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Summary 

Railway turnouts are important components of railway infrastructure as they provide 

flexibility and guidance to the rail traffic. Because of geometrical discontinuities in the 

crossing area of the turnouts, high impact forces due to passing wheels acting on the 

crossing nose can occur. In the field, severe rail damage problems are found in crossing 

areas. Statistical evidence shows that turnout failures cause major operational disturbances 

in a railway network, which lead to higher maintenance costs as compared with other track 

components.  

The research presented here was motivated by the short service life of the turnout crossing 

observed in the Dutch railway network and by the need to improve the performance of 

railway turnouts. Moreover, there is a lack of advanced numerical tools such as dynamic 

three-dimensional (3-D) models to analyse wheel–rail interactions in crossings on the stress 

and strain levels, particularly for models that are coupled with life estimation of the 

crossing.  

Therefore, the goal of this study is to develop numerical tools for the analysis of the 

dynamic interaction between the wheel and turnout crossing, and the prediction of fatigue 

life of crossings, aiming to improve the crossing performance and prolong its service life. 

The developed methodology and its applications are briefly described below. 

Methodology  

The methodology for estimating the railway crossing performance developed here includes 

a 3-D explicit finite element (FE) model of an entire wheelset moving over a crossing 

coupled with a fatigue life prediction approach. Using these methods, an analysis of the 

crossing performance is performed, which includes 

➢ Short-term performance of a crossing: the dynamic behaviour of the crossing 

under a single passage of the wheelset assessed based on the response quantities 

from the FE simulation, such as the stresses and strains in the rail as well as in 

sleepers and ballast. 
 

➢ Long-term performance of a crossing: the dynamic behaviour of the crossing 

under repeated loading of a wheelset moving over the crossing. In this analysis, 

the fatigue life of the crossing (expressed as the number of cycles of the repeated 

loading) to crack initiation is studied. This analysis is a step further as compared 

to the short-term analysis that directly relates to the service life of the crossing 

and this can provide guidance to rail maintenance. 

The FE model for evaluating the short-term responses and the fatigue life analysis for 

assessing the long-term performance are briefly described below. 
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FE model: wheelset – railway crossing 

The short-term performance of a crossing is analysed using numerical simulations with the 

3-D FE model developed in the ANSYS Workbench/ LS-DYNA environment. The model 

consists of an entire wheelset running over a crossing (with a crossing angle of 1:15) so that 

the effect of the outer wheel is more accurately taken into account (as compared to the 

models with only one wheel). Realistic geometries of the wheel, wing rail, and crossing rail 

are used in the model. By using the FE method, a detailed analysis of the wheelset and 

crossing interaction based on the local contact stress state in the rail is possible, which 

provides a sound basis for the prediction of the long-term behaviour of the crossing (fatigue 

analysis).  

In order to tune and validate the FE model, data from field measurements conducted on 

several turnouts in the Dutch railway network were used.  

To obtain local stresses on a level suitable for the fatigue life estimation, a sub modelling 

technique applied to the FE model of the crossing was used. In addition, an attempt to 

couple this model with a multibody system model was made to take the track and vehicle 

characteristics into account. 

Fatigue analysis: crossing life prediction 

To predict the long-term performance of the crossing, a numerical procedure to analyse the 

rolling contact fatigue (RCF) crack initiation and to predict the fatigue life was developed. 

Compared with the conventional analysis, the procedure uses the responses obtained from 

the above-mentioned FE model and the fatigue life analysis procedure, and it is applied to 

railway crossings that have more complex wheel–rail interaction than normal rails. 

The non-linear material model accounting for the elastic–plastic isotropic material 

behaviour and kinematic hardening effects in rails is used. Using the FE model, critical 

locations on the crossing nose susceptible to crack initiation are determined first. Then, 

using the fatigue models, the crack planes are predicted and the number of cycles to fatigue 

crack initiation is calculated for each location based on the most probable location, and its 

fatigue life is determined.  

To consider the material behaviour under different loading conditions, the Jiang–Sehitoglu 

fatigue model (low-cycle fatigue) and an engineering model considering the ratcheting 

fatigue (high-cycle fatigue) are used for fatigue life prediction. They are used in a 

parametric study and in the analysis of the effects of repair welding and grinding (W&G) 

respectively. 

Applications of the methodology 

With the developed methodology, a parametric study of the most influencing factors was 

performed to determine their effect on the wheel–crossing interaction and to ultimately 
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improve the crossing performance. In addition, the methodology was applied to real-life 

problems, such as for the analysis of the effect of repair W&G on the crossing performance.  

Parametric study  

Parameters such as axle loads, crossing geometry, and rail pad stiffness are studied. The 

main features of the parametric study are highlighted below: 

➢ In addition to the FE modelling, the fatigue life analysis is performed in the 

parametric study to assess the long-term crossing performance. The results of the 

fatigue life prediction correlate well with the results of the FE model, and can be 

more directly related to the service life of the crossing.  

➢ The wheel–crossing interaction and the crossing performance are very sensitive to 

the studied parameters.  

➢ Compared with the conventional analysis, the fatigue life analysis performed in 

the parametric study can provide more insights on the wheel–rail interaction and a 

better interpretation of the results. For example, compared with the simple stress 

results, the fatigue life analysis results can be related to the axle loads, tonnage, 

the number of passing trains, etc. The fatigue life analysis can therefore provide a 

better alternative in choosing the suitable parameters.  

➢ Because of the possibility of life prediction of the crossing, the fatigue analysis 

also provides guidance to the rail maintenance and asset management. 

Effects of repair W&G 

It is observed that sometimes the repair W&G activities that directly affect the crossing 

geometry and/or material properties can have negative effects on the performance and 

ultimately on the service life of crossings. In this study, the analysis of the effects of repair 

W&G on the crossing performance involves both experimental and numerical methods. 

Using this methodology  

➢ The effect of crossing geometry is studied experimentally: 

- In the case considered, the original crossing nose and wing rail geometry have 

been reconditioned during W&G and have a positive effect on the crossing 

performance by spreading the impact forces over a wider area. 
 

➢ The effect of crossing material is studied numerically: 

- If the welding process is not performed properly, the material properties of the 

crossing (e.g. stiffness) will significantly vary, and cracks that shorten the 

service life of the crossing can initiate. 

- The effects of the different material layers in the crossing are investigated using 

numerical tools, which include (i) an FE model of a wheelset moving over a 
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crossing, (ii) a submodel for detailed stress/strain responses, and (iii) a 

ratcheting fatigue model.  

- To estimate the effect of different welding processes on the fatigue life of the 

crossing, four cooling/heating conditions are analysed using the proposed 

methodology. The result shows that when the crossing is not preheated prior to 

welding and the cooling process is extremely rapid, the service life will be the 

shortest.  

The presented research contributes to a better understanding of the dynamic interaction 

between the wheel and turnout crossing, and provides tools that can be successfully used to 

evaluate the short-term and long-term performance of crossings. This procedure can be 

further applied to evaluate new crossing designs and/or crossings under various service 

conditions. 

Suggestions for further research 

The proposed methodology can further be extended with respect to the following aspects. 

Methodology 

➢ FE model 

- Wheelset initial conditions. In the simulation, the ideal wheelset position was 

used, i.e. no initial lateral displacement or rotation of the wheelset is applied to 

the wheelset. In reality, the wheelset enters a crossing with a specific angle and 

lateral shift. To obtain more realistic results, variation of the wheelset initiation 

conditions can be considered. 

- Repeated wheel loading. Owing to computational difficulties, the model with 

the entire wheelset rolling over the crossing only considers one loading cycle. 

To better simulate the material responses in fatigue conditions, several wheel 

load cycles should be applied. 

 

➢ Fatigue analysis 

- Comparison between low-cycle fatigue (LCF) and high-cycle fatigue (HCF) 

models. In this approach, two fatigue models considering low-cycle fatigue and 

ratcheting are used. To better understand which failure mechanism governs the 

fatigue life of the crossing, a comparison of the predicted number of cycles to 

fatigue crack initiation using both models should be performed. 

- Crossing wear. As RCF is the dominant failure mechanism in the crossing 

because of the high impact forces, crossing wear is not included in this study. In 

future research, crossing wear can be studied using the developed methodology 

for some specific loading conditions, such as for the wing rail that is subject to 

both RCF and wear under traffic in the trailing and facing directions. 
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Samenvatting 

Wissels zijn een belangrijk onderdeel van het spoornetwerk, omdat deze voor een flexibele 

inzet van het spoornet zorgen. Vanwege de geometrische ongelijkheden van het puntstuk 

treden er hoge piek krachten op op de naald, vanwege de passerende treinwielen. Deze 

krachten resulteren in ernstige schades zoals deze ook bij wissels zijn waargenomen. Op 

basis van de statistieken is aangetoond dat storingen van wissels grote gevolgen hebben 

voor de dienstregeling. Hierdoor zij de kosten voor het onderhoud van wissels hoger in 

vergelijking met andere spoor onderdelen. 

De aanleiding voor dit onderzoek was ingegeven door de korte levensduur van puntstukken 

in het Nederlandse spoornetwerk en door de wens om de prestaties van wissels te 

verbeteren. Daarnaast zijn er een tekort aan geavanceerde simulaties software om de 

interactie tussen de wiel en puntstuk te analyseren, met name om de koppeling tussen 

spanning en rek in het contact en de verwachte levensduur van het puntstuk te analyseren.  

Het doel van dit onderzoek is om een numerieke simulatie te ontwikkelen om de 

dynamische interactie tussen wiel en puntstuk te analyseren en de vermoeiingslevensduur 

van puntstukken te bepalen. Dit moet leiden tot betere prestatie van de puntstukken en een 

langere levensduur. De ontwikkelde methode en haar toepassingen worden hierna kort 

beschreven. 

Methode 

De gebruikte methodiek om de prestaties van de puntstukken te bepalen bestaat uit een 3D 

eindig elementen model van een complete as die over het puntstuk rolt, gekoppeld aan 

vermoeiingslevensduur simulaties. Op basis van deze methoden wordt de prestatie van het 

puntstuk geanalyseerd voor de lange en korte termijn. 

➢ De korte termijn prestatie van het puntstuk wordt bepaald op basis van de de 

dynamische gedrag als gevolg van de passage van een enkele as. Deze wordt 

gedaan op basis van resultaten van het eindig elementen model, zoals spanning en 

rek in de spoorstaaf, dwarsliggers en ballast. 
 

➢ De lange termijn prestatie van het puntstuk wordt bepaalt door op basis van het 

dynamisch gedrag door het cyclisch belasten van het puntstuk door passerende 

assen. Bij deze analyse wordt de vermoeiingslevensduur van het puntstuk 

(uitgedrukt in aantal passages) bepaalt totdat scheurvorming optreedt. Deze 

analyse borduurt voort op de korte termijn prestatie en is direct gerelateerd aan de 

daadwerkelijke levensduur van puntstukken en het bijbehorende onderhoud. 

Het eindige elementen model en de vermoeiingslevensduur analyse worden hieronder kort 

toegelicht. 
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Eindig elementen model van treinas en puntstuk 

De korte termijn prestaties worden bepaald op basis van een 3D eindig elementen model 

waarbij gebruik gemaakt is van ANSYS en LS-DYNA. Dit model omvat een complete as 

die rolt over een puntstuk met een hoekverhouding van 1:15. Door een complete as te 

modelleren kan ook het effect van het buitenste wiel bepaald worden, in tegenstelling tot 

modellen die slechts een enkel wiel simuleren. Dwarsdoorsnedes van het spoor, het 

puntstuk en de wielen zijn zo nauwkeurig nagemaakt. Door gebruik te maken van een 

eindige elementen analyse kan de interactie tussen de wielen en het spoor nauwkeurig 

worden bepaald op basis van de lokale spanningen en rekken. Dit geeft een goede basis om 

de lange termijn prestaties te kunnen analyseren. 

Dit model is gevalideerd met behulp van experimentele data die verkregen is door 

verschillende wissels in Nederlands spoornetwerk te meten.  

Om de lokale spanningen voldoende nauwkeurig te kunnen bepalen zodat deze geschikt 

zijn voor een vermoeiingsanalyse, is er een deelsimulatie techniek toegepast. Daarnaast is 

er geprobeerd om dit model te koppelen aan een star lichaam simulatie om zo ook de 

eigenschappen van het railvoertuig mee te kunnen nemen. 

Vermomoiingsanalyse om de levensduur van het punkstuk te bepalen 

Om de prestaties van het puntstuk op de lange termijn te bepalen is er een numerieke 

methode ontwikkeld scheurvorming door vermoeiing te analyseren en zo de 

vermoeiingslevensduur te  berekenen. Deze methode maakt gebruik van resultaten zoals 

verkregen met het hier boven beschreven eindige elementen model, zodat een complexere 

wiel-rail interactie zoals puntstuk wordt geanalyseerd. 

Voor de simulatie is gebruik gemaakt van een niet-lineair, isotroop, elastisch-plastisch 

materiaal model, wat rekening houdt met versteviging. Op basis van de simulatie zijn eerst 

de kritieke locaties op de naald bepaald die het meest gevoelig zijn voor scheurvorming. 

Hierna zijn op basis van de modellen voor vermoeiing de scheurvlakken berekend en het 

aantal cycli totdat scheurvorming optreedt.  

Om het materiaalgedrag onder ver verschillende belastingen te bepalen zijn twee 

verschillende vermoeiingsmodellen gebruikt: het Jiang-Sehitoglu model voor vermoeiing 

door langzame cycli en een empirisch model voor vermoeiing door snelle cycli. Deze 

worden gebruikt in een parameter studie en om het effect van onderhoud doormiddel van 

oplassen te analyseren. 

Toepassingsmogelijkheden van deze methodiek 

De hier beschreven methode is gebruikt voor een parameter studie om de belangrijkste 

factoren te bepalen, hun invloed op het wiel rail contact te analyseren en de prestaties van 
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het puntstuk op de lange termijn te bepalen. Daarnaast is deze methode gebruikt om de 

invloed van onderhoud door oplassen te analyseren.  

