth of 10mmanda length
of 100mm. The third geometry variation, case 7, involves a
(chamfered) cutout, 100mm longer than the reference case.
For case 8, the metallurgical properties of the filler material
are set to match those of the R260 rail base material. It is
important to note that this case, while perhaps less realistic,
is investigated solely to explore the effect of the choice of
weld filler material.

6.2.1 Heating variation simulations

Examining the simulation results for cross-section 1 in cases
1 to 4 reveals a noteworthy finding: the different surface heat-
ing conditions have minimal impact on the resulting phase
transformations. For this cross-section, the heat input from
the zig-zag weld passes is consistently sufficient for gener-
ating slow cooling rates and a fully pearlitic material. This
insensitivity to pre- and postheating conditions suggests a
reassuring robustness of this repair welding procedure. The
same insensitivity and robustness were observed for cross-
section 3. However, in contrast, for cross-section 2 the results
are affected by different surface heating conditions. Similar

Table 4 Repair geometry and weld filler material variations considered
in the repair welding simulations

Case Geometry variations [mm] Filler
Cut out depth Cut out length material

Ref 10 35 / 175 Weartrode

5 5 35 / 175 Weartrode

6 10 100 (no chamfers) Weartrode

7 10 135 / 275 Weartrode

8 10 35 / 175 R260

results were obtained by [40], where high preheating gave
negligible effect on final cooling rates, and a martensitic-
bainitic microstructure was observed at the start and end
stretches of the repairwelding.The followingdiscussionwill,
therefore, focus on cross-section 2, for which the results are
shown in Fig. 9.

The first column of Fig. 9 presents case 1, where pre-
and reheating were disregarded. This resulted in a pre-
dicted multi-phase state of approximately 1/5 martensite and
4/5 bainite (highlight 1a), with the lower martensite den-
sity leading to compressive residual stresses (highlight 1d).
The simulation also revealed that omitting preheating led
to martensite transformations for initial support ridge weld
passes, subsequently tempered by the more powerful, sub-
sequent zig-zag weld passes (highlight 1c and 1f). As in the
reference case, a small band with martensite content (high-
light 1b) with associated compressive stresses (highlight 1e)
is obtained. This small band of martensite persists in varying
degrees for all heating variations (highlights 2b, 3b, 4b, 2d,
3d, and 4d).

The results from case 2, presented in the second column of
Fig. 9, demonstrate that elevating the operating temperature
limits produced a fully bainitic material state (highlight 2a),
similar to the reference case. Also, slower cooling rates and
prolonged transformations in adjacent weld passes lead to
slightly lower tensile stresses compared to the reference case
and case 1 (highlight 2c).

The third column of Fig. 9 presents simulation results
for the coldest allowable environmental conditions, case 3.
These environmental conditions cause faster cooling rates;
however, the prolonged phase transformations of the filler
material still produce a fully bainiticmaterial state (highlights
3a). Interestingly, the faster cooling rates produce lower ten-
sile residual stresses at the rail surface (highlight 3c) and
similar tensile stresses in the first zig-zag weld pass (high-
light 3e).

Simulation results of case 4,where post-repair heatingwas
applied, are presented in the fourth column of Fig. 9. Here, it
is seen how the phases closely resemble the increased oper-
ating temperature case, case 2. In other words, a slower and
more uniform cooling rate generates a fully bainitic material
(highlight 4a). However, the tensile residual stresses become
slightly higher in magnitude (highlight 4c), and the compres-
sive stresses are slightly lower in the band with martensite
content (highlight 4d). Finally, note that the critical region, in
terms of both unfavorable microstructures and harmful stress
states, for all four cases is located some distance beneath the
rail surface.

6.2.2 Geometric variation simulations

The simulation results obtained for the repair geometry vari-
ations in cross-section 1 showed a minor impact on the
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Fig. 9 Simulation results form cross-section 2. First row: phase vol-
ume fraction illustration; red,martensite;white, austenite; blue, pearlite;
green, tempered martensite and/or bainite; yellow, melt; and grey, bai-
nite. Second row: longitudinal residual stress field. First column: Case

1, no preheating. Second column: Case 2, higher operating tempera-
ture. Third column: Case 3, cold conditions. Forth column: Case 4,
postheating. Highlights are explained in the Section 6.2.1

resulting phase transformations and residual stress. As for the
pre- and post-heating variations for the same cross-section,
the substantial heat input from the powerful zig-zag weld
passes causes slow cooling rates, resulting in a fully pearlitic
material for cases 5, 6, and 7. This robust trend was consis-
tently observed in cross-section 3. In contrast, cross-section
2 exhibited greater sensitivity to changes in repair geometry
by influencing the heat input and cooling rates and, conse-
quently, affecting both phase transformations and residual
stress states. Therefore, also the following discussions will
focus on the results obtained for cross-section 2, illustrated
by the simulation results presented in Fig. 10 with the cases
5 to 8 presented in separate columns.

