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 A B S T R A C T

Advancements in railway technology have significantly reduced wheel and axle failures, yet rail 
failures, particularly in welded regions, remain a major concern. Up to 60% of recorded rail 
failures occur in these areas, with accident reports frequently attributing incidents to improperly 
executed repair welds. Using thermo-metallurgical-mechanical finite element simulations, this 
study investigates the mechanical performance of regulatory and faulty in-situ railhead repair 
welds, where only part of the railhead is removed. The multi-pass welding simulations employ 
a multi-phase homogenization-based material model, incorporating non-linear isotropic and 
kinematic hardening, phase transformation kinetics, and virgin material state recovery. Me-
chanical performance of the railhead repairs is evaluated through wheel-rail contact over-rolling 
simulations and fatigue analysis using novel multi-phase Dang Van criterion.

The comparison, based on quantitative data, reveals an increased risk of fatigue crack 
initiation when deviations from the regulatory procedure occur. The regulatory repair produces 
a ferritic-pearlitic microstructure and a more favorable residual stress state, characterized by 
compressive stresses in the weld region and tensile stresses deeper below the rail surface 
where the microstructure is more favorable. In contrast, the faulty repair exhibits rapid cooling 
rates, leading to brittle martensitic phases and high tensile residual stresses near the rail 
surface, significantly increasing fatigue crack initiation risk. Operational over-rolling simulations 
further demonstrate that tensile stresses in the faulty repair persist near the surface, failing to 
redistribute as effectively as in the regulatory repair. These findings underscore the importance 
of strict adherence to repair welding standards to prevent premature rail failures and costly 
maintenance interventions.

1. Introduction

Rail transport is essential for sustainable mobility, offering low CO2 emissions and high efficiency [1–3]. However, the ongoing 
shift towards increased rail transport necessitates higher axle loads, speeds, and traffic density, which intensifies mechanical loads 
on the rail and accelerates fatigue damage and surface wear [4–6]. This growing demand underscores the need for effective rail 
maintenance, where railhead repair welding serves as a cost-effective alternative to rail replacement when repairing rail surface 
damage, while minimizing operational disruptions [7–9]. To ensure long-term durability, regulatory repair welding procedures 
prescribe strict guidelines for material removal, preheating, and weld procedure [10,11]. However, reports from incidents of 
fractured rails often indicate deviations from these procedures, raising concerns about the structural integrity of faulty repair welds. 
To address this issue, this study uses numerical tools to compare the performance of a faulty and a regulatory railhead repair welding.
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Field observations and maintenance statistics highlight the critical role of welds in rail performance, as a disproportionate share of 
defects occur in or near welded regions [12]. Swedish railway data report that 20%–60% of all rail defects are located close to welds, 
with 60% of defects requiring urgent repair within a week and 20% considered non-critical [13]. In 2022 alone, 435 welding-related 
defects were recorded. This overrepresentation of failures in welded regions is linked the harsh wheel–rail contact conditions, which 
involve high contact pressures [14–16] and millions of load cycles [17–19], possibly amplified by both surface irregularities [20,21] 
and residual stresses [22,23] from welding.  Nevertheless, repair welds are integral to regular maintenance [24,25]. While shallow 
defects such as surface wear or cracks can be addressed through cladding, see e.g. [26,27], or using grinding or milling, see 
e.g. [28,29], deeper cracks must be addressed by removing damaged material. Either by replacing entire rail segments using 
flash-butt or aluminothermic (thermite) welding, see e.g. [30,31], or by in-situ railhead repair via arc-welding, see e.g. [32]. 

Although flash-butt and thermite welds are more labor-intensive, these procedures are inherently more robust as these 
involves uniform and significantly stronger heating. Whereas railhead repair welds are performed in situ and involves highly 
localized heating, remelting, and rapid cooling. This introduces complex thermo-mechanical conditions which include risks of 
martensitic transformation and tensile residual stresses [33], as well as weld-induced imperfections such as porosity, inclusions, 
and geometric irregularities [34]. To mitigate these risks, adherence to aforementioned guidelines is essential. However, several 
fracture investigations [35–37] confirm that non-regulatory railhead repair procedures are used in practice. This raises the critical 
question of how such deviations impact rail surface’s mechanical performance.

While the mechanical performance of flash-butt welding and thermite welding has been extensively studied, see e.g. [38–40] 
and [41–43] respectively, railhead repair welding has not been investigated to the same extent. In fact, previous repair welding 
research has only followed different standardized welding procedures and focused on aspects such as material phases and residual 
stresses of the heat-affected zone [44–47]. Comparative studies evaluating the performance of regulatory and faulty railhead repair 
welding procedures are lacking. The present study aims to address this knowledge gap by systematically comparing the Swedish 
regulatory repair welding procedure [10,11] to a generic representation of a faulty repair. Given that faulty repairs occur and 
the absence of research on their mechanical consequences, it is imperative to assess their impact on residual stress distributions, 
microstructure evolution, and fatigue performance under operational loading conditions.

To asses this, a finite element (FE) modeling approach is employed to simulate the multi-pass railhead repair welding process 
and evaluate the mechanical response of the two repair welding procedures. This simulation framework, developed and validated in 
previous works [48–51], further adds to existing research [44–46] using more advanced material modeling [48,50], more detailed 
welding simulations [49] and more comprehensive fatigue evaluation of multi-phase material states. In summary, the framework 
includes multi-phase homogenization-based material modeling with non-linear kinematic and isotropic hardening, combined 3D and 
2D extended generalised plane strain (GPS) modeling for welding and over-rolling simulations in which mechanical performance is 
evaluated using a novel homogenization based Dang Van stress fatigue evaluation.

Furthermore, to ensure the applicability of the simulation framework to the faulty repair welding procedure, the study also 
includes an appended validation of the methodology through a 2D GPS vs. 3D simulation comparison of the mechanical analysis. 
While not the primary research objective, this appended comparison contributes significantly to the methodological framework, 
underscoring the reliability of the simulation approach employed in this study.

This study offers insights into improving railway maintenance strategies by using state-of-the-art simulations to demonstrate the 
increased risk of fatigue crack initiation associated with faulty in-situ repair welding, an issue is often observed in practice but 
hitherto not studied. The findings emphasize the importance of strict adherence to regulatory procedures, improved quality control 
measures, and sufficient scheduling for proper repair execution. Ensuring that repair welders follow best practices is essential to 
mitigating long-term rail degradation and reducing the frequency of weld-related failures. The insights gained from this study can 
inform infrastructure managers, railway operators, and maintenance personnel, helping to enhance inspection protocols, repair 
guidelines, and track maintenance policies.