Parameter studie 

Enkele parameters zoals de aslast, dwarsprofiel van het puntstuk en stijfheid van de 

onderleg plaatjes zijn bestudeerd. De belangrijkste conclusies worden hieronder kort 

genoemd: 

➢ De invloed van de parameters op de lange termijn is bepaald op basis van het 

eindige elementen model en vermoeiingslevensduur analyse. De resultaten van de 

vermoeiingsanalyse kwamen goed overeen met het eindige elementen model en 

kunnen direct worden gerelateerd aan de levensduur van het puntstuk.  

➢ Het wiel rail contact en de prestaties van het puntstuk worden sterk beïnvloed 

door de onderzochte parameters.  

➢ De vermoeiingslevensduur analyse zoals gedaan in deze parameter studie geeft 

meer inzicht in het wiel rail contact en de resultaten zijn makkelijker te 

interpreteren ten opzichte van meer conventionele analyses. Zo kunnen 

bijvoorbeeld de spanningen van de vermoeiingsanalyse direct gerelateerd worden 

aan de aslast, tonnage, aantal treinpassages, etc. Op basis van deze 

vermoeiingsanalyse is daarom makkelijker om de juiste parameters te kiezen.  

➢ Door de mogelijkheid van levensvoorspelling van de kruising, biedt de 

vermoeidheidsanalyse ook leiding aan het spooronderhoud en het 

vermogensbeheer. 

Effects van oplassen W&G 

Het is gebleken dat in sommige gevallen reparaties doormiddel van oplassen die het 

dwarsprofiel en/of de materiaaleigenschappen aanpassen, ook een negatief effect hebben op 

de prestaties en levensduur van het puntstuk. In dit onderzoek is de invloed van oplassen 

van puntstukken geanalyseerd, zowel op basis van experimentele data als op basis van 

simulatie.   

➢ Op basis van de experimentele analyse is het volgende gebleken: 

- In het onderzochte geval is gebleken dat oplassen een positief effect had op de 

prestaties van het puntstuk. Door het herprofileren zijn de piekkrachten over een 

groter gebied verdeeld. 
 

➢ De numerieke analyse heeft de volgende inzichten opgeleverd: 

- Als het oplassen niet goed is uitgevoerd, kunnen materiaaleigenschappen sterk 

variëren. Hierdoor ontstaan er sneller scheurtjes in het puntstuk wat de 

levensduur verkort. 
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- De invloed van verschillende materiaalsamenstellingen is geanalyseerd op basis 

van verschillende simulaties, waaronder een eindig elementen model van het 

puntstuk met treinas, een deelsimulatie om gedetailleerde spanning/rek 

resultaten te berekenen en een vermoeiingsmodel voor snelle cycli. 

- Om de invloed van verschillende lasprocessen op de vermoeiingslevensduur van 

het puntstuk te analyseren, zijn er vier verschillende verhittings/afkoelings 

processen gesimuleerd. De resultaten tonen aan dat wanneer het puntstuk niet 

wordt voorverwarmd en zeer snel afkoelt na het lassen, de levensduur het kortst 

is.  

Dit onderzoek draagt bij aan meer inzicht in de dynamische interactie tussen treinwiel en 

puntstuk. Daarnaast zijn er technieken ontwikkeld om de prestaties van puntstukken op de 

lange en korte termijn te evalueren. Deze technieken kunnen ook worden toegepast om 

nieuwe ontwerpen te toetsen of puntstukken in verschillende condities te analyseren. 

Vervolgonderzoek 

De hier voorgestelde methode kan op volgende vlakken nog verbeterd worden. 

Methode 

➢ Eindig elementen model 

- Beginpositie van het wiel. Aan het begin van de simulatie staat het wiel op de 

ideale positie, namelijk recht en precies in het midden. In werkelijkheid zal er de 

as meestal onder een hoek staan en is de positie niet exact in het midden. De 

invloed hiervan kan geanalyseerd worden door verschillende begincondities te 

simuleren. 

- Cyclische belasting. Vanwege de benodigde rekenkracht voor deze simulaties, is 

er steeds de passage van een enkel treinwiel gesimuleerd. Om beter inzicht te 

krijgen in het materiaal gedrag zouden meerdere achtereenvolgende passages 

gesimuleerd moeten worden. 

 

➢ Vermoeiingsanalyse 

- Vergelijking tussen vermoeiingsmodellen voor snelle en langzame cycli. In dit 

onderzoek zijn twee verschillende vermoeiingsmodellen gebruikt. Om meer 

inzicht te verkrijgen welk faalmechanisme de grootste invloed heeft op de 

vermoeiingslevensduur van puntstukken zal een vergelijking gemaakt moeten 

worden tussen beide modellen op basis van het aantal cycli tot scheurvorming 

optreedt. 

- Puntstuk slijtage. Omdat puntstukken voornamelijk te lijden hebben onder 

vermoeiing door rollend contact en hoge piekkrachten, slijtage van het puntstuk 

is niet meegenomen in dit onderzoek. In een vervolg onderzoek kan de slijtage 
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van puntstukken worden onderzocht op basis van de hier voorgestelde 

technieken. Een voorbeeld hiervoor is wanneer de vleugelspoorstaaf gesleten is 

door verkeer in beide richtingen.  
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Part I  

EXTENDED SUMMARY





1 Introduction                                                                                                                         1 

 

Chapter 1  Introduction  

In this chapter, a brief introduction of railway turnouts with emphasis 

on the turnout crossing is presented first. The research motivation, 

goals, and methods are explained afterwards. The thesis outline is 

provided at the end of this chapter. 

1.1. Railway turnout 

Turnouts (Switches & Crossing, S&C) are important components in railway networks as 

they provide flexibility to traffic by allowing trains to switch between tracks. There are 

many turnout configurations to fulfil the requirements of various traffic demands [1]. In 

contrast to normal rails in which the profiles remain constant along the track, rail profiles in 

crossings are changing throughout the turnout. In this study, a common turnout (Figure 1) 

consisting of a switch panel, closure panel, and crossing panel is considered. In the switch 

panel (Figure 2a), the switch rails can move laterally into one of two positions to direct 

railway traffic towards a straight route or a diverging route. The closure panel connects the 

switch and crossing panel to allow the wheels to travel along both intersecting paths [2].  

In the crossing panel, the rail structure consists of two wing rails and a crossing nose as 

well as the stock rails and checkrails that enforce a constraint on the lateral positions of the 

passing wheelsets. The crossing nose (Figure 2b), which is a strategic part and one of the 

most critical components in a turnout subjected to severe impacts, is studied in this thesis. 

Because the crossing profiles are gradually changed from its tip to a normal rail, the small 

width and radius of the crossing nose make it the weakest point in the crossing structure. 

When the train passes the crossing panel in the facing direction, the inner wheel first runs 

on the wing rail, then encounters the crossing nose and continues to run on the through rail 

(trailing movement is on the opposite travelling direction). Because of the geometrical rail 

discontinuity in the crossing area (Figure 1), high impact forces acting on the rail occur in 

the crossing nose. The high impact forces and varying crossing geometry together result in 

severe damage to the crossing and ultimately shorten its operating life.  
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Figure 1. General layout of railway turnout and its components, with the geometrical rail 

discontinuity in the crossing area. 

 

Figure 2. (a) a switch panel including switch blade and a switch machine, *photo by 

Xiangming Liu (b) a crossing panel including a fixed crossing and check rails. 

The methods and analyses presented in this thesis have been developed based on a common 

single turnout (54E1, crossing angle of 1:15, constant 725 m radius) that is commonly used 

in the Dutch railway network. The crossing ridden in the main direction as shown in Figure 

2b is studied. The steel material of the crossing is assumed identical to that of the rails on a 

normal track. The methods of assessing the crossing performance can be readily applied to 

other turnout designs with different rail profiles, crossing angles, and material properties. 

1.2. Research motivations 

This study has been initiated by the following issues that are discussed in detail below.  
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Crossing performance 

Statistical evidence shows that turnout failures cause major operational disturbances in a 

railway network, which lead to higher maintenance costs as compared to other track 

components [3]. According to statistics in the Netherlands [4], there are more than 8,000 

switches and crossings in operation, in which approximately 400 crossings are replaced 

each year and two crossings per week are urgently repaired (2010). The total replacement 

budget reaches 6.4 million euro per year, which must be reduced. It was observed that 6% 

of train schedules were delayed because of turnout problems in 2010; these delays were 

responsible for 55% of the total disruption time. During the last six years, rolling contact 

fatigue (RCF) damages on tracks had significantly decreased; however, this reduction was 

not noticeable at turnouts and RCF defects related to crossings had even increased in the 

last two years.  

To evaluate the condition of the turnout, measurements are regularly performed in the 

Dutch railway network, such as structural health monitoring of the turnouts [5]–[8]. For 

instance, it was found out that the measured crossings repaired or renewed very often 

experience large dynamic accelerations during wheel passage [9], [10]. The observed rapid 

degradation and failure of the crossings call for a better understanding of the wheel–

crossing interaction as well as the methods of improving the crossing performance and 

increasing its service life. 

Maintenance  

As for the maintenance of tracks, repair by welding and grinding (W&G) is generally used 

as it has substantial cost saving advantages compared to replacement of the crossing. 

Shortage or insufficient quality of maintenance may lead to rapid degradation of the turnout. 

In practice, however, repair W&G does not always result in extending the service life of the 

crossing. In most cases, this is due to undesired changes in the geometrical and material 

properties of the crossing. The resulting shape of the crossing nose mostly depends on the 

grinder’s experience and skills, which can lead to deviations of the resulting profile as 

compared to a new profile from the manufacturer. Inaccuracies on the crossing geometry 

can lead to changes in the crossing performance.  

Additionally, improperly performed welding processes can lead to deterioration of the 

crossing performance as well. For example, if the crossing was not sufficiently preheated 

before the welding or if the cooling process was extremely rapid, the properties of the rail 

material will change and this generates welding defects. The presence of defects will 

shorten the service life of the crossing. Therefore, investigations on the mechanism of rapid 

degradation of the turnout crossing should be performed to determine the reasons for the 

negative effects of W&G maintenance processes. 

 

 



4                                                                                                    Part I: Extended Summary 

 

Railway crossing studies 

Numerical modelling has been a powerful tool to simulate wheel–rail interaction and 

analyse rail performance under various conditions. During the last decades, a number of 

numerical models to analyse the dynamic behaviour of turnouts have been developed. In an 

earlier finite element (FE) study, the turnout was modelled by a linear FE model to study 

the effect of smooth and irregular transitions on the wheel–rail contact force [11]. Using 2-

D FE models, a rapid and dynamic vehicle/track analysis [4] [12] was achieved. A static 3-

D FE model [13] and simplified dynamic 3-D FE model [14] [15] were also developed to 

predict the plastic deformations and work hardening of the crossing. Later, a 3-D FE model 

considering the entire process of a wheel passing on the crossing panel was presented 

[16][17][18]. However, there is a lack of advanced numerical tools such as dynamic 3-D 

models to analyse the wheel–crossing interaction on the stress and strain levels. Moreover, 

in majority of the models, only one wheel (not a wheelset) is considered. Furthermore, only 

a few (static) models are coupled with the models for life estimation of the crossing. 

In addition to the FE method, the multibody system (MBS) method is generally employed 

to consider the overall vehicle–turnout interaction [3][19] –[22]. However, both methods do 

not allow a detailed stress analysis of the wheel and rail (crossing) contact and material 

hardening. To obtain the advantages of both methods, there has been an attempt to combine 

the MBS and FE methods and apply them to turnouts [23][24]. However, in most of the 

previous simulations, the contact loads and contact locations from MBS simulations were 

used as input data in the static FE analysis without coupling in the dynamic analysis.  

Therefore, an analysis of the wheel–crossing interaction using more advanced numerical 

tools is necessary. In this study, the 3-D dynamic FE model of an entire wheelset running 

over the crossing nose is developed. Moreover, coupling of the FE model with the MBS 

model is implemented so that the track features and vehicle characteristics can be 

considered. 

1.3. Research goals 

The above-mentioned analysis of the current knowledge of the turnout crossing 

performance showed that a better understanding of the wheel–crossing interaction is 

necessary. The main research questions addressed in this thesis can be summarised as 

follows: 

• How to analyse the crossing performance under loading of a wheelset moving over 

the crossing (short-term performance)? 

• How to assess the crossing performance under repeated loading of a wheelset moving 

over the crossing (long-term performance)? 
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• What are the influencing factors on the crossing performance? What are their effects 

on the performance of the crossing? 

• How to apply the developed methodologies to real-life problems (e.g. crossing repair 

W&G)? 

Therefore, the goal of this research is to develop a methodology for the analysis of short-

term and long-term performance of the crossing. To demonstrate the developed 

methodology, it will be applied to the analysis of the crossing performance influencing 

factors and to the analysis of the effect of the repair W&G maintenance on the crossing 

performance. The answers to the above-mentioned questions comprise the main research 

findings which can be found in Section 6.1. 

1.4. Research methods 

To address the above-mentioned problems numerical and experimental approaches have 

been used in this study. The numerical approach consists of a 3-D FE model simulating a 

wheelset running over a crossing (short-term performance), as well as a fatigue analysis 

procedure that predicts the life of the crossing (long-term performance). The field 

measurements are also performed to obtain the dynamic responses of the crossing, which 

are used to assess the crossing performance and validate the FE model. The approaches are 

briefly described below. 

Numerical modelling 

FE model 

➢ In this research, a 3-D FE model has been developed in the ANSYS Workbench/ LS-

DYNA to simulate a wheelset running over a crossing. The whole wheelset is 

considered in the model so that the effect of the outer wheel is more accurately taken 

into account (as compared to the models with only one wheel). The realistic 

geometries of the wheel, wing rail and crossing rail are used in the model. Due to 

employing the FE method, the detailed analysis of the wheelset and crossing 

interaction based the local contact stress state in the rail is possible.  