The outcomes of case 5, simulating a shallower, 5mm
cutout, are presented in the first column. Here, the previously
moltenmaterial obtains amulti-phasematerial state compris-
ing approximately 1/10martensite and9/10bainite (highlight
1a). Furthermore, the surrounding non-molten area exhibits
a mix of approximately 3/10 martensite, 6/10 bainite, and
1/10 pearlite (highlight 1b), as a result of more rapid cool-
ing rates. The lower density of martensite is evident by the
compressive residual stresses (highlight 1d) and the tensile
stresses of the previously molten material (highlight 1c).

The second column of Fig. 10 presents the results the rect-
angular railhead cutout simulation in case 6. The results
presented show how similar to the chamfered railhead

Fig. 10 Simulation results form cross-section 2. First row: phase vol-
ume fraction illustration; red,martensite;white, austenite; blue, pearlite;
green, tempered martensite and/or bainite; yellow, melt; and grey, bai-
nite. Second row: longitudinal residual stress field. First column: Case

5, shallow cut-out. Second column: Case 6, rectangular cutout (i.e., no
chamfers). Third column: Case 7, longer rail repair. Fourth column:
Case 8, R260 filler material. Highlights are explained in the Section
6.2.2
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cutouts, this case produces a fully bainitic material (high-
light 2a) at the start and end points of the repaired section of
the rail.Moreover, the peculiar character of the residual stress
field (highlight 2c) reveals information about cooling rates.
Despite the entire repaired section consisting of the same
phase, the outer corners of the final zig-zag weld pass exhibit
significantly higher tensile stresses due to faster cooling
rates. Furthermore, the initial longitudinal support ridgeweld
passes experience rapid cooling rates in this cross-section
and produce a martensite which is tempered by subsequent
zig-zag weld passes (highlight 2b). For these regions, the
asymmetry of the zig-zag weld passes’ heat input is believed
to cause the asymmetric residual stress field (highlight 2d).

The third column of Fig. 10, corresponding to case 7
where the reference case cutout of the railhead is extended
by 100mm, demonstrates how longer weld passes allow for
greater heat dissipation during the repair process and con-
sequently more rapid cooling rates, resulting in outcomes
similar to the colder environment in case 3. Specifically, a
fully bainiticmaterial (highlight 3a) and lower tensile stresses
at the surface (highlight 3c). Also as seen in the heat variation
cases, a small martensitic region due to the time-temperature
history of the zig-zag weld passes (highlights 3b and 3d).

In the fourth column of Fig. 10, case 8 is presented,
using R260 rail material metallurgical properties for the filler
material. For this material, phase transformations occur sig-
nificantly faster than for the Weartrode filler material. This
results in a multi-phase material state of approximately 3/6
bainite, 2/6 pearlite, and 1/6martensite for the second zig-zag
weld pass (highlight 4a) and 2/3 bainite, 1/3 pearlite for the
first zig-zag weld pass (highlight 4b). The resulting residual
stresses differ significantly from those of the reference case,
such that the use of R260 filler material induces stronger
compressive stresses in the previously molten rail section
(highlight 4c), and consequently higher tensile stresses in
the surrounding region (highlight 4d). Finally, the critical
region of the repaired rail section for the repair geometry
variations is typically some distance below surface, although
not as evident as for the heating variations.