2. Railhead repair welding process

An important objective of railway infrastructure maintenance is to ensure the structural robustness and longevity of railway 
tracks. Localized rail surface damage, such as cracks, squats, wheel-burns, or other defects that compromise rail integrity, can be 
repaired efficiently using in-situ railhead repair welding [7–9] instead of replacing entire rail sections. The Swedish regulations for 
stick welding railhead repairs [10,52,53] (and the European equivalent [11]) outline a standardized procedure to remove damaged 
material and restore the structural integrity and mechanical performance of the rail. However, failure reports on damaged repair 
welded rail frequently indicate that deviations from these prescribed procedures lead to sub-optimal repairs [35–37], increasing 
the risk of crack initiation and propagation, and in severe cases, rail fractures. This section describes both the regulatory welding 
procedure and a generic description of a faulty repair, based on commonly observed regulatory deviations. In the present study, 
both procedures are employed to address a specific case of localized surface damage to the running band of the railhead, such as a 
squat, wheel-burn, head checks or surface crack, of a rail  of steel grad R260 and rail profile 60E1 [54].

2.1. Regulatory railhead repair welding procedure

The Swedish regulatory in-situ railhead repair welding process [10,52,53] consists of several well-defined steps to ensure a 
structurally sound and durable repair. First, the damaged section of the railhead is identified and removed using milling or cutting 
techniques to ensure complete removal of the defective material. Importantly, the cut-out is performed with a trapezoidal shape 
2 
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Table 1
Chemical composition of R260 rail steel [54] and weld filler material ESAB OK30 Weartrode [57]. 
 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. 

Fig. 1. (a) & (c) Illustration of railhead repair cutout following the regulatory procedure, highlighting the cutout angles. (b) & (d) Generic 
illustration of a typical faulty repair railhead cut out. Arrows indicate suggested position of the train wheel flange.

at a 45◦ angle relative to both the vertical and axial directions, as illustrated in Figs.  1a and 1c. The chamfered edges of the 
trapezoidal cut-out facilitate a smoother transition between the repaired section and the base material under operational loading, 
which minimizes the stress concentrations and reduces the risk of crack formation. Moreover, the orientation of the cut-out relative 
to the railway track is a critical aspect of the regulatory repair process, as can be concluded from the findings in [47]. By orienting 
the short edge of the trapezoidal cut-out to face inward in track, the train wheel passes over this shorter edge, highlighted by dashed 
arrows in Fig.  1. This edge experiences slower cooling than the start and end sections of the longer edge and therefore experiences 
less risk of unfavorable, brittle microstructures.

Following material removal, the welding area is prepared by detaching adjacent sleepers and raising the rail to provide 
unobstructed access. To minimize the effects of steep temperature gradients during welding, the rail is preheated to 350 ◦C using 
a propane torch. The preheated region includes the cut-out and extends 100 mm on either side and, to ensure a uniform thermal 
distribution, also includes the railhead, web, and rail foot. Next, the welding procedure starts with longitudinal weld passes along the 
edges of the cut-out to create structural support ridges. This is followed by high-power zig-zag passes that fill the gap between the 
ridges. If the rail temperature falls below the operational threshold of 300 ◦C, additional propane torch reheating is applied before 
proceeding with further weld passes. This sequence ensures strong heat input, ideal material deposition, and optimal mechanical 
performance of the repaired rail section. After completing the welding, the rail is left to cool naturally in ambient conditions, shielded 
from wind and draft. High-strength rail steels or colder climates, which are not the focus of this study, require insulating blankets to 
reduce thermal gradients. After cooling,  excess material is removed through grinding, to restore the original railhead geometry. The 
final step involves non-destructive testing (NDT), including visual and ultrasonic inspection, to detect potential surface or subsurface 
defects, ensuring the structural integrity of the repair [55].

The welding performed using ESAB OK Wartrode 30 as the filler material [56,57]. The selection of this specific filler material is 
due to its ability to produce a surface hardness that is compatible with R260 rail steel. A comparison of the chemical composition 
of the two materials is provided in Table  1. In addition, typical value for the room temperature yield stress of R260 is 560 MPa and 
the same mechanical properties are assumed for the filler material.

2.2. Faulty repair procedure

A review of field failure reports reveals that deviations from the regulatory repair welding procedure are frequently observed in 
repair-welded rails [35,36], compromising the integrity and durability of the repair. Two illustrative cases are presented in Figs.  2
and 3. In both cases, the material removal has been found to be shallow, and the crack propagation benchmarks indicates that the 
fatigue cracks have originated in the weld-base material fusion zone, i.e. subsurface cracks, where there is large differences in the 
microstructure. While a multitude of deviation patterns may be observed, the most prevalent suboptimal repairs are attributed to 
three fundamental deficiencies: inadequate material removal, improper welding execution, and insufficient preheating, as described 
in the following sections.

Firstly, in contrast to the trapezoidal cut-out used in the regulatory repair, only the damaged material at the gauge corner of 
the railhead is removed, as illustrated in Figs.  1b and 1d. This cut-out is significantly smaller and shallower, increasing the risk 
that pre-existing cracks or subsurface damage remain within the rail. Any residual defects left in place can rapidly propagate under 
operational loading, reducing the structural reliability of the repair. Furthermore, as a less weld filler material is deposited to fill 
3 
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Fig. 2. Repair welded railhead which as fractured due to vertical crack. Cross-sectional view of the fracture surface show that the crack originated 
from the fusion zone, highlighted by the dot-dashed line.
Source: From: [35].

Fig. 3. Repair welded railhead which as fractured due to vertical crack. Cross-sectional view of the fracture surface show that the crack originated 
from the incomplete removal of preexisting crack. The fusion zone is highlighted by the dot-dashed line.
Source: From: [36].

this smaller gap, there is a significant reduction in heat input to the railhead. This results in higher cooling rates and an increased 
risk of unfavorable brittle microstructures.

Secondly, deviations from the prescribed welding sequence are commonly observed. Instead of performing longitudinal support 
weld passes followed by high-power zig-zag welds in between, a simplified and less robust pattern is often used. This typically 
only consists of zig-zag passes, applied either longitudinally or transversely and can lead to inconsistent material deposition, less 
heat input, and faster cooling rates. Importantly, as stated above, less heat input causes rapid cooling and increases the likelihood of 
martensite formation. Additionally, if residual cracks remain due to inadequate material removal, the combination of tensile residual 
stress and brittle martensitic transformation can further accelerate crack growth.

Thirdly, insufficient preheating or poor operational temperature monitoring are a critical factors that adversely affects quality 
repair. Without sufficient preheating or reheating, more rapid cooling during welding may result in excessive temperature gradients, 
again, promoting brittle microstructures and locally increased residual stress levels.

3. Method

This section describes the method employed to assess the impact of sub-optimally performed railhead repairs compared to repairs 
following the regulatory procedure. Key differences in residual stress distributions, microstructural transformations, and fatigue 
crack initiation under operational conditions are analyzed using a simulation methodology developed in a previous work [49]. 
Additionally, to ensure the accuracy of the simulation methodology, its 2D GPS mechanical simulation (see Section 4.2) is further 
validated by comparing it to 3D mechanical simulations for the faulty repair process.