➢ To obtain the local stresses on the level suitable for the fatigue life estimation, the 

sub-modelling technique applied to the FE model of the crossing is also used here.  

➢ An attempt to couple this model with the multibody system (MBS) model has been 

performed to take the track and vehicle characteristics into account. 
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Fatigue analysis 

➢ To predict the long-term behaviour of the crossing, a numerical procedure to analyse 

the RCF crack initiation and to predict the fatigue life is developed. The procedure 

uses the responses obtained from the above-mentioned FE model and fatigue life 

models. In the FE model, the response quantities, such as stress and strain in rails are 

obtained. In predicting the fatigue life, the Jiang and Sehitoglu model (critical plane 

approach) and ratcheting fatigue model (engineering model) are used. With these 

models, the number of cycles to fatigue crack initiation of the crossing can be 

predicted.  

➢ Using the above-mentioned FE model and fatigue analysis approach, applications 

such as parametric studies and the effect of repair W&G can be studied. 

Field measurements 

In this research, field observations and measurements including geometry, acceleration, and 

displacement are performed on common single turnouts in the Dutch railway network, 

among which are newly laid, worn, and repaired crossings. Using a laser-based device 

called Calipri, the cross-sectional profiles of the wing rail and crossing nose were measured 

whenever profile changes took place, e.g. in rail plastic deformation and repair grinding. 3-

D acceleration measurements of crossings were also performed using ESAH-M device, in 

which the magnitude and position of the maximum impacts during wheel passing were 

recorded. These measurements were used here for the following: 

➢ Development and validation of the numerical model 

➢ Assessment of the crossing performance 

➢ Determination of the influencing factors including rail geometry, sleeper types, 

and rolling stocks  

➢ Maintenance quality 

1.5. Thesis outline 

The outline of the thesis is presented below.  

Chapter 1 introduces the railway turnout as well as the research motivations, goals, and 

methods.  

Chapter 2 discusses the key issues in railway crossing performance, which were used in 

developing the proposed methodology, such as the dynamic wheel–rail interaction, typical 

crossing rail damage, as well as the influencing factors.  
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Chapters 3–4 describe the methodology developed in this study, which includes 

- A 3-D FE modelling of a wheelset running over a crossing (Chapter 3)  

- A procedure for analysing fatigue crack initiation in the crossing, based on the FE 

model and fatigue models (low-cycle fatigue and ratcheting fatigue models) 

(Chapter 4)  

Chapter 5 presents the applications using the methodology, which include  

- Parametric studies of the influencing factors on crossing performance  

- Analysis of the effect of repair W&G 

Chapter 6 concludes the thesis with the main research findings and recommendations for 

future research. 

 

Figure 3. Thesis outline. 

A more detailed information on the methodology and applications of this study is given in 

the appended papers. The main contents of this paper are presented below. 
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Methodology 

In Paper A a 3-D FE model of a wheelset running over a crossing is presented. The 

dynamic responses are introduced. A parametric study including variations of the crossing 

nose geometries is then performed to demonstrate the capabilities of the developed model.  

In Paper B a fatigue analysis approach to predict the fatigue crack initiation is described. 

This approach uses the responses obtained from the above-mentioned FE model and fatigue 

models concerning low-cycle fatigue and ratcheting.  

Applications 

The fatigue analysis approach is further used in Paper C for the parametric studies. The 

effects of the parameters including elasticity of rail pads, friction coefficient, and travelling 

directions on the fatigue life of crossings are analysed.  

In Paper D an application of the developed methodology is performed to demonstrate how 

this approach can be used in real-life problems. In this study, an analysis on the effect of 

repair W&G on crossing performance is performed. The effect of the changes in geometry 

is studied experimentally, while the effect of the changes in material properties (welding 

defect) is analysed numerically. 

Work in progress 

In Paper E the dynamic responses of the wheelset–crossing interaction conducted using an 

MBS model and FE model are compared. The limitation of this study and a future work of 

the model coupling are presented. 
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Chapter 2  Key issues in crossing 

performance 

This chapter discusses the key issues in railway crossing performance, 

which were used in developing the proposed methodology, such as the 

dynamic wheel–rail interaction and typical crossing rail damage as 

well as the factors affecting the crossing performance.  

First, an introduction on railway crossing dynamics is given and the 

main dynamic responses that can be used to define the crossing 

performance are presented. The dynamic responses are then utilised 

in the numerical model described in Chapter 3 (based on Paper A). 

Then, the common types of crossing damages are presented for 

selecting the failure modes to be used in the fatigue life analysis (the 

prediction of RCF crack initiation is performed in (Paper B). Finally, 

the factors affecting the crossing performance considered in this study 

are introduced (studied in Paper A and Paper C).  

2.1. Basics of wheel-crossing interaction 

As mentioned in Chapter 1, a railway crossing is a crucial and vulnerable component in a 

turnout structure and has a relatively short service life currently. Because of the 

discontinuity in crossing rail geometry (Figure 1 and Figure 2), the wheel–crossing 

interaction is more complex than the normal wheel–rail interaction. When a wheel passes a 

crossing (in the facing direction), the following stages can be observed: 

- Stage 1: The wheel travels on the wing rail and approaches the crossing nose 

(Figure 4a–b).  

- Stage 2: The wheel touches the crossing nose and runs on both the crossing nose 

and wing rail (Figure 4c–d). This is the transition stage when the wheel load is 

transferred from the wing rail to the crossing nose; the transition zone can be 

observed on the wing rail and crossing surface.  

- Stage 3: The wheel leaves the wing rail and completely rolls on the crossing, 

followed by the through rail (Figure 4e–f). 
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Figure 4. Stages of wheel passing a crossing nose [25] (Figure by C. Wan). 

The presence of the transition stage (from the wing rail to the crossing nose) that typically 

does not exist in the normal wheel–rail interface results in an increase of dynamic responses 

in railway crossings. In some cases, these forces can be extremely high leading to damage 

on the crossing and ultimately reducing the life of the entire turnout.  

Therefore, to improve the crossing performance and extend its service life, an analysis of 

the wheel–crossing interaction and a procedure for the assessment of crossing performance 

are necessary. To describe the crossing performance, the following responses of the 

crossing–train system can be used: 

- Contact forces between the wheel and crossing rail and crossing accelerations. 

They reflect globally the amount and type of load acting on the crossing. The 

lower the level of these response quantities, the better the crossing performance. 

- Stress and strain states in the crossing rail. The stresses in the rail reflect the level 

of the loading and the crossing rail condition locally. Damage within the contact 

patch or at different depths in the rail, e.g. surface or subsurface, can be indicated 

by analysing the stress state. Some types of stresses, such as surface shear stress, 

can also be related to the energy dissipation at the wheel–rail contact surface and 

therefore reflect the amount of wear. The strain state in the rails can be directly 

related to the amount of plastic deformation of the rails observed in the field. 

- Wheel transition zone from the wing rail to the crossing (in case of motion in the 

facing direction). The location of the transition zone is crucial in a wheel–crossing 

interaction as it determines the position on the crossing that is subjected to impact 

and large plastic deformation. The geometrical properties of the wheel and rail 

(wing rail and crossing nose) determine the wheel transition; the smoother the 

transition, the lower the dynamic amplification of the wheel forces [4]. 

- Wheelset motion (the vertical and lateral displacements). The motion of the 

wheelset when passing the crossing can reflect the level of impact on the crossing 

in both vertical and lateral directions, which is generated because of the 

discontinuities in the crossing geometry.  
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- Stresses in other track components, such as sleepers and ballast. Because the 

impact forces are acting on the crossing, the track components in the crossing 

including rail pads, sleepers, and ballast can also be damaged when the level of 

these forces becomes high. Therefore, analysing the stresses in these components 

is also necessary to assess the crossing performance and to predict the damage in 

track components. 

The analyses of these responses can provide a better understanding of the wheel–crossing 

interaction. Some of these responses can be obtained experimentally from the track. 

However, other responses such as contact forces and stresses cannot be measured directly 

in the field. Therefore, to obtain those responses, numerical modelling of the wheel–

crossing interaction is required. In this study, a 3-D FE model of an entire wheelset running 

over a crossing is developed. The model can provide the above-mentioned responses and 

therefore can describe the main features of a wheel–crossing interaction. The model will be 

presented in Chapter 3. More details of the FE model can also be found in Paper A.  

2.2. Crossing rail damage 

As mentioned above, railway turnouts nowadays suffer from various types of damages. 

Accumulated plastic deformations, RCF, and wear of the rails are common damage 

mechanisms in turnout components. Figure 5 shows the typical defects in the turnouts 

observed in the Netherlands. From this figure, it can be observed that at the switch blade 

and wing rail, the usual type of damage is wear, while in the curved rail and stock railhead, 

RCF damage such as head checks and squats are normally found. The crossing panel on the 

other hand suffers from both RCF defects and wear. Shelling, head checks, squats, and 

vertical cracks are normally observed in the crossing nose, while severe wear is found in 

the wing rail. 

As previously mentioned, one of the most frequently observed RCF type of damage on the 

crossing nose is shelling due to impact of the wheel (Figure 5), which is however, rarely 

found on normal lines currently [26]. According to field observations, crossing noses 

experience severe cyclic plastic deformation due to high impact loads. Therefore, 

subsurface cracks, which manifest as shelling at a later stage, may occur.  
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Figure 5. Typical types of damage observed in turnout. 

In this study, only the fatigue crack initiation of shelling in the crossing nose and in the 

wing rail is considered. Here, a crack size of 0.5 mm is considered as the crack initiation 

size in the fatigue analysis [27]. To study the fatigue crack initiation and predict the life of 

the crossing (based on the crack initiation), an approach to fatigue life prediction for 

railway crossings has been developed (presented in Chapter 4). The approach is based on 

the fatigue models for low-cycle fatigue and ratcheting fatigue problems, coupled with the 

FE model of the crossing. This approach is briefly described in Chapter 4 The details of this 

approach can be found in Paper B. 

2.3. Factors affecting crossing performance 

The numerical and experimental methods developed here are aimed to analyse the crossing 

behaviour and ultimately increase the service life of the crossing. In order to do so, the 

factors affecting the crossing life should be determined first. From the experimental and 

numerical studies available in the literature, the factors affecting the crossing performance 

can be divided into the following groups: 

- Service condition: travelling directions, axle loads, vehicle velocities, friction 

coefficient, climatic conditions, etc. [10][16][25]  

- Track properties: track elasticity [4][22] and track geometry [2][28][29] 

- Maintenance regime: tamping, repair W&G [7][10] 

Rail maintenance is the main method used currently to improve the crossing performance. 

However, very few studies have investigated the effect of rail maintenance on the crossing 

performance to date. At the same time, such maintenance (e.g. repair W&G of the crossing) 

can significantly influence the crossing performance [7].  
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Such classification of the influencing factors facilitated the selection of the parameters to be 

considered in this study. To better model the wheel–crossing interaction and improve the 

crossing performance, all the above-mentioned parameters should be taken into account. 

However, owing to the limitation of computing power, only some of these parameters are 

considered here. These include the following: 

- Axle load, vehicle velocity, friction coefficient, and travelling directions (service 

condition) 

- Elasticity of rail pads and crossing geometry (track properties) 

- Repair W&G (maintenance regime) 

Using the developed FE model and fatigue analysis approach, the effects of these 

parameters are studied. The main results will be presented in Chapter 5.  

It should be noted that the effects of the axle load, vehicle velocity, and crossing geometry 

are only assessed by the FE model (studied in Paper A); the effects of the friction 

coefficient, travelling directions, and rail pad elasticity are studied using the fatigue life 

approach coupled with the FE model (studied in Paper C). Moreover, this approach is 

further used to study the effect of repair W&G on the crossing performance. More details of 

these results can be found in Paper D. 
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Chapter 3  3-D finite element model of a 

crossing  

In this chapter, a 3-D explicit FE model developed in ANSYS 

Workbench/LS-DYNA environment is presented. The model is capable 

of obtaining the dynamic responses of the wheel–crossing interaction. 

The model consists of an entire wheelset running over a crossing 

(with a crossing angle of 1:15), so that the effect of the outer wheel is 

accurately taken into account. The responses include the contact 

forces between the wheel and the crossing rail, displacements and 

accelerations at the crossing nose, and stresses in rails as well as in 

sleepers and ballast. More importantly, by employing the FE method, 

a detailed analysis of the wheelset and crossing interaction based on 

the local contact stress state in the rail is possible. These stresses 

provide a sound basis for predicting the long-term performance of the 

crossing (fatigue life analysis will be presented in Chapter 4).  

In this chapter, the model description with an emphasis on the 

crossing geometry and the material properties is presented first. Then, 

the wheel–rail contact modelling and the solution procedure are 

described. More detailed information of the FE model settings can be 

found in Paper A. 

In order to tune and validate the FE model, field measurement data 

obtained in the Dutch railway network were used. The measurement 

devices used here are introduced first. The measurement data consist 

of the geometry and accelerations (due to passing wheels) on the 

crossing. Then, to validate the FE model, a set of acceleration 

measurements performed on a 1:15 crossing was selected. The 

selected crossing has a similar condition as the modelled one. The 

validation results are briefly described in this chapter. More details 

on the model validation can be found in Paper A. 

The geometry measurements were used when studying the effect of 

repair W&G in Chapter 5. The crossing geometry before and after the 

repair was compared to evaluate the quality of the repair. More 

details on the effect of repair maintenance can be found in Paper D. 



3 3-D FE model of a crossing                                                                                               15 

 

3.1. Model description 

The 3-D FE model of a turnout crossing is developed in this study to investigate the impact 

of the wheel on the crossing nose during the wheel transition from the wing rail to the 

crossing nose (Figure 4). The model shown in Figure 6 represents a part of the crossing 

section (4540 mm) of a left-handed turnout. The turnout modelled here is a curved one with 

a radius of 725 m and a crossing angle of 1:15. The wheelset passing the crossing in the 

main direction is placed at a position of 376 mm in front of the crossing nose. During the 

simulation, the inner wheel will roll from the wing rail to the crossing nose. The S1002 

unworn wheel profile is used for the wheelset as specified in EN 13715 standard.  