The rail surface repair welding experiment presented in
Sect. 4 can be considered as an additional case in the geom-
etry variation study, in which material is added to the rail
surface without the prior removal of damaged material. This
process bears resemblance to a laser cladding process, as
studied by, e.g., [87–89]. Consequently, Fig. 11 illustrates the
residual stress field of the rail surface repair welding exper-
iment. Highlight 1 in the figure illustrates the phenomenon
of tensile residual stresses in the previously melted mate-
rial. The material that has not undergone fusion in the region
between the filler and the basematerial, as illustrated in high-
light 2, is subjected to considerable compressive stresses. The
HAZ, as illustrated in highlight 3, surrounding the region that
has undergone phase transformations experiences a notable

Fig. 11 Simulation results of the rail surface repairwelding experiment:
longitudinal residual stress.Highlights are explained in theSection 6.2.2

tensile residual stress. The aforementioned regions can be
identified by the distinctive textures observed in Fig. 5b. A
comparison of the material phases and residual stress fields
in Figs. 5c, 11, and 10 Case 5 indicates that the rail is receiv-
ing less heat in the cladding-like process, particularly for the
final zigzag weld pass. This results in higher cooling rates, a
higher martensite content, as shown in Figs. 5b and c, and a
distinct longitudinal residual stress state, as shown in Figs. 11
and 10 Case 5.

7 Repair welding— operational load
performance

7.1 Roll-over simulations

The consequences of the repair welding residual stress fields
on fatigue damage initiation during operational traffic loads
are investigated in this subsection. Small differences in resid-
ual stressmight lead to larger differences in fatigue life due to
the cumulative nature of fatigue damage in high-cycle fatigue
applications, such as the interaction between the rail and
wheel, combined with the observed tensile repair welding
residual stresses. To assess the influence on welding process
parameters on fatigue life, simulations of 2000 train wheel
over-rollings are conducted, as described inSect. 3.3, for each
repair welding case detailed in Tables 3 and 4. Subsequently,
a fatigue crack initiation evaluation is performed where the
Dang Van stress (see Eq.2) is computed at five points below
the rail surface on the gauge corner, illustrated in Fig. 12.
Note that the wheel load passes over the long edge of the rail
head repair.

7.1.1 Reference case

To provide a qualitative comparison of fatigue performance
across the different repairwelding cases,we introduce a base-
line reference case where the over-rolling simulations are
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Fig. 12 Dang Van stress evaluation points for cross-section 2

performed using a non-repaired rail cross-section. In Fig. 13,
the longitudinal residual stress component obtained after
simulating over-rollings in the non-repaired cross-section is
presented. These results show how over-rollings induce com-
pressive residual stresses on the rail surface (highlights a, b,
and c), balanced by tensile stresses deeper beneath the sur-
face (highlight d). Furthermore, three main contact areas of
the simulated wheel contact load spectrum can be clearly
identified (highlights a, b, and c).

Figure14 presents simulation results from the over-rolling
simulations of the referenceweld repair case. Thefigure illus-
trates the longitudinal stress component of the residual stress
field for all three cross-sections after 2000 simulated over-
rollings. When comparing the residual stress field produced
by the repair welding (see Fig. 7) and the over-rollings on a
non-repaired rail (see Fig. 13), these results demonstrate the
expected outcomes. More specifically, they show how the
welding residual stresses are somewhat redistributed, with
strong compressive stresses superimposed on the rail sur-
face (highlights 1a, 2a, 2b, 3a, and 3b) and tensile stresses

Fig. 13 Longitudinal residual stress after 2000 simulated over-rollings
on a non-repaired material rail cross-section. Highlights a–c indicate
compressive stresses at main contact patches and highlight d tensile
residual stress regions

are slightly increased at a depth of 15 to 20mm below the
surface (highlights 1b and 2c).

7.1.2 Heating variation simulations

The following discussions will focus on cross-section 2, as
it is the most sensitive to repair welding process parame-
ter variations. Starting with the heating-related cases, Fig. 15
illustrates how the high surface pressure from the train
wheels redistributes and alleviates the tensile welding resid-
ual stresses at the surface (highlights 1a–4a). Except for case
4, where strong tensile stresses persist in a small region
(highlight 4c). This is explained by that this region is out-
side the wheel contact patch positions in the considered load
collective illustrated in Fig. 13. Furthermore, similar to the
reference case, cases 1 to 4 show consistency in the slight
increase of tensile stresses beneath the surface (highlights
1b–4b).

7.1.3 Geometric variation simulations

Figure16 presents the longitudinal residual stress fields after
the over-rolling simulations for the geometry and filler mate-
rial variations of the repair welding process. Similar to the
results presented in Fig. 15, the over-rollings induce some
compressive stresses at the rail surface (highlights 1a-4a) and
show a minor effect on the subsurface stress states (high-
lights 1b–4b). Importantly, these results clearly illustrate
both the persistence and the dominance of residual stresses
from repair welding after simulated over-rollings. Particu-
larly notable is case 6, where the tensile residual stresses at
the rail surface (highlight 2a) are not redistributed or allevi-
ated to the same extent as in the other parameter study cases.