3.1. Procedure for comparing regulatory and faulty repairs

The regulatory and faulty repair procedures presented in Fig.  1 are compared, focusing on the material state following the 
repair welding and the mechanical performance of the repaired rail section under operational over-rolling loads. Firstly, the welding 
simulations primarily assess differences in the residual stress field and microstructure resulting from differences in heat input and 
4 
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material deposition for the regulatory and faulty repair procedures. Particular attention is given to phase transformations that may 
introduce brittle regions, as well as the presence of tensile residual stresses, both of which can significantly increase the risk of 
fatigue failure. Secondly, the redistribution of residual stresses as train wheels traverse the repaired rail section is analyzed to 
provide insights into the mechanical performance of both the regulatory and faulty repairs. In addition to stress field comparisons, 
the risk of fatigue crack initiation is evaluated using the Dang Van multiaxial fatigue criterion, allowing for a quantitative assessment 
of differences in fatigue performance between the two repair methods. However, growth of macroscopic cracks from these defects 
and estimations of remaining life are outside the scope of the study.

This systematic comparison of faulty and regulatory repair welding procedures aims to identify regions most susceptible to 
failure and emphasize the critical importance of adhering to established railhead repair welding regulations. Mainly by highlighting 
the potential risks associated with deviations from these guidelines, underscoring the detrimental impact that sub-optimal repair 
practices may have on rail integrity and service life.

3.2. 2D vs 3D validation for faulty repairs

The 2D simulation methodology for the mechanical analysis developed in [47,49] has been demonstrated to be accurate in 
simulations of railhead repair welding procedures where the railhead repair geometry is symmetric. However, the railhead geometry 
of the faulty repair is asymmetric and the methodology therefore requires further validation to ensure the accuracy. To this end, a 
direct comparison between the 2D simulation methodology and a 3D simulation of a faulty repair is presented in Appendix. Unlike 
the regulatory railhead repair welding procedure, the geometry of the faulty repair involves minimal material removal, restricted 
to the gauge corner, and includes fewer weld passes. Consequently, the FE model of faulty repair is smaller, thereby facilitating the 
execution of comprehensive 3D mechanical simulations. These simulations would otherwise incur excessive costs for the multi-pass 
welding process employed in regulatory repairs.

The appended validation procedure compares the residual stress fields between the 2D and 3D models within the repaired region. 
Additionally, transient stress-time histories, evaluated at specific locations, are compared to ensure that the 2D model accurately 
captures stress evolution throughout the welding process. The objective of this validation is to demonstrate that the 2D mechanical 
simulation methodology replicates key trends observed in the 3D analysis while offering significantly reduced computational costs, 
thereby establishing it as a viable tool for comparative assessments of repair welding procedures, and also to carry out studies for 
finding improved of rail repair welding procedures and process parameters.

4. Finite element model and simulation setup

This section describes the FE model and simulation setups, including the simulation methodology for repair welding, over-rolling 
simulations, and material modeling, as well as the 3D and 2D simulations used in the study.

4.1. Simulation methodology

4.1.1. Material model
Repair welding exposes the rail material to multiple localized heating cycles, as each weld pass induces heating, (re)melting, 

solidification, and phase transformations and requires thermo-mechanical-metallurgical material modeling. A detailed description of 
the implementation of the metallurgical modeling, i.e. the phase transformation kinetics, is provided in a previous work [50] and the 
references therein. In short, the modeling includes heating-induced austenitization, cooling-driven martensite and bainite formation, 
and subsequent tempering or re-melting of the material. The kinetics of these transformations are modeled using established 
analytically based methods, including the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation for diffusive phase transformations 
and the Koistinen-Marburger equation for displacive martensitic transformations. The transformation kinetics modeling is validated 
against dilatation experiments in [50], representing spot-heating of a train wheel at braking, and against hardness and microstructure 
measurements of a railhead weld repair experiment in [47], representing the repairing of a frog of a rail crossing switch using process 
parameters according to regulations [10,52,53].

The constitutive model, is described in full detail in a previous work [48] and validated against residual stresses measurements 
in a laser spot-flash-heating experiment using R260 rail. This model captures the material’s multi-phase behavior during welding by 
employing a self-consistent multi-phase homogenization of the individual phases’ mechanical material response, see e.g. [58,59]. 
This homogenization allows for simultaneous elastic and plastic deformations in material phases of significantly different ductility. 
Each material phase is modeled by individual constitutive material models, run in parallel. The constitutive models assumes additive 
decomposition of the total strain, see e.g. [60], and uses a Chaboche plasticity model, see e.g. [61], with non-linear kinematic and 
isotropic hardening, [62]. Transformation-induced plasticity (TRIP) effects, see e.g. [63,64], are also included, as well as virgin 
material state recovery upon melting, see e.g. [65,66]. 

All material parameters are assumed to be temperature-dependent, with values adopted from [50] and linearly extrapolated to 
the temperature range considered in this study. This comprehensive modeling framework, implemented as user-defined subroutines 
in the commercial software Abaqus [67], ensures a realistic representation of the cyclic heating and cooling effects inherent in 
multi-pass repair welding processes.
5 
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4.1.2. Welding simulation
The repair welding simulation methodology used is described in detail in a previous work [49], in which the residual stress profile 

is validated against residual stress measurements  from a full-scale Korean repair welding procedure [46]. Moreover, the welding 
process simulation is validated using hardness measurements and microstructure evaluations in aforementioned railhead weld repair 
experiment [47]. Additionally, in [51] the welding simulations are validated against experimentally determined residual stresses, 
where a laser fusion heat source heated a rail material sample in multi-pass welding. The methodology uses a one-way coupled 
3D transient thermal analysis and a 2D quasi-static mechanical analysis. In short, the 3D thermal analysis uses a moving double 
ellipsoid heat source [68] calibrated in a previous work [47] based on experimental data to ensure accurate representation of heat 
input, phase transformations, and material deposition. During the simulation, weld filler material is added incrementally using the 
silent element activation approach, see e.g. [69], implemented together with the moving heat source in user-defined subroutines.

Furthermore, the subsequent 2D mechanical analysis is performed using a Generalized Plane Strain (GPS) model, which has 
been extended to incorporate the out-of-plane axial and bending stiffnesses of the rail. This FE-element implementation assumes 
constant curvature in the out-of-plane direction and that the cross-section lies between two rigid bounding planes. These planes 
are capable of rotating around the in-plane horizontal and vertical axes about a predefined pivot point and of translating axially 
along the out-of-plane axis, i.e. longitudinal direction of the rail. Assigning stiffness constraints to these axial and bending degrees of 
freedom, allow for efficient yet accurate predictions of residual stress distributions in the rail. However, it is important to note that 
these constraints are derived from the symmetry of the rail cross-section and the axial nature of the rail. Consequently, the in-plane 
symmetry of the regulatory repair makes its geometry more suitable for this simulation methodology than the in-plane asymmetry 
of the faulty repair, see Fig.  1, hence the need for the additional 2D model validation presented in this study, see Appendix.

4.1.3. Over-rolling simulation
In order to replicate a 3D Hertzian contact pressure distribution of a wheel traversing the rail surface in 2D, the 2D GPS model 

is modified using a piecewise linear scaling profile for element thicknesses, as described in  [47,70]. This scaling ensures that the 
maximum von Mises stress distribution, measured along a path from the rail foot to the contact position, closely resembles that 
of a 3D model. The setup uses parts of the multi-step over-rolling simulation methodology presented in [71]. Furthermore, due 
to the 2D assumption, only normal contact pressure and transverse traction forces are applied. This method effectively reproduces 
the outcomes of a full-scale 3D over-rolling simulation with high accuracy while significantly reducing computational costs  and is 
qualitatively validated in terms of identifying regions critical for fatigue crack initiation [47].