In this model, an entire wheelset running over a crossing is considered in order to account 

more accurately the effect of the outer wheel in the analysis as compared to the existing 

models wherein only one wheel is modelled [14], [16]. Therefore, the wheelset lateral 

movement can be obtained without any assumption on the outer wheel movement. 

Moreover, using such model, simulations with varied initial conditions of the wheelset, 

such as non-zero lateral displacement or yaw angle, are relatively easy to perform. 

Adjustment of the initial conditions of the wheelset is necessary when analysing the effect 

of various vehicle and track conditions (i.e. effect of track irregularities). 

The rail components consist of the stock rail, wing rail, and crossing. The rails are 

supported by 10 mm thick rail pads, concrete sleepers with a spacing of 600 mm, and 

ballast bed with a thickness of 350 mm. All the components are modelled using solid 

elements, so that the stresses in the track components can be obtained. Transmitting 

boundary conditions are applied to both ends of the rails and ballast layer to model the 

semi-infinite domain.  

A fine mesh with an element size of 1.5 mm×1.5 mm is used in the contact regions, i.e. in 

the railhead of the crossing nose, stock and wing rail, and the wheel tread. To achieve an 

acceptable computational time, the rest of the model is discretised using a relatively coarse 

mesh.  
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Figure 6. Wheelset-crossing finite element model. 

Crossing geometry and material properties 

To build up the 3-D crossing model, crossing drawings [31] describing the common turnout 

54E1 are used. These drawings provided by ProRail (Dutch rail infrastructure provider) are 

usually used as guidelines by turnout manufacturers in the Netherlands [21]. According to 

these drawings, a crossing is defined by four control cross-sections as shown in Figure 7a. 

They are located at a distances of 10a (mm), 10a (mm), and 50a (mm) from each other, 

where ‘a’ is equal to the crossing angle of the turnout (e.g. for the 1:15 turnout, a = 15). 

Using the four main cross-sections as defined in the drawing, the 3-D crossing geometry is 

developed (Figure 7b).  

To vary the geometry of the crossing, these distances (10a, 10a, and 50a) are used as the 

parameters in the model to control the location of each cross-section. By changing these 

parameters, the locations of the cross-sections are changed affecting the entire geometry of 

the crossing. The effect of various crossing geometries on the crossing performance will be 

discussed in Section 5.1.  

 

a 
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b 

Figure 7. Definition of geometry for common crossings [31]: (a) Longitudinal height profile 

of crossing nose (Side view), and control cross-sections (Front view); (b) 3-D crossing 

geometry based on control cross-sections. 

First, the materials of the wheel and rails are modelled as linear and elastic. Later, the 

model was adjusted by using non-linear material properties, which was used in the fatigue 

analysis as will be described in Chapter 4.  

Finally, the parameters used in the FE model are listed in Table 1. It should be noted that 

the model with these parameters is considered as the reference model and the results 

obtained using this model will be used later in this study.  

Table 1. Parameter values used in FE model (reference model). 

Parameters (unit) Values Parameters (unit) Values 

Crossing geometry: 

distance 

10a,10a,50a 

a = 15 

Locations of control 

cross-sections (mm) 
0,150,300,1050 

General material properties 

(linear elastic) 

Young’s 

Modulus 

(Mpa) 

Rail 2E+5 

Poisson’s 

ratio 

Rail 0.3 

Railpad 240 Railpad 0.47 

Sleeper 3E+4 Sleeper 0.18 

Ballast 134 Ballast 0.20 

Wheelset 
Profile S1002 

  
Mass (Kg) 1750 

Axle load (kN) 150 Velocity 130km/h, 78.5rad/s 

Friction 0.2 Direction Facing move 
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3.2. Wheel-rail contact 

In the explicit FE model of the crossing developed here, the penalty-based contact method 

available in LS-DYNA is adopted for both impact and sliding contact conditions. It is the 

most commonly used approach for contact modelling. The contact modelling takes into 

account the linear/non-linear material properties, geometry, and deformations of the bodies 

in contact. 

In the contact modelling, the first step is to search for penetrations between the master and 

slave surfaces in each time step i, from which the penetration depth l between the master 

segment and the slave node is obtained (Figure 8). If there is no penetration, nothing is 

done. If the slave node 𝑛𝑠  penetrates through the master segment  𝑠𝑖 , the force 𝑓𝑠 

proportional to the penetration depth will be applied to resist and ultimately eliminate the 

penetration (Figure 8) expressed as  

 𝑓𝑠 = −𝑙𝑘𝑖𝑛𝑖,    if 𝑙 < 0 (1) 

 

where ni  is normal to the master segment at the contact point, and 𝑘𝑖  is the calculated 

contact stiffness.  

 

Figure 8. Schematic graph of the penalty contact. 

The contact stiffness 𝑘𝑖 for the master segment 𝑠𝑖 is given in terms of the bulk modulus 𝐾𝑖 

of the contacted elements, the volume of the element 𝑉𝑖 that contains 𝑠𝑖, and the face area 

𝐴𝑖 of the element that contains 𝑠𝑖 expressed as 

 
𝑘𝑖 =

𝑓𝑠𝑖𝐾𝑖𝐴𝑖
2

𝑉𝑖
 

(2) 

 

where 𝑓𝑠𝑖 is the scale factor. The default value of fsi = 0.1 is recommended in LS-DYNA in 

cases where the contact bodies are of similar materials. Extremely low contact stiffness can 

result in a higher penetration, while a large value may cause instabilities in the solution 

process. 

Because the same mesh size and materials for the wheel tread and crossing are used, the 

default penalty-base method with the scale factor of 0.1 was chosen. A comparison between 

the physical contact stiffness (calculated using the Hertz theory) and the penalty contact 
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stiffness used in the simulations showed that when using the scale factor of 0.1, the ratio 

between the Hertz contact stiffness and the penalty contact stiffness lies between 0.33 to 1.1 

(depending on the level roughness used to calculate the physical contact stiffness [32]). The 

accuracy of the simulations with the chosen scale factor of 0.1 was also confirmed by the 

convergence study that was performed for different values of contact stiffness. In this 

convergence study, simulations with various scale factors are performed and the 

corresponding values of the contact forces and stresses are analysed. The value of the scale 

factor was varied from 0.1 (default in LS-DYNA) to 1.0. The results are shown in Figure 9 

from which it can be observed that by reducing the value of the scale factor, the stability of 

the results is significantly increased. Higher values of the scaling factor result in wider 

scatter of the contact forces and stresses; for the scaling factor equal to 1.0, the contact 

force even drops to zero. Further increase of the scale factor to 5.0 and 10.0 resulted in 

failure of the solutions process. 

 

Figure 9. Convergence study of different levels of scale factor: (a) Vertical contact force, (b) 

Von Mises stress. 

The tangential force consisting of the lateral contact force and longitudinal contact force is 

the friction force. Friction in LS-DYNA is based on a Coulomb formulation. The frictional 

algorithm uses the equivalent of an elastic plastic spring. In each time step, the frictional 

force (f) is updated based on the incremental movement of the (slave) node (∆𝑒) and the 

interface stiffness k as follows: 𝑓𝑛+1 = 𝑓𝑛 − 𝑘𝛥𝑒. Afterwards, the yield condition for the 

updated force is checked using the yield limit calculated in this step (using the normal force 

and friction coefficient). If the trial friction force is below the limit, it will be used in the 

next step; otherwise, the yield limit is used.  
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3.3. Analysis procedure 

During the simulation, the wheelset moves along the crossing with a translational velocity 

of 130 km/h and angular velocity of 78.5 rad/s. Initially, the wheelset comes in contact with 

the rails because of the application of the gravitational force and axle load.  

To minimise the initial system vibration, the implicit to explicit switch analysis available in 

LS-DYNA is used. The analysis includes two steps: 

- Step 1: perform the implicit preload analysis. The gravitational force and the 

wheel load are applied linearly and are increased from zero to their actual values 

for 0.02 s in order to stabilise the transient oscillations. The application of the 

initial velocity is delayed.  

- Step 2: perform the explicit analysis. The initial velocities are applied to the model 

at the end of Step 1 after which the wheelset starts rolling.  

During the simulation (Step 2: explicit stage), the inner wheel of the wheelset first rolls on 

the wing rail and then comes in contact with the crossing nose. Then, the contact point 

transfers from the wing rail to the crossing nose that generates an impact between the wheel 

and rail. Finally, the wheel continues to roll on the through rail. A simulation time of 0.04 s 

has been chosen to be sufficient for analysing the impact of the wheel on the crossing (the 

wheel then completely passes the 1 m zone from the beginning of the crossing nose). A 

friction coefficient of 0.2 is used in the simulations. 

As mentioned earlier, when simulating the wheel–crossing interaction in Step 2, the explicit 

FE method is used. It is more accurate and efficient for simulations involving non-linear 

material behaviour and complex contact. However, the analysis requires an extremely small 

time step in order to be stable; thus, it is usually used for short duration events such as a car 

crash or impact of a wheel on the crossing. The integration step in the simulations presented 

here is 3e–7s, which was chosen automatically based on the stiffness and mass properties as 

well as the smallest element size in the model. After each simulation, the dynamic 

responses of the wheelset and crossing are collected and analysed. 

3.4. Model validation 

To study the dynamic behaviour of the turnout crossing, several field measurements were 

conducted in the Dutch railway network including crossing geometry and acceleration 

measurements. The measurement devices, procedure, and main responses obtained are 

presented below. 
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Geometry measurements 

The geometry measurements of the turnout crossing include the crossing nose and wing rail 

profiles, track gauge, and super elevation in the crossing panel. In this study, two different 

methods were used to measure the local crossing geometry. 

One method is a simplified way to measure the vertical geometry of the crossing. This 

measurement contains the information of start-and-end locations of the transition zone, as 

well as the vertical distance between the top of the wing rail and crossing. This vertical 

distance can represent the vertical wheel trajectory during passage of the wheel [25]. It is 

also used to record geometry changes before and after maintenance.  

The other method uses a more complex, laser-based device for wheel/rail cross-sectional 

geometry measurements called Calipri (Figure 10). In this study, a number of profiles with 

a step of 50 mm along the crossing were measured. The measurements were performed 

from the beginning to 1050 mm of the crossing nose to obtain the geometry of the entire 

crossing.  

To study the effect of repair grinding on the crossing performance, geometry measurements 

of the crossing nose and wing rail were performed before and after crossing repair grinding. 

With the information on the geometry changes and the corresponding dynamic responses of 

the crossing (measured by ESAH-M in Figure 11), the effect of repair grinding was 

evaluated. The geometry measurements and the analysis results are presented in Section 

5.2.  

 

Figure 10. Geometry measurements of profiles of a turnout crossing using Calipri [25]. 

Acceleration measurements 

The accelerations at the crossing were obtained using a 3-D acceleration measurement 

device called ESAH-M (Figure 11). The device consists of a triaxial acceleration sensor 

placed on the crossing nose (Figure 11a), and two inductive sensors installed on the rail for 
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wheel velocity measurements. Using this device, the dynamic accelerations at the crossing 

are recorded when a train passes through (Figure 11b). Based on the measured velocity of 

the passing wheels and the distance between the velocity sensor and the beginning of the 

crossing nose, the location of the impact for each passing wheel is determined as the 

location of the maximum acceleration detected within the crossing length (up to 1 m from 

the beginning of the crossing). Examples of distribution of the wheel impacts due to a 

passing train are shown in Figure 11c. Based on this distribution histogram, the area with 

the most impacts can be determined. This area is considered as the fatigue area, which 

represents the most probable area for fatigue damage on the surface of the crossing nose. 

 

 

Figure 11. Accelerations measurements using ESAH-M: (a) instrumented crossing nose 

with acceleration sensor, (b) measured acceleration of a passing train (time domain), (c) 

histogram of detected fatigue area on the crossing 

These devices (Calipri and ESAH-M) have been used in the analysis of the crossing 

degradation [6][7], quality assessment of repair W&G as well as in long-term monitoring of 

a given crossing [7]. In this study, the measured crossing accelerations are used to validate 

the results of the numerical simulations, which are presented below. 
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Model validation 

To develop and validate the FE model presented in Section 3.1, the acceleration 

measurements performed using ESAH-M on a 1:15 crossing were selected. The procedure 

and results of the validation are presented below.  

First, an analysis of a one-day measurement was performed. The crossing had similar 

conditions with the modelled one and was taken for model validation. The general data 

from each train including velocity, 3-D accelerations, and fatigue area (Figure 11c) were 

collected and compared with the simulations.  

Second, an analysis of the vertical acceleration of one passing axle was performed. The 

vertical acceleration is the most influencing indicator that is frequently linked with rail wear, 

ballast settlement, and other types of track damages [8]. Therefore, it is selected for 

comparison between the measurements and simulations. The selected wheelset had similar 

values of maximum vertical acceleration, and ratio of lateral/vertical and 

longitudinal/vertical accelerations. The responses are separated into different frequency 

bands, namely 0–40 Hz (substructure), 40–400 Hz (superstructure components excluding 

rails), and 400–2000 Hz (rail pads, fastening, and rails including wheel–rail contact) [33]. 

The responses from the measurements and simulations are then compared.  

In this study, a one-day measurement consisting of 14 trains (142 wheelsets) was selected. 

The measured fatigue area lies within 450–750 mm where most of the maximum 

accelerations occur (Figure 12c). In the numerical simulation (Figure 15), the high von 

Mises stress also occurs in this area. Such a comparison shows that the model can capture 

the phenomenon of the high impact generated on the crossing. 