7.2 Fatigue performance assessment

From theover-rolling simulations for the repairwelding cases
presented in Tables 3 and 4, the DangVan stress is computed,
for each over-rolling wheel passage, at the five points high-
lighted in Fig. 12. When assessing the computed Dang Van
stresses, it is important to remember that an approximate 2D
model has been adopted for themechanical analyses and also
that the over-rolling simulations do not account for bending
or axial loads in the rail. Consequently, the Dang Van stress
evaluation presented here is mainly focused on qualitative
comparisons of the fatigue performance effectswhen varying
repair welding process parameters. With this in considera-
tion, the presented stresses are normalized by the maximum
Dang Van stress from the non-repaired rail over-rolling sim-
ulation, i.e., that of Point 4.

In Fig. 17, the normalized maximum Dang Van stresses
from all cases are presented, computed at each measuring
point, see Fig. 12, in cross-section 2. Comparing these results
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Fig. 14 Longitudinal residual stress from post-repair over-rolling simulations for the repair weld reference case. First column: cross-section 1.
Second column: cross-section 2. Third column: cross-section 3. Highlights are explained in Section 7.1.1

to the non-repaired rail reference over-rolling simulation
reveals that the Dang Van stress generally tends to increase
in all measuring points. However, in point 3, which typically
experiences the highest tensile residual stresses, for regions
with the Dang Van stress decrease for most cases. This is due
to that the stress state at this point is dominated by longitu-
dinal residual stresses which are significantly larger than the
stresses caused byover-rolling normal and transverse traction
loads and thus cause a relatively low shear stress “amplitude,”
see Eq.3.

Focusing on variations in process parameters related to
heat input (cases 1 to 4) reveals that the post-heating in
case 4, surprisingly, does not seem to achieve the intended
improvement in the quality of the repair for the considered
cross-section. Furthermore, for geometry and filler material
variations, the longer repair (case 7) produces similar results
as the reference case. Whereas the simulation using R260
weld filler material (case 8) appears to significantly elevate
the Dang Van stresses close to the rail surface. Conversely,
the shallower repair simulated in case 5 seems to decrease
the Dang Van Stress closer to the rail surface. This is due to
the lower heat input inducing lower overall residual stresses.
However, this highlights a critical oversight in the fatigue
performance comparison. Simply comparing the magnitudes
of Dang Van stresses overlooks the crucial impact of phase
transformations, particularly brittle phases. As highlighted in
Fig. 10, case 5 produces a significant amount of martensite in

the repaired section of the rail and does thereby not enhance
the fatigue performance of the repaired rail, as indicated by
Fig. 17.

In line with the simulations conducted for heating and
geometric variations, the over-rolling simulations underscore
the robustness of the existing repair welding process. How-
ever, the comprehensiveness of the roll-over simulations and
fatigue crack initiation evaluation could be enhanced by
incorporating additional loading components, such as rail
bending and axial load, along with manufacturing residual
stresses. Such extensions would add value to the Dang Van
stress comparison of the simulation cases. Nonetheless, this
refinement would most likely have minimal impact on the
main conclusions of the subsurface region identified as crit-
ical and the repair welding procedure deemed fairly robust.

8 Conclusions and outlook

Numerical simulations have been used to investigate how the
quality of repaired rail sections is affected by railhead repair
welding process parameters. An experimentally validated
thermo-metallurgical-mechanical finite element simulation
methodology was used, including material models and weld
process modeling [39, 73]. The material modeling accounts
for kinematic and isotropic nonlinear material hardening,
phase transformation kinetics, transformation-induced plas-

Fig. 15 Longitudinal residual stress field from post-repair over-rolling
simulation for heat variation cases in cross-section 2. First column:
Case 1, no preheating. Second column: Case 2, higher operating tem-

perature. Third column: Case 3, cold conditions. Forth column: Case 4,
postheating. Highlights are explained in Section 7.1.2
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Fig. 16 Longitudinal residual stress field from post-repair over-rolling
simulation for geometry variation cases in cross-section 2. First column:
Case 5, shallow cut-out. Second column: Case 6, square cut-out (i.e.,

no chamfers). Third column: Case 7, longer rail repair. Fourth column:
Case 8, R260 filler material. Highlights are explained in Section 7.1.3

ticity, and multi-phase homogenization. Furthermore, the
welding process modeling includes a moving heat source
and continuous addition of filler material. To ensure the
fidelity of the welding simulation models, a simple repair
weld experiment was conducted. By simulating this exper-
imental procedure, the heat source model was tuned until a
satisfactory correlation was achieved in terms of the simu-
lated phase fractions and phase transformations indicated by
hardness measurements. The tuned heat source model was
used in a process parameter study of railhead repair weld-
ing, based on the Swedish regulatory procedure for railhead
stick-welding repairs.