The applied load sequence is derived from 483 measured wheel passages recorded on a curved rail section (steel grade 260 and 
railprofile 60E1 [54]) along the Western Main Line in Sweden, between Nyckelsjön and Sparreholm [72]. The dataset consists of 
90% passenger trains, with axle loads ranging from 11.7 to 21.0 tonnes, and 10% freight trains, with an axle load of 22.5 tonnes. 
To simulate long-term operational conditions, the sequence is repeated multiple times to generate thousands of over-rolling events. 
However, it should be noted that the load sequence represents non-welded rail, and its repetitions do not incorporate regenerating 
or updating of the load sequence. This means that any potential effects from welds in the rail, such as increased surface wear, see 
e.g. [20], causing variations in contact position or dynamic load magnification effects, see e.g. [73], is not accounted for. Moreover, 
full slip condition with a traction coefficient of 0.4 is assumed for the entire load sequence, resulting in proportional transverse 
traction and normal contact pressure distributions.

4.1.4. Fatigue crack initiation evaluation
Fatigue crack initiation is assessed using the Dang Van multiaxial fatigue criterion [74], which evaluates the Dang Van fatigue 

stress based on the interaction between hydrostatic stress and critical plane shear stresses over a loading cycle. This fatigue criterion 
is often used to evaluate the risk of fatigue crack initiation in loading scenarios with out-of-phase varying stress components [75] 
and is commonly used in rail-wheel contact evaluation [42,76–78]. The Dang Van stress, 𝜎DV, is computed as: 

𝜎DV(𝑡) = 𝜏Tr,a(𝑡) + ⟨𝑐DV,𝑖 𝜎h(𝑡)⟩ > 𝜏e,𝑖 (1)

where 𝜏e,𝑖 is the shear stress fatigue limit for each material phase, with the indexes ∙𝑖 denoting each phase accordingly; pearlite: ∙p, 
martensite: ∙m, bainite: ∙b, tempered martensite or bainite: ∙t . The hydrostatic stress, 𝜎h, is scaled by the non-dimensional material 
parameter 𝑐DV,𝑖, with Macaulay brackets ⟨∙⟩ omitting non-conservative stress contributions [45]. The Tresca shear stress ‘‘amplitude’’, 
𝜏Tr,a, is computed from the maximum and minimum principal stresses of the deviatoric stress amplitude tensor 𝝈 dev,a acting on the 
critical plane for fatigue crack initiation: 

𝜏Tr,a(𝑡) =
1
2
(

𝜎dev,a,I − 𝜎dev,a,III
)

(2)

For the pearlitic phase, values for 𝑐DV,p and 𝜏e,p are found in the literature [78,79]. For other phases, the fatigue shear stress 
limits 𝜏e,𝑖 are estimated by using the pearlite fatigue shear stress limit and the hardness of each phase, 𝐻𝑉 ,𝑖, measured in repair 
welding experiments [47],  thus partly including ductility effects of the different material phases in possible multi-phase material 
states: 

𝜏e,i =
𝐻𝑉 ,𝑖

𝐻𝑉 ,p
𝜏e,p (3)

Furthermore, 𝑐DV,𝑖 is computed based on fatigue limits on alternating bending and alternating shear using Eq.  (1): 

𝑐DV,𝑖 = 3
( 𝜏e,𝑖 − 1

)

(4)

𝜎ew,𝑖 2

6 
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Table 2
Fatigue-related material parameters for different phases, assuming a defect size of √𝑎𝑟𝑒𝑎 = 126 μm
derived from hardness values found in [35–37,47,81] and the R260 fatigue limit found in [79].
 Pearlite Martensite Bainite Tempered 
 𝐻𝑉  [kgf/mm2] 275 520 420 340  
 𝑐DV [–] 0.33 0.64 0.55 0.44  
 𝜎ew [MPa] 275 446 376 320  
 𝜏e [MPa] 168 318 257 208  

Fig. 4. (a) & (b) 3D FE-models and 2D FE-model cross sections of the regulatory and faulty repair weld procedure, respectively. (c) & (d) 
Highlight of the 2D railhead FE-models for the regulatory and faulty procedure, respectively, with distinctive colors indicating the different weld 
passes.

where 𝜎ew,𝑖 represents the alternating bending fatigue limit, estimated using Murakami’s approach [80] for subsuface cracks: 

𝜎ew,𝑖 =
1.56(𝐻𝑉 ,𝑖 + 120)

(
√

𝑎𝑟𝑒𝑎)1∕6
(5)

where the defect parameter √𝑎𝑟𝑒𝑎 represents the size of an inherent subsurface material defect from which the fatigue crack initiates. 
Based on the fatigue limit in alternating bending for pearlitic R260 rail steel from [79], a defect size of √𝑎𝑟𝑒𝑎 = 126 μm is obtained, 
which corresponds well to the size of the defects observed in documented railhead repair welding [36,81]. This defect size is assumed 
to be representative for the whole welded area, i.e. assumed to be the same for all material phases. Using Eqs.  (3)–(5), the material 
phase specific parameters required in the fatigue stress evaluation are calculated and presented in Table  2. It should be noted 
that as the hardness values are obtained from rail repair welding, the values are lower than what is typically seen in quenching 
or thermal flashing studies, see e.g. [82,83]. Furthermore, in line with the multi-phase homogenization-based material modeling, 
for any multi-phase states obtained in the simulations, fatigue properties  used in the Dang Van criterion are computed using a 
volume-fraction-weighted linear rule of mixtures.

4.2. Simulation setup

4.2.1. FE-model of rail geometries
The finite element (FE) models are based on the European rail profile 60E1 [54]. This subsection describes the mesh 

characteristics, the differences in cut-out geometries for the faulty and regulatory repairs, and the use of 2D and 3D mechanical and 
thermal simulations for each repair scenario.

The most obvious distinction between the faulty and regulatory repairs lies in the geometry of the railhead material removal 
prior to repair welding, as illustrated in Fig.  1. The repairs are performed on the same rail profile, but the cut-out dimensions differ 
significantly. The faulty repair features a cut-out located only at the gauge corner of the railhead, with dimensions of 50 mm in 
length, 40 mm in width, and a maximum depth of approximately 10 mm. As discussed in Section 2, this shallow and localized 
cut-out reflects common deviations observed in field failure reports. In contrast, the regulatory repair follows the specifications 
outlined in the Swedish railhead stick weld repair regulations, see Section 2. In short, it features a trapezoidal shape, measuring 
180 mm at the longer edge, 40 mm at the shorter edge, and a depth of 10 mm.