 

Figure 12. Measurement results of a 1:15 crossing: (a) acceleration distribution (fatigue 

area) of a one-day measurement (14 trains, 142 wheelsets), (b) maximum vertical 

accelerations of 1 train with the selected wheelset. 

Then, the measurement of a wheelset from a train with a velocity of 135 km/h was selected. 

Its (inner) wheel had the smallest ratio of lateral/vertical and longitudinal/vertical 
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accelerations during the impact, which corresponds to regular contact. As these ratios 

increase, which is typical for worn out crossings and defective wheels, the impact/contact 

becomes more irregular. Therefore, the wheel with regular contact has been selected for 

verification, as its condition is closest to that of the model. As shown in Figure 12b, the 

measured maximum vertical acceleration of this wheelset (60 g) is close to the average 

measured acceleration (72 g) of this train (44 g to 115 g). It is shown that in the 0–40 Hz 

band, both measurement and simulation reach a value of less than 1 g (Figure 13b). In the 

40–400 Hz band, the modelled accelerations are slightly higher than those in the 

measurements. This can be due to the shorter sleepers used in the model (Figure 13c). In 

the high frequency band of 400–2000 Hz, the measurement and modelling results are 

comparable (Figure 13d).  

 

Figure 13. Comparison between measurement and simulation results: (a) in the 0-2000Hz 

frequency bands, (b-d) in different frequency bands. 

Based on the results of the validation, it was concluded that the model can capture the main 

features of the dynamic behaviour of the crossing and describe the wheel–rail contact. 

Because of the good match of the results in the high frequency domain, it is used here in the 

analysis of wheel–rail interaction, rail damage, and fatigue life. 
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3.5. Model output 

In this section, the capabilities of the validated FE model of the crossing will be 

demonstrated. The model output such as the wheel–rail contact forces and stresses in the 

track components is presented and discussed. The responses obtained in this section 

correspond to the reference case as described in Section 0 using the parameters given in 

Table 1. The dynamic responses obtained with this model will be later used for the 

assessment of the crossing performance (short- and long-term). 

In general, an output of an FE model consists primarily of the nodal displacements and 

element stresses. According to the discussion in Section 2.1, there are a few main responses 

of a crossing that can be used to characterise the wheel–crossing interaction and ultimately 

to assess the crossing performance. In this study, these responses are derived from the 

output of the FE model of the crossing. Based on these results, the following phenomena 

that can be related to the field observations in the wheel–crossing interaction are obtained.  

Contact forces between the wheel and crossing 

- Contact forces are calculated according to the wheel–rail contact algorithm 

presented in Section 3.2 for normal and tangential contact forces. At each wheel 

position, the maximum force of the contact segments in the contact patch is 

regarded as the contact force in this position. The normal and tangential contact 

forces are further separated into three directions, which are plotted in Figure 14a.  

- A significant increase in the wheel–rail contact forces is observed in the crossing 

during the wheel passage (Figure 14a). In this simulation, the maximum value of 

the vertical force reaches 2.5 times that of the wheel load. Such increment reflects 

large impact acting on the crossing because of the rail discontinuities in the 

crossing. 

 

Figure 14. (a) Contact forces in three directions and (b) vertical displacements of the wheel 

centre and the crossing nose. 
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Accelerations at the crossing 

- The accelerations at the crossing are calculated based on a block (13.2×8.6×

7.5 mm) selected on the side of the crossing. The size and position of the selected 

block are similar to the acceleration sensor placed on the crossing in the 

measurement (Figure 11a), so that the crossing accelerations from the simulations 

and the measurements can be compared.  

- It is shown in Figure 13a (red line: simulation) that the acceleration at the crossing 

reaches a high value (40 g, 2000 Hz low pass filter) when the wheel passes the 

crossing. As stated in Section 3.4, the good match of the results from the 

measurements and numerical simulations showed that the FE model is capable of 

capturing the main features of the dynamic behaviour of the crossing. 

Wheel displacement 

- The wheel displacements are calculated for the inner and outer centre of the 

wheelset. As the wheelset started rolling over the crossing (Figure 14b), an 

increase of wheel vertical displacement was observed owing to the geometrical 

irregularities of the wing rail and the crossing, which indicates an impact to the 

crossing. 

Stresses in the crossing 

- For the local stress analysis, the position (P = 716 mm) with the highest von Mises 

stress is selected. Figure 15 shows the cross-sectional von Mises stress, pressure, 

and surface shear stress, which are closely related to the usual types of rail damage. 

For example, the von Mises stress can be related to the surface/subsurface damage 

in RCF problems; surface shear stress can be related to wear. From Figure 15, it 

can be observed that in this simulation, the highest von Mises stress occurs at the 

subsurface of the crossing. The presented model can be applied for the analysis of 

damage mechanism at a local scale from the stress/strain and contact patch point 

of view. 

 

Figure 15. Stress distribution at P=716mm: Von Mises stress, pressure and surface shear 

stress 
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Transition zone 

- The location of the transition zone from the wing rail to the crossing (in case of the 

motion in facing direction) is crucial in a wheel–crossing interaction as it 

determines the position on the crossing subjected to impact. Figure 16 shows the 

transition zone from the wing rail to the crossing (from P = 361 mm to P = 474 

mm). It can be observed that in the transition zone, the stresses are significantly 

increased. However, the highest stresses occur after the end position of the 

transition at P = 716 mm (impact position). It leads to the conclusion that the 

highest impact on the crossing occurs after the transition. Therefore, not only the 

transition zone, but also the position after the transition is susceptible to large 

plastic deformation and damage. 

 

Figure 16. Von Mises stress distribution along the crossing, (a) beginning of the transition 

zone, (b) end of the transition, (c) impact position. 

Stresses in sleepers 

- The stress history of the sleepers during the entire simulation is shown in Figure 

17 (the wheel tread is shown as well for indicating the wheel position). It is 

noteworthy that as the wheel passes the crossing, the location of the highest 

stresses in the sleeper varies from one end of the sleeper to the other:  

o Crossing entrance (Figure 17a–b) – the maximum stress occurs first on the 

crossing side then on the stock rail side of the sleeper.  

o Transition (Figure 17c–d): the maximum stress occurs first on the stock rail 

side (P = 361 mm, beginning of the transition), and then on the crossing side 

(P = 474 mm, end of the transition).  

o Impact position (Figure 17e): the highest von Mises stress (3.5 MPa) is 

located on crossing side on the sleeper. 
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o After impact: at the stock rail side, the stress becomes relatively high again 

(Figure 17f). 

As described above, at the impact position (Figure 17e), the inner wheel presses 

down the sleeper part under the crossing; after the impact, the inner wheel went up 

again. Such variation can be due to the rolling behaviour of the wheelset and 

corresponds to the inner wheel displacement as shown in Figure 14b. Thus, high 

stresses in the sleeper can occur not only at the crossing side but also on the stock 

rail side of the sleepers; hence, conditions of the sleeper part under the stock rail 

side should be also taken into account. Similarly, the stresses in the ballast can be 

also high on the stock rail side of the track, which ultimately can result in local 

settlement.  

 

Figure 17. Time history of von Mises stresses in sleepers. 

To summarise,  

- The developed FE model is capable of capturing the main features of wheel–rail 

interaction in railway crossings.  

- The model can be used for the assessment of performance of various crossings (for 

design variation and design acceptance).  
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- Using the stresses and strains obtained from this model, the short-term 

performance of the crossing (during a single passage of the wheelset) can be 

assessed.  

- In addition, based on the model results, the analysis of the long-term performance 

of the crossing (under repeated loading from a wheelset moving over the crossing) 

can be performed as well. The fatigue life analysis coupled with the FE model is 

presented in Chapter 4. 
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Chapter 4  Fatigue life analysis coupled 

with FE model 

In this chapter, the approach for the prediction of the fatigue life of a 

railway crossing is presented. This approach is based on the 

prediction of the fatigue crack initiation of the crossing. Here, the FE 

model (presented in Chapter 3) is used to identify the most probable 

area of damage initiation in the crossing based on the stress/strain 

distribution. The stresses and strains from the FE model are used as 

inputs for the fatigue models. Then, the Jiang and Sehitoglu (J–S) 

fatigue model for determining the fatigue crack initiation in the 

crossing is used to predict the fatigue crack plane and the number of 

cycles to fatigue crack initiation of the crossing nose. Moreover, the 

ratcheting fatigue model is used to predict the fatigue life of the 

crossing when the crossing material displays ratcheting fatigue. 

In this chapter, a brief introduction on RCF and material behaviour 

under rolling contact loading is first presented. Then, the adjustment 

of the FE model to account for the elastic–plastic isotropic/kinematic 

hardening effects of the crossing material is presented. Using the 

adjusted FE model, an analysis of the stress and strain responses, 

which provides the basis for predicting the crossing fatigue life, is 

performed. Afterwards, the fatigue models used in this study, which 

include a low-cycle fatigue model based on the critical plane 

approach and an engineering model accounting for ratcheting fatigue, 

are described. Finally, the procedures for predicting the fatigue crack 

initiation plane and fatigue life are presented. To demonstrate the 

fatigue life approach, two applications of the presented approach 

together with the validation of the obtained results are provided. 

More information on the fatigue life approach can be found in Paper 

B, while its applications can be found in Paper B, C, and D. 

4.1. RCF and material behaviour 

RCF is defined as the degradation of mechanical properties leading to failure of a 

material/component under cyclic loadings applied through rolling contact [34]. Recently, 

RCF has become a serious problem in wheel–rail interaction as severe RCF defects on rails 

are observed in railway networks. The development of cracks in RCF defects consists of 
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two major stages: crack initiation and propagation. Of these two stages, crack initiation is 

of major interest, as successful prediction of crack initiation could improve rail design and 

rail life [35]. Therefore, this study will focus on predicting crack initiation of the crossing 

under impact loading and on developing a tool for assessing the crossing performance. 

Several theoretical fatigue models on the prediction of fatigue crack initiation life have 

been developed during the last decades. These models are based on the stress and strain 

quantities that can also be obtained by the developed FE model of the crossing. The models 

can be divided into the following groups of approaches [27]: stress life approach [36][37], 

strain life approach [38]–[42], stress/strain life approach [43]–[45], critical plane approach 

[46][47], critical plane and energy-density-based approach [48][49], and engineering 

approach [50]–[52]. Among these models, the critical plane and energy-density-based 

approach can address the specific planes for a known stress/strain state on which cracks 

will initiate and grow. This group of models is physically associated with tension and shear 

loading modes for fatigue initiation and fracture. Thus, this approach is chosen for the 

prediction of the crack plane in this study. By combining it with the stress and strain life 

approach, the fatigue crack initiation life can be predicted.  

In this study, the Jiang and Sehitoglu (J–S) model, which is the critical plane and energy-

density-based approach, is used. Moreover, the ratcheting fatigue model (proposed by A. 

Kapoor) is also used. These two models are presented in Section 4.3. 

Studies on RCF in crossings 

RCF in railway crossings has been a serious problem in railway networks. Because of this, 

many numerical studies have been conducted to study the failure mechanism of crossings. 

Using numerical methods such as the MBS method and FE method, the crossing 

performance under RCF loading has been evaluated using different damage criteria. For 

example, in the MBS modelling, the damage criteria is based on the energy dissipation in 

normal contact pressure/force [19], and an index considering the tangential force and 

Hertzian contact patch [29] was adopted. In the FE modelling on the other hand, the von 

Mises stresses [53], cyclic deformation [14], frictional work, microslip, and equivalent 

plastic strain [16] of the crossing are frequently used. 

However, these studies do not predict the fatigue life of crack initiation of the crossing at 

the stress and strain levels when taking the various stress types and directions into account. 

Moreover, because of the geometrical variation of the crossing, fatigue analysis in different 

locations along the crossing is necessary. Unlike in the previous studies, the approach for 

prediction of the fatigue life of the crossing developed here takes the stress and strain of the 

crossing into account, and they are applied to different contact locations along the crossing. 

Material behaviour under cyclic loading  

The rail material including crossing material is subjected to heavy cyclic loading. This is 

particularly observed in the crossing through the excessive deformations and metal flow 



32                                                                                                    Part I: Extended Summary 

 

measured after a heavy axle load traffic [49][54]. Generally, the material response to cyclic 

loading can be classified into four categories (Figure 18): elastic, elastic shakedown, plastic 

shakedown, and ratcheting [55]. If differentiated from the number of cycles to failure, the 

elastic shakedown (II) and plastic shakedown (III) are considered as LCF, while elastic (I) 

and ratcheting (IV) are treated as HCF.  

 

Figure 18. Material response under cyclic loading [55] 

LCF and ratcheting are two types of material responses that normally occur in wheel–rail 

contact as the rail material undergoes repeated multiaxial and non-proportional cyclic 

loadings. Both mechanisms contribute to fatigue damage of rails. Field observations and 

laboratory tests of the initiated cracks in rails confirmed that LCF is the dominant fatigue 

life regime for rails [54]. However, considering the impact loading during wheel–crossing 

interaction, the crossing material may also exhibit the ratcheting behaviour. Therefore, in 

this study, the LCF and ratcheting fatigue (HCF) material behaviour are investigated 

separately using the J–S fatigue model and ratcheting fatigue model proposed by A. Kapoor. 

The J–S fatigue model uses the responses from the FE model under a single passage of a 

wheelset (Chapter 3), while the ratcheting fatigue model uses the accumulated plastic strain 

per cycle obtained using the sub model of the FE model (described in the next section). The 

details of the fatigue models will be introduced in Section 4.3.  

4.2. Adjustments in FE model 

To perform the fatigue analysis, several adjustments of the FE model, which include the 

non-linear material model and the sub model, are made. Then, the stresses and strains of the 

crossing with non-linear material properties, which will be used as inputs to the LCF model, 

can be obtained.  
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Non-linear material model 

In the simulation presented in Chapter 3, the linear elastic material model is used for the 

rails in the FE model. To capture the material response in rails under cyclic loadings, the 

material model accounting for the elastic–plastic isotropic–kinematic hardening effects is 

adopted in this study. The material model is based on the Lemaitre and Chaboche (1990) 

[56] material model available in LS-DYNA. It is suitable for a combined isotropic/ 

kinematic plasticity and is based on a non-linear kinematic hardening rule developed by 

Armstrong and Frederick (1966) [57], which uses the concept of a yield surface.  