The primary focus of the parameter study was to analyze
results fromdifferent preheating and operational temperature
conditions, as well as variations in repair geometry. These
process parameters in the repair welding procedure have the
most substantial impact on the overall temperature distri-
bution, spatial gradient, and time history. This governs the
material response in terms of phase fractions, stresses, and
strains, and consequently, the quality of the repair. It is also
crucial to anticipate how the quality of the repaired rail might
be affected by unintended variations arising from operator
errors and unpredictable weather conditions. Furthermore,
to assess the quality of the repaired rail sections in service,
the repair welding simulations were extended to investigate
the effect of operational traffic loads. This involved simu-
lating the rolling action of train wheels on the repaired rail

surface and assessing the mechanical fatigue performance of
the repaired rail by comparing the Dang Van stress to that of
a non-repaired rail.

Themajor findings of the parameter study are listed below.

• The powerful final zig-zag weld passes, providing the
majority of the added material, generate significantly
more heat than the propane torch used in pre-, re-, and
postheating. Hence, the robustness of the procedure in
terms of its insensitivity to variations in applied heating.

• Critical regions for process parameter variations are iden-
tified at the start and end stretches of repair-welded
sections. Tomitigate their negative impact on the rail per-
formance, the shorter edge of the trapezoid-shaped rail
repair should be oriented toward the gauge corner of the
rail that is subjected to the most critical contact loading.

• In agreement with field observations, the simulations
identify the fusion zone of the base material and weld
filler material as the critical region of the repaired rail.
This is attributed to the integrated effects of unfavor-
able material phases, longitudinal tensile weld residual
stresses, and tensile stresses during operational traffic
loads.

• Tensile residual stresses after welding at the rail surface
tend to be redistributed and alleviated by train wheel pas-
sages. In contrast, residual stresses some distance below
the rail surface exceed over-rolling residual stresses by

Fig. 17 Over-rolling simulation
fatigue crack initiation
evaluation; maximum Dang Van
stress of five evaluation points
(Fig. 12), in cross-section 2
(Fig. 3c) for all welding repair
welding cases (Tables 3 and 4)
normalized using the maximum
Dang Van stress of Point 4 for
the non-repaired (N-R)
over-rolling reference
simulation
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an order of magnitude and are less affected by the over-
rollings.

• A rectangular repair cutout geometry induces strong ten-
sile stresses at the rail surface at the start and end stretches
of the repaired rail section. This effect is reduced by
the chamfered cutout geometry used in field operations
today, indicating its effectiveness.

• Shallow repairs induce less overall heat, resulting in
faster cooling rates and higher martensite content at the
start and end stretches of the repair. Furthermore, as the
unfavorable martensite is located closer to the rail sur-
face, there is a risk that the tensile stresses from train
wheel over-rollings in this region may cause fatigue
cracks. Consequently, shallow repairs are not recom-
mended.

• The slow phase transformations of the filler material
ESAB OK Wartrode 3 seem to have a positive effect in
preventing the formation of unfavorable material phases.

• The heat input and repair geometry exhibit a complex
influence on the material phase fractions, the residual
stresses afterwelding, and themechanical response under
over-rolling. This influence is demonstrated to compli-
cate the crucial task of determining trends for improving
the quality of railhead repair welds.

The computational efficiency of the methodology used in
this study relies on the simplification to use a 2D model in
the mechanical analysis, which may reduce the fidelity of
the simulation results. However, given the comparative and
qualitative nature of the study, this limitation is not consid-
ered to compromise the validity of the presented findings.
Another simplification is the omission of heat effects in the
modeling of rail surface grinding when removing excess
weld material. However, as the impact of this simplifica-
tion is confined to a shallow depth below the rail surface
it is expected to be outweighed by the simulated localized
train wheel over-rolling surface loads. Also, the rail surface
is typically not the critical region in repaired rail sections.
Therefore, despite these limitations, the applied simulation-
based assessment is believed to be to of valuable use in other
thermo-mechanical-metallurgical processes in railways, e.g.,
rail surface grinding.
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