The 2D cross-sections analyzed in this study correspond to the central-most sections of each repair scenario, as illustrated in Figs. 
4a and 4b. These cross-sections are selected to provide a representative view of the residual stress distribution and metallurgical 
transformations in the repaired railhead. A more detailed visualization of the railhead regions in the 2D models is provided in Figs. 
4c and 4d, where the distinct colors illustrate different weld passes. Specifically, for the regulatory repair procedure, as shown in 
Fig.  4c, the initial longitudinal support weld passes at both edges of the cut-out, followed by zig-zag weld passes in between. And in 
contrast, the faulty repair procedure, as shown in Fig.  4d, consists solely of slanted zig-zag passes concentrated at the gauge corner.
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Table 3
Double ellipsoid Goldak heat source parameters used for the heat transfer simulations [47].
 Heat input Efficiency Front heat Rear heat Length parameters Traversing 
 power (𝑄0) (𝜂) fraction (𝑓𝑓 ) fraction (𝑓𝑟) 𝑎 𝑏 𝑐𝑟 𝑐𝑓 speed  
 5.25 kW 0.7 0.4 0.6 5.5 mm 4.0 mm 6.0 mm 3.0 mm 3.3 mm/s  

The characteristics of the mesh are similar for both faulty and regulatory repair simulations. In the 3D models used for heat 
transfer analyses, weld layers and heat-affected zone (HAZ) are finely meshed with a characteristic element length of approximately 
0.25 mm. In the far-field areas, the mesh is gradually coarsened in both the cross-section and axial directions to optimize 
computational efficiency. Similarly, the 2D GPS models of the mechanical simulations use the same fine mesh resolution of 0.25 mm 
in the weld layers and HAZ and a coarser mesh in the rail web and rail foot. This setup ensures mesh convergence such that 
temperature gradients and residual stress concentrations are adequately resolved in the critical regions. However, for the 3D 
mechanical simulation of the faulty repair, which is used solely for validation purposes, a characteristic element length of 1 mm is 
used as a compromise to reduce computational cost.

4.2.2. Welding - Heat transfer simulation
The heat transfer simulations are performed using 3D models, for both the faulty and regulatory repair, to capture the transient 

temperature fields during the multi-pass repair welding process. The same heat source parameters and boundary conditions are 
applied for both repair scenarios. Thermal boundary conditions include radiation and convection, which are imposed on all external 
surfaces of the rail section to ensure realistic heat dissipation during.

To simulate the propane torch preheating before the repair welding process, a surface heat flux of 60 kW/m2 is applied to the rail 
surface for a duration of 500 s. The preheated region extends 100 mm on either side of the cut-out and to the entire rail cross-section. 
The ambient temperature and initial rail temperature is set to 20 ◦C, the specified preheating temperature limit is 350 ◦C and the 
minimum operational temperature limit is 300 ◦C.

The heat input from the welding torch is simulated using a moving Goldak heat source model [68], which has been calibrated 
in previous work [47]. Table  3 summarizes the key parameters of the heat source, including the heat input power, efficiency, front 
and rear heat fractions, the characteristic dimensions of the heat source ellipsoid, and the traversing speed. The same parameters 
are used for the faulty and regulatory repairs. However, the initial support ridge weld passes of the regulatory procedure uses about 
20% less heat input and about 20% higher traversing speed. Following the welding process, the rail is allowed to cool naturally in 
ambient conditions, with no forced cooling or post-heat treatment applied.

4.2.3. Welding - mechanical simulation
The temperature field obtained from the heat transfer simulation is mapped onto both the 3D and 2D mechanical models, where it 

drives phase transformations and thermal expansion in quasi-static simulations. This mapping ensures that the mechanical response, 
in terms of stress evolution and deformation, reflects the transient thermal response of the welding process. To maintain consistency 
between the 2D and 3D modeling approaches, the 2D model out-of-plane spring stiffness (see Section 4.1.2) are applied as boundary 
conditions at each end of the 500 mm rail section analyzed in the 3D model. Additional boundary conditions include fixed constraints 
applied at the rail foot to prevent rigid body motion.

Following the cooling step, excess weld material at the rail surface (indicated by dotted lines in Figs.  4c and 4d) is removed using 
the silent element method. This approach deactivates the elements without introducing additional thermal effects from grinding. 
While this method does not explicitly capture stress changes caused by the surface heating during grinding, it effectively accounts for 
stress redistribution caused by the geometry change. This simplification is justified, as the heating effects of grinding are confined to 
very shallow depths at the rail surface, and any associated residual stresses in this region are negligible compared to the subsequent 
stress redistribution caused by operational over-rolling loads.

4.2.4. Over-rolling simulation
The over-rolling simulations are performed exclusively using the 2D mechanical models to evaluate the mechanical response of 

the repaired rail under repeated wheel loads, i.e. simulating how the residual stress from welding are redistributed with each over-
rolling event using cyclic hardening plasticity material modeling (see Section 4.1.1). Fixed constraints are applied to the rail foot to 
prevent rigid body motion, while the Hertzian contact pressure distribution and a transverse traction load are applied normal to the 
rail surface. This setup replicates the rolling motion of a wheel traversing the repaired section by traversing the Hertzian contact 
patch in the out-of-plane direction. The magnitude of the applied normal load and the corresponding contact position are adjusted 
for each over-rolling event based on the measured load spectra, as described in Section 4.1.3. The simulated train wheel contact 
loads are applied to the welded side of the rail for the faulty repair, and to the shorter edge of the trapezoid-shaped weld of the 
regulatory repair procedure, as illustrated in Fig.  1a.
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Fig. 5. (a) Illustration of the material phases in the faulty railhead repair. (b) Longitudinal (axial) residual stress distribution obtained from the 
2D simulation.

5. Simulation results

This section presents the results of the FE simulations conducted to evaluate the effects of faulty and regulatory railhead 
repair welding procedures. The evaluation is structured into two primary categories; Firstly, an assessment and comparison of 
the residual stress fields and material phases of the faulty and regulatory repair welding procedures is presented. Secondly, 
the mechanical performance of the two procedures is compared and evaluated. Additionally, a validation of the 2D mechanical 
simulation methodology is presented in Appendix. 

5.1. Faulty railhead repair

Fig.  5 presents the predicted residual stress field and resulting material phases for the faulty repair, in the rail cross section 
highlighted in Figs.  4b and 4d. In Fig.  5a, a rudimentary illustration of the predicted material phases is presented, showing that 
at the gauge corner, the HAZ experiences rapid cooling, leading to the formation of martensite and some bainite for both the first 
and second weld layer (illustrated in 4d). Moreover, the figure shows how the heat of the second weld layer tempers some of the 
martensite formed in the first layer (highlight 1a). The second weld layer primarily consists approximately of 7/10 martensite, 2/10 
bainite, and 1/10 retained austenite (highlight 2a), with a lower martensitic fraction than the first layer due to slower cooling. The 
mixture of brittle and tempered material phases correspond well with observations and measurements obtained from rail welding 
experiments with similar conditions [47].

The resulting residual stress distribution is illustrated in Fig.  5b (a node value average contour plot). In the first weld layer, 
the expansion during martensitic transformation induces compressive stresses (highlight 1b), counterbalanced by tensile stresses in 
the adjacent pearlitic material (highlight 2b). Subsequent tempering of the first-layer martensite leads to shrinkage-induced tensile 
residual stresses (highlight 3b). In the second weld layer, the accumulated heat results in a higher operating temperature and slower 
cooling rates, producing a lower martensitic volume fraction and weaker compressive stresses (highlight 4b).