Sub modelling 

In addition to the FE model of a wheelset running over a crossing, a sub model with a 

smaller mesh size is also developed to account for the crack initiation more accurately and 

to consider the cyclic loading. Sub modelling is an FE technique used to obtain detailed 

results in specific locations within the modelled structure. In this study, based on the von 

Mises stress distribution from the FE model, the most probable area of damage initiation in 

the crossing is determined first. Then, a sub model containing only this area (section) of 

crossing nose is built (Figure 19).  

 

Figure 19. Submodel of a crossing with different material layers built for the analysis of the 

effect of repair welding and grinding, using the input of a material test (figure at lower left)  

In this study, the sub model is applied in the analysis of the effect of repair W&G (Figure 

19). In this application, the section of the crossing with the highest stresses (450 mm to 600 

mm from the nose point) is chosen for the sub model (Figure 19). The mesh in the sub 

model was refined (from 1.5 mm×1.5 mm to 0.75 mm×0.75 mm element size) in order to 

obtain more accurate stress results. Because of the fewer number of elements, the 

calculation time is substantially reduced compared to that of the full model. Therefore, it 

allows the application of cyclic loading for obtaining the accumulated plastic strain to be 
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used for the ratcheting fatigue life prediction [50]. More information on this application 

will be given in Section 5.3. 

Stress and strain results 

As presented in Section 3.5, the dynamic responses such as the contact forces and 

displacements are obtained from the numerical simulations. In this section, the discussion 

of the results is focused on the stress and strain responses that are closely related to the 

fatigue analysis of the crossing. 

Using the non-linear material model, simulations of the FE model were performed and the 

stress and strain results were obtained. The von Mises stress distributions on the wing rail 

and crossing are plotted in Figure 20a. The stresses are obtained in each position (defined at 

a distance from the nose point) when the wheel is rolling over that position. In the 

performed simulation, the position with the highest von Mises stress (707 MPa) is located 

at P = 507 mm on the crossing. It can be observed that because of the impact, the stresses in 

the crossing are higher than those in the wing rail.  

As to the plastic strain, it can be observed that in the simulation, the plastic strains (blue 

spots) occur in the area within 500 mm to 760 mm on the crossing (Figure 20b-1). It 

correlates well with the field observation of 1:15 crossings (Figure 20b-2), wherein a large 

plastic deformation was found in the area (red circle) within 500 mm–800 mm. 

 

Figure 20(a) Von Mises stress distribution of the crossing, (b) plastic strain from the 

simulation and plastic deformation from the field. 

Figure 21 shows an example of the von Mises stress state at different distances from the 

crossing point when the rolling wheelset is in contact with the crossing. As the rail profile 

varies along the crossing, the contact parameters such as positions of the contact points and 

contact angles (the angle between contact plane and horizontal plane) are changing as well. 

For example, when the wheel–crossing contact is at the beginning of the crossing (Figure 

21a), the rail radius is relatively smaller compared to the contact at the rear part of the 

crossing (Figure 21d).  
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Figure 21. Von-Mises stress distribution at different positions on the crossing. 

In addition to the von Mises stress, the normal and shear stresses/strains in these positions 

are analysed as well. The principal stress, pressure, surface shear stress, and plastic 

deformation are used to describe the contact condition. Moreover, the stress and strain 

components (𝜎𝑥, 𝜎𝑦, 𝜎𝑧, 𝜏𝑥𝑦, 𝜏𝑦𝑧, 𝜏𝑧𝑥,𝜀𝑥, 𝜀𝑦, 𝜀𝑧, 𝛾𝑥𝑦, 𝛾𝑦𝑧, 𝛾𝑧𝑥) of the elements in each position 

are obtained as well for the subsequent fatigue analysis of the crossing. They will be used 

as inputs to the fatigue models for predicting the fatigue life of the crossing. 

As mentioned above, the sub modelling allows for more accurate stress and strain analysis 

by using a finer mesh. Moreover, owing to low computational costs, such an analysis can 

repeatedly be performed for cyclic loading investigations. The results will be presented in 

Section 5.3 in the analysis of the repair W&G.  

4.3. Fatigue model 

J-S model (low cycle fatigue) 

In [27], the procedure for the prediction of fatigue crack initiation on a normal track, which 

combined the static FE analysis, fatigue model, and damage accumulation rule, was 

proposed. In this study, a procedure similar to the one presented in [27] is applied to a 

railway crossing.  

The main purposes of the fatigue analysis of the crossing can be summarised as follows: 

(i) To identify the most probable position of crack initiation and the orientation of 

crack initiation plane, and  

(ii) To predict the fatigue crack initiation life on that plane. 
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In this study, the J–S model, which is a combined energy density and critical plane 

approach for LCF problems, is adopted (Eq.(1)). The model is used to predict the fatigue 

crack initiation life of the crossing under multi-axial and non-proportional loadings. This 

model takes both normal and shear components of stress and strain of a material point into 

account, as both components may contribute to the damage of the material. A fatigue 

parameter 𝐹𝑃 is defined as 

 
𝐹𝑃 = 〈𝜎𝑚𝑎𝑥〉

∆𝜀

2
+ 𝐽∆𝛾∆𝜏 

 

(3) 

 

where 〈 〉 is the MacCauley bracket, 〈𝑥〉 = 0.5(|𝑥| + 𝑥), 𝜎𝑚𝑎𝑥  is the maximum normal 

stress, ∆𝜀 is the normal strain range, ∆𝜏 is the shear stress range, and ∆𝛾 is the shear strain 

range. Here, 𝐹𝑃 is expressed as the product of the stress and strain range components. For 

any material point, by the tensor rotation transformation of the stress and strain components, 

the 𝐹𝑃 value for any plane of this material point can be calculated. The plane with the 

maximum 𝐹𝑃 value is considered as the critical plane (crack initiation plane).  

It can be observed that the model is physically associated with two loading modes for 

fatigue crack initiation, namely tensile cracking and shear cracking (Mode I and II). 

Therefore, considering the possible tensile and shear cracking, the fatigue crack initiation 

life, 𝑁𝑓 is computed on a critical plane proposed in [27] [59] as  

 

𝐹𝑃𝑚𝑎𝑥 =
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(4) 

 

where E, G are the elastic and shear moduli respectively; 𝜎𝑓
′, 𝜏𝑓

′  are the tensile/shear fatigue 

strength coefficients respectively; and 𝜀𝑓
′ , 𝛾𝑓

′  are the tensile/shear fatigue ductility 

coefficients respectively. It should be noted that for a given crossing material, fatigue tests 

such as tensile, compression, and torsion tests should be performed to obtain the actual 

parameters to be used in the J–S model. In this study, the material parameters are taken 

from [27] [44] for the pearlitic rail steel BS11 normal grade and are only used to 

demonstrate the procedure.  

Engineering model proposed by A. Kapoor  

Another fatigue model adopted in this study is an engineering model for predicting 

ratcheting fatigue [55] (Figure 18). At high axle loads or high friction coefficients, 

ratcheting of materials may occur. When the accumulated plastic strain reaches a critical 

value, the material is exhausted and crack is considered to initiate [54]. As wheel–crossing 

interactions involve high impact on the crossing, it is assumed that the crossing material 

exhibits ratcheting behaviour due to heavy impact loading [49][55]. According to A. 
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Kapoor (1994) [50], if the material displays a constant ratcheting rate, the equivalent 

ratcheting plastic strain per cycle can be used as the ratcheting strain, which is given by 

 
∆𝜀𝑟 = √(∆𝜀̃)

2 + (∆�̃�/√3)2,  𝑁𝑟 =
𝜀𝑐
∆𝜀𝑟

   
 

(5) 

 

where ∆ε̃ and ∆γ̃ are the average ratcheting normal and shear strain per cycle respectively, 

and εc is the critical strain for failure by ratcheting. It is assumed that ratcheting failure will 

occur when the total accumulated strain reaches a critical value. Therefore, determining the 

fatigue life to ratcheting failure ( 𝑁𝑟) of the crossing is possible.  

In this study, this ratcheting model is used for analysing the effect of repair welding. Using 

the sub model presented in Section 4.3, the equivalent plastic strain per cycle is obtained 

first. Then, by adopting the ratcheting model, the number of cycles to fatigue crack 

initiation is predicted.  

4.4. Fatigue analysis procedure 

As discussed above, the developed fatigue analysis procedure combines the fatigue models 

(J–S model and ratcheting model) with the FE model. Using this approach, the prediction of 

fatigue crack initiation of the crossing is performed. In this section, the fatigue analysis 

procedure for predicting the LCF crack initiation and two applications are described below. 

The application of the ratcheting model will be presented in the analysis of the effect of 

repair W&G (Section 5.3). 

Fatigue analysis procedure (using J-S model) 

The following procedure applies to the prediction of the LCF crack initiation. It consists of 

the following steps (Figure 22): 

- Step 1: Performing the FE simulation and obtaining the stresses/strains for the 

entire crossing. Examples of stress and strain results of the crossing are presented 

in Section 4.2.  

- Step 2: Determination of the most critical wheel position (𝑃𝑐𝑟) and the most 

critical material point (𝐸𝑐𝑟) at 𝑃𝑐𝑟. The position on the crossing that has the highest 

von Mises stress value during loading is considered as the critical position (𝑃𝑐𝑟), 

where the fatigue crack may most probably occur. At 𝑃𝑐𝑟 , the material point 

/element (𝐸𝑐𝑟) with the highest von Mises stress is considered as the most critical 

material point, and is studied in the following steps. 

- Step 3: Obtaining the stress/strain components in 𝐸𝑐𝑟 . The normal/shear 

stress/strain components of 𝐸𝑐𝑟 are obtained, which will be used in the J–S fatigue 

model.  
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- Step 4: Fatigue analysis in 𝐸𝑐𝑟. The angles of crack plane (angle 𝜃, angle 𝜑) as 

well as the number of cycles to crack initiation (𝑁𝑓) are obtained. Angles 𝜃  and 𝜑 

are the angles between the normal vector of the critical plane and the rail lateral 

direction/vertical direction respectively. 

- Step 5: Analysis of material points along vertical and lateral directions at 𝑃𝑐𝑟. To 

compare the fatigue life for different vertical and lateral locations in the crossing, 

other material points at 𝑃𝑐𝑟 in addition to 𝐸𝑐𝑟 are studied. By repeating Step 3 and 

Step 4, the fatigue analysis of these material points can be performed. 

- Step 6 (Optional): Analysis of other locations on the crossings by repeating Steps 

2 to 5. In addition to 𝑃𝑐𝑟, the prediction of fatigue crack initiation at any location 

on the crossing can be performed. 

 

Figure 22. Fatigue analysis procedure, using the FE model (Step 1-3) and the fatigue model 

(J-S model) (Step 4-5), as well as the optional Step 6 for the fatigue analysis in other 

contact locations. 

To demonstrate the above-mentioned fatigue analysis procedure, two applications using this 

procedure are presented below. They include the fatigue analysis at 𝑃𝑐𝑟 and at ten contact 

locations with equal distance in the longitudinal direction along the crossing.  

Application 1: Prediction of fatigue crack initiation at 𝑷𝒄𝒓 

The results from each step are as follows; illustrations of the steps are shown in Figure 23. 
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Steps 1 and 2: Determination of 𝑃𝑐𝑟 and 𝐸𝑐𝑟 

- In this simulation, 𝑃𝑐𝑟 is located at 507 mm from the nose point with the highest 

von Mises stress. 

- At 𝑃𝑐𝑟, the element that has the highest von Mises stress is selected as the critical 

element (𝐸𝑐𝑟). In this example, it is located at the rail surface.  

Step 3: Obtaining the stress/strain components in 𝐸𝑐𝑟 

- The stress and strain components (𝜎𝑥, 𝜎𝑦, 𝜎𝑧, 𝜏𝑥𝑦, 𝜏𝑦𝑧, 𝜏𝑧𝑥, 𝜀𝑥, 𝜀𝑦, 𝜀𝑧, 𝛾𝑥𝑦, 𝛾𝑦𝑧, 𝛾𝑧𝑥) in 

𝐸𝑐𝑟 element are obtained. These components are then used as inputs to the J–S 

fatigue model (Eq.(3)) to calculate the maximum FP value.  

- Because in the element 𝐸𝑐𝑟 the material is subjected to compressive stresses, shear 

cracking most probably dominates and governs the fatigue life. Consequently, 

when calculating 𝑁𝑓, the shear form of Eq.(4) is used. However, for the material 

points where both tensile and compressive stresses exist, both tensile and shear 

form of Eq.(2) should be used to determine the critical plane. 

Step 4: Fatigue analysis in the critical element 𝐸𝑐𝑟 

- Using the fatigue models (Eq.(3) and Eq.(4)), the material plane with the 

maximum 𝐹𝑃 value is considered as the critical plane (crack initiation plane). The 

angles of the critical plane and the corresponding fatigue life in 𝐸𝑐𝑟 are obtained. 

The results will be presented in Step 5 together with the analysis of other material 

points. 

Step 5: Analysis of material points along the vertical and lateral directions at the critical 

location 𝑃𝑐𝑟 . In addition to the critical element 𝐸𝑐𝑟, 

- Four other elements  (𝐸𝑐𝑟1−𝑣,  𝐸𝑐𝑟2−𝑣,  𝐸𝑐𝑟3−𝑣,  𝐸𝑐𝑟4−𝑣) underneath 𝐸𝑐𝑟 are selected 

and analysed for comparison (Figure 23).  

o The angle 𝜃 of the selected elements has good correlation (85 to 100), 

while the angle 𝜑 varies significantly. 

o This could be due to the loading conditions on the subsurface points that 

are different from the surface node, resulting in significant variation of 

the angle to the vertical direction.  

- Four elements  (𝐸𝑐𝑟1−𝑙 ,  𝐸𝑐𝑟2−𝑙 ,  𝐸𝑐𝑟3−𝑙 ,  𝐸𝑐𝑟4−𝑙) on the outer side of Ecr along the 

lateral position are selected for comparison (Figure 23). 

o The critical plane angles of  𝐸𝑐𝑟𝑙 ,  𝐸𝑐𝑟2−𝑙 (within the contact patch) have 

good correlation, as they have similar stress/strain state. However, the 
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plane angles of   𝐸𝑐𝑟2−𝑙 , 𝐸𝑐𝑟3−𝑙 ,  𝐸𝑐𝑟4−𝑙  that are away from 𝐸𝑐𝑟 vary 

significantly and only a small correlation between them can be observed.  

- The number of cycles to fatigue crack initiation 𝑁𝑓  of the above-mentioned 

material points in two directions is determined. 

o As the vertical and lateral distances from the rail surface increase, the 

fatigue life of the material points increases significantly. The fatigue life 

to crack initiation of 𝑃𝑐𝑟 is therefore determined by 𝐸𝑐𝑟with Nf = 21,004 

cycles. 

 

Figure 23. Illustration of the steps in the fatigue analysis procedure in Application 1. 

Application 2: Ten different contact positions (Pcr1, Pcr2. Pcr10) at equal distances in the 

longitudinal direction along the crossing  

Step 6: Analysis of other locations on the crossing by repeating Step 2 to Step 5. 

In this study, ten contact positions Pcr1 – Pcr10 with equal spacing along the crossing are 

selected (Pcr3 is the same as 𝑃𝑐𝑟). By repeating Steps 2 to 5, the angles of the critical planes 

and 𝑁𝑓  at the ten positions are obtained and plotted as shown in Figure 24a and b 

respectively. The results of the analysis are presented below.  
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- Critical plane angles (angle 𝜃 and angle 𝜑)  

o At the ten positions, angle 𝜃 correlates well (75 to 95); however, angle 

𝜑  varies significantly. It may lead to the deduction that for crack 

initiation plane, the angle between this plane and the lateral direction has 

a possible angle of 75 to 95, while the angle between this plane and the 

vertical direction has a larger variation. 

- 𝑁𝑓 in the ten positions.  

o The fatigue life of 𝑃𝑐𝑟 governs the life of the entire crossing. Positions 

(𝑃𝑐𝑟1 , 𝑃𝑐𝑟2) before 𝑃𝑐𝑟  show longer fatigue lives because of the lower 

stress and strain range, even though the crossing profiles are narrower 

than the ones at 𝑃𝑐𝑟. 

o The three positions (𝑃𝑐𝑟4, 𝑃𝑐𝑟5,𝑃𝑐𝑟6) after Pcr present relatively shorter life 

compared with 𝑃𝑐𝑟7 to 𝑃𝑐𝑟10,. Therefore, the area from 0.5 m to 0.7 m is 

considered as the fatigue area of the crossing in this simulation.  

o Other positions at the crossing rear (𝑃𝑐𝑟7 to 𝑃𝑐𝑟10,) have even longer lives, 

(the highest number is 179 million cycles). Therefore, in the studied case, 

the fatigue life of the entire crossing is determined by the critical position 

𝑃𝑐𝑟  at P = 507 mm from the nose point. 

  
a b 

Figure 24. Results of the prediction of fatigue crack initiation: (a) angles of the critical 

planes (angle 𝜃, angle 𝜑), (b) number of cycles to fatigue crack initiation (𝑁𝑓). 

4.5. Validation 

Owing to the limitation of this study, laboratory tests and field measurements on fatigue 

crack initiation are not performed at this stage. Therefore, the modelling results are only 

compared with those of field observations and literature. The validation is performed in the 

following two aspects: prediction of crack planes and crack initiation life. 
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Crack planes 

To validate the predicted crack plane, the study performed by Wang et al. [60] investigating 

the crack angles of a heavy haul railway based on similar approach is used. The results in 

[60] showed that the angle took an orientation of approximately 105° to 140° to the lateral 

direction of the rail and 20° to 50° to the vertical direction. In this research, the angle of the 

crack plane to the lateral direction is 75 to 95. Therefore, it is difficult to validate the 

crack plane as the field crack initiation is related to many factors, such as loading 

conditions, friction coefficient, as well as material inclusions. Furthermore, in this study, 

traction or braking force is not applied on the wheelset, and no variation of friction 

coefficient is considered. Therefore, the crack angles calculated in this study only provide 

an indication of how the cracks may initiate in the crossing as a reference case. 

Crack initiation life 

In [61], the head check initiation life was calculated; it ranged from 9.61 × 104 to 1.23 × 105 

loading cycles. The actual crack initiation life (head check) of a normal track, which ranged 

between 5.1 × 104 and 6.07 × 105 loading cycles, was also obtained there by a field survey. 

By the comparison with results from [61], the predicted life for the crossing in this study 

(2.1×104 loading cycles) is much shorter. It can be explained by more severe impact 

loading conditions on the crossing than on the normal rail. Therefore, it can be concluded 

that the results correlate well with the field observations and the developed analysis 

approach can explain the short life of the turnout crossings. However, it should be noted 

that this is only the time for the crack initiation. This time could be used for comparative 

assessment of various crossing designs with different materials and/or geometrical 

properties. 

To summarise,  

- The presented fatigue analysis procedure that combines the FE model with fatigue 

models provides a powerful numerical tool for the assessment of the crossing long-

term performance.  

- Using the FE model, critical locations on the crossing nose susceptible to crack 

initiation are determined first. Then, using the fatigue models, the crack planes are 

predicted and the number of cycles to fatigue crack initiation is calculated for each 

location based on the most probable location, and its fatigue life is determined.  

- The procedure helps in understanding the initiation of the RCF damage (shelling) 

presented in Section 2.2 (Figure 5) and in explaining the short service life of 

crossings.  

- Applications of the fatigue analysis procedure will be presented in Chapter 5. 
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Chapter 5  Applications of FE model and 

fatigue life approach 

In this chapter, applications of the developed FE model and the 

fatigue life approach for assessing the crossing performance are 

presented. As described in Section 2.3, there are many factors 

affecting the crossing performance. These include the service 

conditions, track properties, and rail maintenance. Therefore, in this 

chapter, a parametric study on the effect of these factors on the 

crossing performance is presented first. In this parametric study, the 

FE model (Chapter 3) and the fatigue life approach (Chapter 4) are 

both adopted for analysing the short-term and long-term crossing 

performance.  

Moreover, the developed methodology is applied for analysis of the 

effect of repair W&G on the crossing performance. In this study, the 

effect of changes in the geometry (repair grinding) is studied 

experimentally, while the effect of changes in the material properties 

(repair welding) is analysed numerically using the FE model and the 

sub model (Section 4.2) as well as the ratcheting fatigue model 

introduced in Section 4.3.  

5.1. Parametric study 

In the parametric study presented here, the model described in Section 3.1 and Table 1 is 

used as the reference case. The effect of the axle load, vehicle speed, and crossing geometry 

on the crossing performance is studied using the FE model only (Paper A). The effects of 

the rail pad stiffness, friction coefficients, and travelling direction on the crossing 

performance are analysed using the FE model combined with the fatigue life approach (J–S 

fatigue model for low-cycle fatigue) (Paper C). The main results are presented below. 

Axle load 

Axle load is one of the main factors that affect the crossing performance. In this study, the 

effects of two axle loads of 150 kN (reference case) and 250 kN are investigated. The 

vehicle velocity remains the same as in the reference case. From Figure 25a, it can be 

observed that a higher axle load results in earlier (occur closer to the crossing point) and 

higher amplitude impact responses (force and stress) on the crossing. Similar results were 

obtained in [1] for heavy haul vehicles, which have longer transition area, and the transition 
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starts earlier. As the tip of the crossing is narrower and more vulnerable to the wheel impact 

than the rear part, heavier vehicles may cause more severe damage on the crossing nose. 

 

Figure 25. Results of axle load variation: (a) Vertical contact forces, (b) Von Mises stress. 

Velocity 

Vehicle velocity is another factor that significantly affects the crossing performance. The 

effects of three velocities, namely 40 km/h (velocities close to stations), 130 km/h 

(reference case, typical velocity), and 160 km/h (high velocity) are studied. The results are 

shown in Figure 26, where it can be observed that the contact in the transition zone initiates 

in a farther position on the crossing as the velocity increases. In addition, the amplitude of 

the contact forces increases significantly when the velocity increases (the difference 

between the cases of 40 km/h and 130 km/h is a factor of 1.62). Figure 26b presents the 

lateral displacements of the inner wheel centre, which decrease when the velocity increases 

from 40 km/h to 160 km/h. It can be observed that when passing with lower velocity, the 

vehicle tends to move more towards the wing rail and generate more vibration at the wing 

rail side.  

 

Figure 26. Results of vehicle velocity variation: (a) vertical contact forces, (b) lateral 

displacement of the inner wheel centre. 
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These results showed that the wheel–rail contact conditions in the crossing can significantly 

deviate under different vehicle velocities. The higher the vehicle velocity, the larger the 

impact forces in the vertical and lateral directions to the crossing.  

Crossing geometry 

In a number of studies available in the literature, the crossing geometry was modified using 

various methods to improve the crossing performance, such as tuning the height profile of a 

movable point crossing [30] and cross-sectional shape of a fixed crossing [28] [62]. In this 

research, the developed FE model uses a more detailed 3-D crossing geometry to study the 

effect of crossing geometry on the stress/strain level. 

It is known that high impact force is generated because of the geometrical discontinuity of 

the rail in the crossing area. Therefore, adjusting the height difference between the crossing 

nose and the wing rail may affect the contact properties. Such variations in the height can 

be achieved by changing the longitudinal and lateral positions of the main cross-sections 

(Section 3.1, Figure 7). Here, the second and third main cross-sections (Figure 7) were 

shifted forward and backward to generate two alternative geometries, which were used in 

the parametric study. These two cases together with the reference one are shown in Figure 

27.  

 

Figure 27. Two generated designs together with the reference design. The numbers above 

the crossing correspond to the locations of the main cross-sections of the crossing. 

The results of the simulations (Figure 28) showed that by changing the crossing geometry, 

the wheel transition and the contact forces/stresses could be changed significantly. In Case 

1, because of flange contact in the beginning of the crossing, large contact forces (vertical 

and lateral directions) and von Mises stresses occur. In this location, the rail is relatively 

thin and can easily break. Therefore, this type of crossing geometry should be avoided. 

In Case 2, the wheel is bouncing on the crossing as the transition zone (from wing rail to 

crossing) is the smallest among the three cases. The rapid transition to the crossing 

generates a high impact force and causes bouncing of the wheel. 

Therefore, compared to the reference case, the two alternative geometries resulted in a 

worse performance of the crossing. The wheel transition is initiated either too early or too 

late along the crossing (Figure 28), which generated large impact forces on the crossing. 

The results showed the importance of the crossing geometry and proved that modifications 

of the geometry have significant influence on the crossing performance.  
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Figure 28.Results of geometry variation: (a) vertical contact forces, (b) lateral contact force 

and (c) von Mises stresses. 

Railpad stiffness 

In a number of studies, it was shown that tuning the (vertical) elastic track properties (such 

as adding rail pads and under sleeper pads) can significantly reduce the dynamic forces 

acting on the rails [2], [4], [22]. However, these effects have not been investigated on the 

stress and strain levels, which are closely related to the fatigue life of the crossing. In this 

study, to determine the level of elasticity that should be applied to reduce the dynamic 

forces acting on the crossing nose, two values of rail pad stiffness are investigated. One is 

the normal stiffness (854 MN/m - reference case) and the other is the very soft pad (40 

MN/m) as investigated in [4]. With the two values of rail pad stiffness, two cases are 

studied here (Figure 29): one is replacing all rail pads with soft pads (𝑅1– 𝑅7) (Case 1), the 

other is replacing the rail pads only under the crossing nose of a section of 1460 mm rail 

(𝑅1–𝑅3 ) (Case 2). Five positions, namely 𝑃1, 𝑃𝑐𝑟 ,  𝑃2,  𝑃3, and 𝑃4  along the crossing are 

selected for the fatigue analysis. It should be noted that the location of 𝑃𝑐𝑟 (defined based 

on the maximum von Mises stress) was changed when replacing the rail pads with the soft 

pads, and therefore there are other 𝑃𝑐𝑟 points in this figure, namely 𝑃𝑐𝑟−𝑎𝑙𝑙𝑝𝑎𝑑𝑠 in Case 1 

and 𝑃𝑐𝑟−𝑙𝑜𝑐𝑎𝑙𝑝𝑎𝑑𝑠  in Case 2. Other points are defined by location and were the same in both 

cases. 
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Figure 29. Numbering of the studied railpads. Case 1: 𝑅1~𝑅7; Case 2: 𝑅1~𝑅3. 
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a. Case 1 b. Case 2 

Figure 30. Fatigue life prediction using soft and normal railpad stiffness for: (a) Case 1: 

changing all railpads, (b) Case 2:  changing railpads locally (only under the crossing nose). 

By comparing the results of the two cases (Figure 30), it can be observed that at the critical 

position (𝑃𝑐𝑟 ), the fatigue life in both cases are prolonged using the soft pad, where 

changing all rail pads has a larger increment than changing rail pads locally. At other 

positions (𝑃1, 𝑃3, and 𝑃4), changing all or local rail pads affect the fatigue life differently. 

Compared with changing all rail pads, the life expectation of the crossing is longer for 

almost all the locations on the crossing when changing rail pads locally, and is therefore 

more preferable.  