5.2. Regulatory railhead repair

Fig.  6 presents the predicted residual stress field and resulting material phases for the regulatory repair, in the rail cross section 
highlighted in Figs.  4a and 4c. The simulations clearly show how the high heat input from the powerful zig-zag weld passes produces 
slower cooling rates, which in turn promotes the formation of a predominantly ferritic-pearlitic microstructure in the weld metal and 
surrounding HAZ (highlight 1a). Due to the chemical composition of the filler material [56], the exact microstructure constituents 
differ somewhat from the original pearlitic rail steel [54]. However, for illustrative purposes, the mixed ferritic-pearlitic phase is 
represented as pearlite in Fig.  6a. Moreover, the figure shows how the non-melted material near the fusion zone of the first zig-zag 
weld pass forms a crescent-shaped region of approximately 1/12 bainite (highlight 2a).

The residual stress distribution in the regulatory repair, shown in Fig.  6b, exhibits characteristic compressive stresses within the 
melted and re-solidified weld region (highlight 2b). These compressive stresses result from the thermal contraction of the melted 
material upon solidification and are counterbalanced by significant tensile stresses beneath the rail surface (highlight 2b). The shape 
of the residual stress distribution is qualitatively validated through a comparison with other railhead repair welding procedures, both 
in experimental stress measurements [84,85] and numerical simulations [45,46]. However, it should be noted that the residual stress 
profile of a repair welded rail differs significantly from that of flash-butt welding, see e.g [86], and thermite welding, see e.g. [43], 
which typically generates compressive longitudinal stresses at the rail surface.

5.3. Comparing faulty and regulatory repair procedures

5.3.1. Repair welding comparison
As illustrated in Figs.  7a and 7b, a comparative analysis of the simulation outcomes from both the faulty and regulatory repairs 

reveals a striking contrast in the material state within the weld metal and HAZ. The regulatory repair method yields an almost 
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Fig. 6. Repair welded railhead, following the regulatory procedure. Simulation results obtained from 2D simulation: (a) Illustration of the material 
phases. (b) Longitudinal (axial) residual stress distribution.

Fig. 7. Repair welded railheads, side-by-side comparison of 2D simulation results: (a) & (b) illustrates the material phases and (c) & (d) presents 
longitudinal (axial) residual stress fields. (a) & (c) following the regulatory procedure and (b) & (d) following the faulty procedure.

homogeneous ferritic-pearlitic microstructure, attributable to its lower cooling rates that follows the powerful heat input from the 
zig-zag weld passes. Conversely, the faulty repair produces a mixture of martensite and bainite, resulting from a lower total heat 
input and faster cooling rates. This difference in phase composition directly impacts mechanical performance, as the material phases 
of the faulty procedure are significantly more brittle than those of the regulatory procedure. Moreover, it should be noted that in 
the vicinity of the fusion boundary, partial melting of the base rail material (so-called ‘‘mushy zone’’) may result in compositional 
gradients of rail and filler material, see Table  1. This dilution is not explicitly modeled in the simulation framework employed, in 
which compositional gradients are overestimated, resulting in conservative representations of the resulting residual stress states.

A comparison of the residual stress distributions for the regulatory and faulty repairs, as illustrated in Figs.  7c and 7d, reveals 
fundamental differences in characteristics due to variations in cut-out geometry, weld pass sequence, and heat input. While both 
procedures generate tensile and compressive residual stress regions, the stress distribution in the regulatory repair is more uniform, 
with the tensile stress region located deeper below the rail surface, where the microstructure is more homogeneous and less 
susceptible to fatigue crack imitation. In contrast, the faulty repair demonstrates steeper stress gradients and stronger localized 
tensile stresses in closer proximity to the surface, increasing its susceptibility to surface-initiated fatigue failures when coinciding 
with the high-contact stress region during wheel over-rolling.

5.3.2. Operational performance comparison
Fig.  8 presents the residual longitudinal stress field after 2000 over-rollings for three cases: (a) a non-repaired rail used as an 

illustrative reference, (b) following a regulatory railhead repair, and (c) following a faulty railhead repair. For all three cases, the 
train wheel flange passes at the right side of the railhead in the figures. As described in Section 2, this is on the shorter edge of the 
trapezoid-shaped weld of the regulatory repair procedure, as illustrated in Fig.  1a.

Note that the reference case in Fig.  8a is displayed with different color contour limits due to the significantly lower magnitudes 
of tensile residual stress following over-rollings compared to the residual stress magnitudes induced by the repair welding processes. 
As shown in the figure, over-rollings induce strong compressive residual stresses at the rail surface, particularly in distinct regions 
corresponding to the primary contact patch clusters, as identified from field-measured wheel loads [72]. The magnitude and 
distribution of the over-rolling residual stress field can be qualitatively validated by comparison to experimental measurements 
in [87] and numerical simulations in [88].

By comparison to the welding residual stresses presented in Figs.  5b and 6b, Figs.  8b and 8c clearly illustrate how the welding-
induced residual stresses are redistributed at the rail surface due to high contact pressures from repeated over-rollings (highlights 1b 
and 1c). However, beneath the rail surface, the residual stress field remains largely unaffected (highlights 2b and 2c), as the material 
response during over-rollings in these regions remains predominantly elastic. A key observation when comparing the regulatory and 
faulty repairs is that the localized tensile residual stresses in the faulty repair (highlight 1c) are not redistributed to the same extent 
as in the regulatory repair (highlight 1b). This outcome can be attributed to the martensitic surface layer (see Fig.  5a), undergoing 
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Fig. 8. Residual longitudinal (axial) stress in the railhead after 2000 simulated over-rollings, for three cases: (a) Reference case, non-repaired 
rail (b) repair welded rail following the regulatory procedure, and (c) following the faulty procedure.

Table 4
Dang Van stress fatigue evaluation of repair welded rail, following the regulatory and faulty welding procedures, 
under operational over-rolling. Evaluated in the five points highlighted in Fig.  8a.
 Regulatory repair Faulty repair
 Point P1 P2 P3 P4 P5 P1 P2 P3 P4 P5  
 𝐻𝑉  [kgf/mm2] 282 281 279 285 275 494 361 284 275 275  
 𝑐DV [–] 0.34 0.34 0.34 0.35 0.33 0.57 0.47 0.34 0.33 0.33 
 𝜏e [MPa] 172 172 170 174 168 285 220 173 168 168  
 𝜎DV [MPa] 94 35 73 115 42 167 88 89 86 34  
 𝜂DV [–] 0.54 0.21 0.43 0.66 0.27 0.59 0.40 0.51 0.51 0.20 

less plastic deformation due to its high yield stress. Consequently, the faulty repair retains tensile stresses closer to the rail surface, 
which, when combined with the presence of brittle material phases, significantly increases the risk of fatigue crack initiation and 
propagation. An example of this consequence is seen in the rail fracture surface shown in Fig.  3, where the crack appears to have 
propagated along the tensile stress regions fusion zone.

To further assess the operational mechanical performance of the two repair processes, Table  4 presents the Dang Van fatigue 
evaluation for the two repair procedures, evaluated at the five points highlighted in Fig.  8a. For both procedures, the material 
phase volume fractions in each point are used to compute the hardness and the fatigue parameters using a linear rule of mixtures 
homogenization, indirectly incorporating ductility effects of multi-phase states. The computed hardness values align very well with 
the measurements presented in [36,47,81].

It is important to note that the Dang Van fatigue criterion is a multiaxial fatigue criterion, and the 2D assumption used in the 
over-rolling simulations does not fully account for the out-of-plane shear stress components of the stress tensor. Furthermore, the 
evaluation outcome is governed by the size of the inherent material defect (√𝑎𝑟𝑒𝑎) assumed present in all points evaluated and the 
pearlite fatigue stress limits obtained from [79]. Consequently, the primary focus of the presented Dang Van fatigue stress evaluation 
is the point-wise comparison of the utilization factor 𝜂DV for the regulatory and faulty repair procedure, computed simply as 𝜎DV∕𝜏e. 
This qualitative comparison shows how the fatigue performance of the faulty repair is worse or similar in all five points, with the 
exception of point 4. In this point, the tensile residual stress of the regulatory procedure (highlight 2b in Fig.  6b) causes a significant 
contribution of hydrostatic stress in the Dang Van stress calculation (Eq.  (1)). However, this region is less critical in terms of material 
defects as it is located some distance from the fusion zone, at the border of the HAZ where the microstructure is homogeneous.

6. Discussion

6.1. Modeling assumptions

The simulation methodology advances the state of the art by integrating a thermo-metallurgical-mechanical welding simulation 
framework with multi-phase fatigue evaluation. The material model accounts for phase transformation kinetics, cyclic plasticity with 
isotropic and kinematic hardening, and homogenized multi-phase behavior. Efficiency is achieved through a 2D GPS approach, which 
reproduces both stress states and phase transformation of 3D simulations at a fraction of the computational cost.

The analysis assumes a stress-free rail prior to repair. In reality, rails contain residual stresses from manufacturing, prior loading, 
or earlier welds [22]. However, these stresses are largely released during material removal and annealed during repair heating, 
whereby they are not expected to influence the critical regions identified in this work, namely the added weld material and fusion 
zone. Similarly, the simplification of neglecting grinding-induced thermal effects is also justified, as they affect only a shallow layer 
(∼100 μm [28,89]) compared to the deeper redistribution caused by repeated wheel–rail loading, as presented in Fig.  8. As both 
repair scenarios are assessed under the same assumptions, the comparative findings remain valid.

The comparative assessment focused on the center cross-sections of the repair welded rail, which cool more slowly than the edges 
and therefore provide a conservative basis. Edge sections, particularly in the faulty repair with abrupt weld terminations, cools faster 
and develops even less favorable microstructures and stresses. The regulatory repair’s trapezoidal geometry, by contrast, promotes 
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gradual heat reduction. Moreover, with the shorter edge facing inwards in track, see Fig.  1, it places critical regions away from 
direct wheel loading, which is not the case in the faulty procedure. Additional analyses [47] confirm that including edge effects 
would further increase the discrepancy in performance in favor of the regulatory repair.

Appendix provides a comparison between the 2D GPS model and a 3D mechanical model for the asymmetric geometry of 
the faulty repair. The general stress trends of the models coincide, as anticipated when driven by the same 3D temperature 
field. However, transient stress magnitudes differ during high-temperature stages, primarily due to out-of-plane torch (zig-zag) 
movement and material deposition, as well as temperature-independent 2D stiffness constraints, see Section 4.2.3. Despite under- or 
overestimated transient fluctuations, it is important to note that the residual stress states converge. For symmetric geometries, as the 
regulatory repair, the transient correlation is significantly stronger [49]. The 2D model is thus a reliable and efficient computational 
tool for comparing the two repair procedures.

6.2. Evaluation of fatigue crack initiation risk

The initiation of a fatigue crack is a complex process, often starting from defects in the weld. In this study, initiation is assessed 
using a multi-phase Dang–Van criterion calibrated to phase hardness and defect sizes observed in service [35,78,81]. To account 
for realistic defect sizes and microstructural effects, the criterion is linked to the Murakami relation [80]. This framework captures 
the combined influence of residual stresses, which act as a mean stress, often with a high tensile magnitude, superimposed on 
cyclic wheel–rail loads, and microstructural properties, which govern local resistance to initiation. Importantly, the scope of this 
work is focused on evaluating the relative susceptibility to fatigue crack initiation, here quantified as when the Dang Van stress 
amplitude reaches the fatigue stress limit in shear, see Eq.  (1). However, for a sufficiently large operational stress range an initiated 
crack may also grow. Residual stresses from the weld will then accelerate the crack growth, as they generally constitute a high 
tensile mean stress resulting in fully open cracks [90–92]. While this stage lies beyond the scope of the present work, its potentially 
severe consequences underscore the importance of identifying conditions that promote fatigue crack initiation in repair welds and 
of implementing effective maintenance strategies.

Based on the above discussion, systematic bias in the fatigue evaluation of the two repair procedures, see Table  4, is unlikely. 
The main source of uncertainty lies in their respective sensitivity to variations in welding process parameters. Previous work [47] 
shows that the railhead cut-out geometry has the greatest influence on repair quality, whereas changes in thermal conditions, such 
as preheating or welding sequence, have comparatively minor effects. Consequently, rerunning the faulty repair with improved 
thermal conditions, such as adequate preheating or welding sequence, would not significantly change the evaluation outcome. The 
poor performance of the faulty repair is primarily due to geometric deviations from the regulatory procedure, especially the shallow 
cut-out depth.

6.3. Rail head repair welding or replacing sections of rails

Placing the present results in the wider context of rail welding practices highlights both opportunities and limitations of in-
situ railhead repair welding. Compared with more labor-intensive methods of rail repair such as flash-butt welding [39,40,78] 
and thermite welding [41–43] to replace rail sections, in-situ repair welding offers greater cost-efficiency and reduced operational 
disruption. However, the localized, heating involved, especially for the faulty procedures, leads to rapid cooling, heterogeneous 
microstructures, and unfavorable residual stresses. By contrast, flash-butt and thermite welds provide higher and uniform heat 
input, resulting in slower cooling and more homogeneous microstructures [86], compressive near-surface residual stresses [43,78], 
and improved fatigue performance, as reflected in lower Dang Van stresses [42]. These differences highlight the inherent trade-off 
between efficiency and robustness across repair strategies.

7. Conclusion

The present study uses advanced thermo-metallurgical-mechanical finite element simulations to examine the mechanical 
performance of railhead repair welds under operational loading conditions. A novel modeling framework used to address the critical 
knowledge gap of how deviations from regulatory repair procedures contribute to the elevated risk of fatigue failure, as observed 
in field reports. To this end, the regulatory repair welding procedure is compared with a representative faulty procedure in terms 
of welding residual stresses, stress redistribution during over-rolling and risk of fatigue crack initiation.

This qualitative comparison, based on quantitative data, clearly shows that performing faulty repairs substantially increases the 
risk of fatigue crack initiation, as reflected in the following key criteria:

• Microstructure: The regulatory repair produces a predominantly ferritic–pearlitic microstructure with sufficient ductility and 
toughness. In contrast, the faulty repair exhibits rapid cooling, resulting in significant formation of martensite and bainite, which 
are more brittle and could be susceptible to crack initiation.

• Residual Stress Field: The regulatory procedure obtains compressive residual stresses within the weld region and further down
tensile stresses in more favorable microstructural zones. The faulty repair, however, develops strong tensile residual stresses close 
to the rail surface, particularly near the gauge corner, which are known from failure reports to be critical for fatigue crack 
initiation.
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• Operational Mechanical Performance: Under simulated over-rolling conditions, the regulatory repair shows effective stress 
redistribution at the rail surface, reducing crack initiation risk. The faulty repair retains surface-near tensile stresses and shows 
a higher Dang Van fatigue utilization factor (𝜂DV) across key locations, confirming increased vulnerability to fatigue crack 
initiation.

• Critical regions: For both procedures, the filler-base material interface are critical regions in terms of are tensile residual stress 
and material phase gradients. However, for the faulty procedure this region significantly closer to the rail surface. Whereas for 
the regulatory procedure, this region is sub-surface and thereby less affected by operational loading.

These findings are consistent with documented cases of rail fracture and underscore the importance of strict adherence to standard 
repair welding procedures. Consequently, it is imperative that railway maintenance schedules allocate sufficient time and resources 
to avoid incentivizing the use of faster, but detrimental faulty repair welding techniques.
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Appendix. Validation of 2D simulation methodology using 3D model

A.1. Residual stress field comparison

For symmetric repair welding geometries, the simulation methodology emplyed is validated in [49]. To validate the accuracy of 
the 2D simulation methodology also for the asymmetric faulty repair procedure, 2D mechanical simulation results are compared with 
those obtained from a 3D mechanical simulation. As the 2D model represents the central cross-section of the repaired rail (see Fig. 
4b), only results from the corresponding cross-section in the 3D model are considered. Figs.  5b and A.9c presents the longitudinal 
residual stress field in the railhead predicted by the 2D and 3D mechanical simulations. Comparing the results demonstrates that 
the 2D simulation effectively reproduces the overall stress trends observed in the 3D simulation, capturing the stress distribution 
gradients and key mechanical responses of the HAZ. However, due to the finer FE mesh resolution in the 2D model, higher peak 
stress magnitudes are observed in both compressive and tensile stress regions when compared to the 3D results. The immense 
computational cost of the 3D mechanical simulation prevents the use of finer mesh, and thus the same level of mesh convergence 
as for the 2D mechanical simulation, in terms of the residual stresses, is not obtainable.

Furthermore, a quantitative comparison of the major principal stress distribution is provided by the graph presented in Fig.  A.9a. 
The graph plots the principal stresses (nodal value average) along the diagonal white dashed lines indicated in Figs.  5 and A.9c. 
These stress paths extend to the center of the rail foot and the rail cross-section illustrated in light gray. As the longitudinal stress 
component is the dominant stress component, the magnitude and overall trend of the major principal stress are very similar, as can 
be seen by comparing the graph and the stress field (Figs.  A.9a and 5b). Moreover, the graph confirms that the 2D model accurately 
captures the general stress trends predicted by the 3D simulation in the HAZ. However, as observed in the stress field comparison, 
higher peak values are present in the 2D model.
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Fig. A.9. (a) & (b) Comparison of major principal stress variations along the reference path highlighted in Fig.  5. (c) 3D simulation results, axial 
stress (longitudinal (axial) stress component).

In summary, while discrepancies in peak stress magnitudes are observed due to mesh refinement differences, the findings indicate 
a satisfactory correlation between the 2D and 3D simulations for the critical parameters governing repair quality, specifically the 
intensity and distribution of the longitudinal residual stress field. The 2D model successfully replicates the residual stress field 
observed in the 3D simulation, thereby confirming its suitability as a computationally efficient, valid, and practical alternative for 
analyzing repair welding procedures.

A.2. Transient time-stress history comparison

To further evaluate the consistency between the 2D and 3D simulation models, the transient evolution of the longitudinal stress 
component is analyzed. Fig.  A.10 presents the stress-time history at five locations (P1 to P5) in the railhead, as indicated in Fig. 
8c. Four key time instances of the repair welding process are highlighted in the figure; (a) deposition of the first weld layer, (b) 
repositioning of the welding torch, (c) deposition of the second weld layer, and (d) final cooling to ambient temperature.

As illustrated by the graphs, the impact of temperature-induced phase transformations on the stress history is evident. Under 
relatively monotonic heating conditions (instances a and c), sequential transformations induce cyclic strain, as detailed in e.g. [93]. 
Additionally, the stress-time history demonstrates the significance of virgin material state recovery, as indicated by the similarity in 
stress response between post-solidification stages (instances a and c for Point 1). Furthermore, for the weld filler material (Points 1), 
the longitudinal residual stress approaches the material’s yield strength, which aligns with established welding mechanics literature, 
see e.g.[94]. However, due to the presence of a heterogeneous phase mixture, a direct comparison is complex.

The comparison reveals that the general stress evolution trends in the 2D and 3D mechanical models are similar, which is expected 
since both models driven by the same transient thermal field. However, the magnitude of the transient stresses varies significantly 
during some high temperature stages of the simulations. In particular, during weld deposition (instances a and c), the 3D model 
exhibits larger stress fluctuations, which most can be attributed to zig-zag movement of the weld torch occurring outside of the 
2D cross-section considered. The overall dependency is likely due to the GPS assumptions of the 2D model in combination with 
the temperature-independent out-of-plane stiffness constraints, as described in Section 4.1.2. Furthermore, the in-plane asymmetry 
of the faulty repair geometry is an additional contributor to this discrepancy, explaining the discrepancies in points 4 and 5 that 
start during the first heating cycle. These inherent 2D simplifications may limit the model’s ability to fully capture the dynamic 
redistribution of stresses. The limitations associated with the asymmetric geometry of the faulty repair become particularly evident 
when considering the 2D model validation of the symmetric rail repair weld geometry presented in [49], where the transient 3D 
correlation is significantly stronger.

Despite these differences in transient stress responses, a key observation is that as cooling progresses (instance d), the residual 
stress predictions of the 2D model gradually converge towards those of the 3D model. This suggests that while the 2D model may 
overestimate or underestimate stress variations during intermediate stages, it still adequately captures the residual stress state.

Data availability

Data will be made available on request.
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Fig. A.10. Comparison the time history of longitudinal (axial) stress component of 2D and 3D repair welding simulations for the faulty procedure. 
Measured at locations P1 to P5 highlighted in Fig.  A.9. Four time instances are highlighted in each graph: (a) deposition of the first weld layer, 
(b) repositioning of the welding torch, (c) deposition of the second weld layer, and (d) final cooling to ambient temperature.
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