Therefore, when using the soft pads, the fatigue life of the crossing that is determined by 

the fatigue life at the critical location can be prolonged. Moreover, using the soft pads only 

locally (under the crossing nose) benefits more on increasing the fatigue life of the crossing, 

not only at the impact location but also at the crossing front and rear. Therefore, soft rail 

pads should be applied under the crossing nose to prolong the fatigue life of the crossing as 

a whole.  

Comparing the results with a previous study [22] that only uses the forces as criteria, the 

fatigue life analysis is a step further that provides a better criterion in choosing the correct 

rail pad stiffness.  

The fatigue analysis also provides guidance to the rail maintenance. For example, when 

changing all the rail pads to soft pads, the crack can be eliminated at the critical position; 
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however, at other positions on the crossing, cracks may appear quickly after a number of 

loading cycles. When changing the rail pads to soft pads locally, as long as the cracks at the 

critical location are eliminated, the crack at other positions may not appear immediately as 

the fatigue life of the crossing at the other positions have been increased by using the soft 

pads.  

Friction coefficients 

In this study, the effects of friction coefficient (𝜇 = 0.2 and 𝜇 = 0.7) representing the raining 

and dry conditions [63] respectively are studied. Figure 31a shows that in the transition 

zone and impact location, a high friction leads to larger von Mises stresses, which can be 

explained by the increasing shear stress generated owing to the sliding movement of the 

wheel on the crossing. The fatigue life prediction in Figure 31b shows that with μ = 0.7, at 

𝑃1 and 𝑃𝑐𝑟 , the 𝑁𝑓  is shorter than the one with μ = 0.2. After the impact (𝑃2 to 𝑃4), the 

fatigue lives in both cases are comparable, with a slightly higher value of μ = 0.7. 

  

            a            b 

Figure 31. Results of friction coefficient variation: (a) maximum Von Mises stress, (b) 

fatigue life prediction.  

Comparing the stress and fatigue life results in Figure 31, it can be observed that the fatigue 

life analysis provides the possibility of quantifying the results and a better interpretation of 

the effect on the crossing performance. Compared with the simple stress results, the fatigue 

life analysis results can be related to the axle loads, tonnage, and the number of passing 

trains, etc. It therefore provides an indication to the maintenance and the asset management, 

so that a better assessment of the crossing performance can be achieved. 

Travelling directions 

The train travelling direction can also have a significant effect on the crossing behaviour, as 

observed in the Dutch railway network. For example, in a 1:9 (manganese steel) turnout 

crossings, rapid degradation was observed when the train travelled in the trailing direction 
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with a speed of 140 km/h [11]. Therefore, it is crucial that the dynamic behaviour of both 

the crossing and the wing rail is investigated in the trailing direction. 

In this study, the wheelset moving in the facing and trailing direction was simulated. It can 

be observed from Figure 32a that the location of the transition area in the case of trailing is 

shifted as compared to the facing direction. When travelling in the trailing direction, the 

wheel generates much higher impact on the wing rail (206 kN) than on the crossing nose 

(176 kN) in case of movement in the facing direction. This result correlates very well with 

the field observations presented in [9].  

  

          a             b 

Figure 32. Results of traveling direction variation: (a) vertical contact forces, (b) fatigue life 

prediction 

In the fatigue analysis, in the case of trailing movement, five positions (𝑃1, 𝑃2, 𝑃𝑐𝑟−𝑡 , 𝑃3, 𝑃4) 

are selected, in which three of them (𝑃1, 𝑃2, 𝑃𝑐𝑟−𝑡) are on the wing rail, while the other two 

(𝑃3, 𝑃4 ) are on the crossing nose as shown in Figure 32b. From this figure, it can be 

observed that the service life of the crossing in the facing and trailing direction is defined 

by the crossing nose (𝑃𝑐𝑟) and the wing rail (𝑃𝑐𝑟−𝑡) respectively. Therefore, the RCF crack 

initiation in the wing rail should also be investigated, when the crossing has traffic in the 

trailing direction. 

To summarise, 

- In addition to the FE modelling, the fatigue analysis is performed to assess the 

long-term crossing performance. The results of fatigue life prediction correlate 

well with the results of the FE model, and can be more directly related to the 

service life of the crossing.  

- The wheel–crossing interaction and the crossing performance are very sensitive to 

the studied parameters.  
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- Compared with the conventional analysis, the fatigue life analysis can provide 

more insights on the wheel–rail interaction and a better interpretation of the results. 

For example, compared with the simple stress results, the fatigue life analysis 

results can be related to the tonnage and the number of passing trains, etc. The 

fatigue life analysis can therefore provide a better criterion in choosing the correct 

parameters.  

- Because of the possibility of predicting the fatigue life of the crossing, the fatigue 

analysis also provides guidance to the rail maintenance and the asset management, 

so that a better assessment of the crossing performance can be achieved. 

5.2. Crossing repair: effect of grinding 

In this application, the effects of repair W&G on the crossing performance are analysed. 

Repair W&G is currently considered as the main method of crossing maintenance. 

However, it is observed that sometimes, W&G activities that directly affect the crossing 

geometry and/or material properties can have negative effects on performance and 

ultimately on the service life of crossings. Therefore, the effect of repair W&G on the 

crossing performance is investigated in this research using both field measurements 

(Section 5.2) and a numerical model (Section 5.3). More information can be found in Paper 

D. 

Repair welding and grinding 

Repair W&G has substantial cost saving advantages compared to replacement of the 

crossing. During the repair process, the defect is first removed by cutting off the damaged 

material. Then, new material is added to the crossing nose by welding. After a certain 

cooling time, the crossing nose and wing rail geometry are restored by grinding (Figure 33). 
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Figure 33. Repair process of a crossing nose. 

Effect of grinding 

To investigate the effects of the ground crossing geometry, measurements were performed 

on a common single turnout (54E1, crossing angle of 1:15) in the Dutch railway network, 

where repair W&G was required because of the observed damages in this crossing. In this 

process, the wing rail and crossing geometry was measured before and after grinding to 

monitor the geometry changes. The measurements include the vertical geometry defined as 

the vertical distance between the normal rail top and nose rail top, as well as the cross-

sectional geometry. The methods and devices used for the measurements are presented in 

Section 3.4. The results of the geometry measurements showed that the crossing and wing 

rail geometry was not always completely restored to the new geometry from the 

manufacturer. The effect of the ground (changed) crossing geometry is investigated by the 

measurements performed on a common single turnout (54E1, crossing angle of 1:15) in the 

Dutch railway network. 

The dynamic responses of the crossing before and after repair W&G were obtained using 

the 3-D acceleration measurements (by ESAH-M presented in Section 3.4). It can be 

observed that the dynamic responses of the crossing before and after repair W&G were 

significantly changed (Figure 34). The fatigue area before the repair W&G was located 

between 0.5 m and 0.6 m, whereas after the repair W&G, it was changed to 0.4 m and 0.7 

m. The wider fatigue area shows that the wheel impacts after grinding were spread more 

along the crossing nose as compared to the situation before repair W&G when the impacts 

were concentrated in a relatively narrower location. Presumably, the wider fatigue area can 
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prolong the life of the crossing. The magnitude of the maximum accelerations before and 

after repair W&G was also significantly reduced. Detailed results can be found in Paper D 

 

Figure 34. Distribution of maximum accelerations along the crossing nose, (a) before 

grinding, (b) after grinding. 

Therefore, the results of the experimental study showed that the original crossing nose and 

wing rail geometry are not always restored during W&G. This has an effect on the location 

and magnitude of the impact forces acting on the crossing. Based on the measured 

accelerations at the crossing, it was shown that in the case considered, the repair W&G had 

a positive effect on the crossing performance by spreading the impact forces over a wider 

area. However, the positive effect of repair W&G through improvements of the crossing 

geometry can be destroyed by an improper welding process. This will be discussed in the 

next section (Section 5.3). 

5.3. Crossing repair: effect of welding 

During the repair W&G, if the welding process is not performed properly (insufficient 

preheating or rapid cooling), the material properties of the crossing (e.g. stiffness) 

significantly vary. In such case, a welding defect can occur, which can hasten the 

degradation process of the crossing and finally result in its premature failure. In this study, 

the crossing specimens with welding defects are analysed first; then, an investigation on the 

mechanism of the crossing damage with the welding defect is performed using the sub 

model of the FE model and the ratcheting fatigue model presented in Chapters 3 and 4. 

More information can be found in Paper D. 

Welding defect 

As discussed above, the welding process has also a significant effect on the crossing 

material. Homogenous material properties should be achieved after welding. During the 

welding process, the temperature of the crossing must be carefully controlled. If the 

crossing material is not sufficiently preheated or if the cooling process is not properly 

controlled (e.g. rapid cooling), a martensitic microstructure with high hardness will be 
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generated. In case of martensite formation, the crossing material may contain a number of 

layers with different hardness. In this study, the crossing with the welding defect is of 

S1100 steel type, which is produced specifically for the Dutch railway market and only 

used in turnouts. 

To investigate the internal structure of the welding defect, a crossing that was welded and 

broken within one week after repair W&G was studied. Using microstructure analysis and 

hardness tests of this crossing [64], three layers with different material properties, namely 

weld material, heat-affected zone (HAZ), and base material, are identified (Figure 35). The 

weld material is the layer added during W&G and its properties are significantly affected 

by the cooling process. In this crossing, martensite was generated in this layer due to rapid 

cooling. Under this layer is the HAZ, which contains a large amount of martensitic 

structure in this specimen, as it was not preheated sufficiently. The HAZ could be further 

divided into two layers: the lower part where the microstructure appeared like ‘fine grain’ 

and the upper part with a shape of ‘coarse grain’. At the bottom is the base material, which 

was not affected by the welding process.  

 

Figure 35. Three material layers obtained from the micro-structure analysis and the Vickers 

hardness test of the specimen taken from the crossing with welding defect [64]. 

To set up the constitutive material model for numerical simulations, the measured hardness 

for each layer of this welded crossing and the material properties of steels obtained from the 

literature are used. Regarding the failure strain, the HAZ layer (high hardness) is set to 

2.5%, while for the weld material and base material that have lower hardness, a value of 15% 

is used; these values are further used in Figure 36b as lines of the failure strains. As the 

cooling process strongly affects the material components and hardness of the welded 
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crossing, three cooling/heating conditions that result in different material properties are also 

introduced and investigated in the numerical analysis.  

Numerical modelling 

Using the material properties of the three material layers obtained from the microstructure 

analysis and hardness test, numerical analyses, which include the following tools, were 

performed: 

- The 3-D dynamic (explicit) FE model of a wheelset moving over the crossing 

(Section 3.1) 

- The sub model with a finer mesh based on the critical locations on the crossing 

determined in the dynamic FE simulations (Section 4.2), and 

- The fatigue model accounting for the ratcheting behaviour of the material based on 

the stresses obtained using the sub model (Section 4.3, Eq.(5)).  

The numerical results obtained indicated that after the first loading cycle, a large stress 

concentration occurred at the weld–HAZ interface. The critical element (with the highest 

stress) was located at the gauge corner in the HAZ layer. Owing to the stress concentration, 

although the yield stress of martensitic steel was higher compared to that of normal steel 

(welds and base material layer), the HAZ layer (contains large amount of martensite) 

exceeded its yield stress limit, and plastic deformations occurred (Figure 36). As the failure 

strain of the martensitic steel (HAZ layer) was relatively smaller compared with that of 

normal steel, the accumulated plastic strain after several loading cycles can reach the strain 

limit at the weld–HAZ interface; this causes material failure and crack initiation (Figure 

36b).  

 

 

 

a b 

Figure 36. (a) Von Mises stress distribution, with the stress concentration at weld-HAZ 

interface and, (b) Equivalent plastic strain distributions of the three materials. 
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Furthermore, to conduct the fatigue analysis of the welding defect and compare it with the 

field observation, repeated loading (10 cycles) was applied to the sub model. The ratcheting 

strain and fatigue life to crack initiation for each crossing layer were calculated. The lowest 

value of the calculated cycles to the crack initiation then determines the fatigue life of the 

crossing. The results of the simulations with this model showed that the calculated fatigue 

life to crack initiation of the crossing turns to be 𝑁r = 22,936 cycles and is initiated at the 

weld–HAZ interface when the heat treatment during the welding process is not performed 

properly. According to the field observations, the studied crossing was broken within one 

week of service after repair W&G. Here, the calculated fatigue crack initiation life appears 

realistic, as the total lifetime of the broken crossing (1 week) also includes the crack 

propagation time. However, owing to the lack of data obtained from the monitored crossing, 

the predicted life is not considered as the absolute value of any specific crossing, but the 

presented approach can be used to assess different crossing designs or crossing 

performance under various conditions. 

Because the cooling process strongly affects the material components as well as the 

hardness of the welded crossing, to estimate the effect of the welding process on the fatigue 

life of the crossing, four cooling/heating conditions (Figure 37) were analysed. These 

different conditions result in different material properties, which are shown in Figure 37 as 

the hardness distribution. For example, in Case 1, the crossing was not preheated prior to 

welding (leading to martensite transformation at the top of HAZ) and the cooling process 

was extremely rapid (resulting in martensite transformation in the weld material).  

 

Figure 37. Hardness distribution in four cases, red line: gradually changed harness value 

according to different welding process (expected); black line: simplified harness value used 

in the model (simulated). 

Using the sub model and the ratcheting fatigue model (Eq.(5)), estimations of the fatigue 

life in all four cases were obtained. The results in Table 2 show that conditions when the 
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crossing was not preheated prior to welding and when the cooling process was extremely 

rapid (Case 1) result in the shortest service life. In this case, the fatigue life to the crack 

initiation was twice lower than that for a properly performed welding (Reference case), in 

which the crack initiation occurred on the surface of the crossing. It should be noted that in 

this study, the fatigue life does not include other fatigue life stages like crack propagation 

and macro crack initiation. Therefore, the difference in the calculated fatigue life between 

the reference case and the other cases is relatively small (factor of 2). Considering the crack 

propagation stage, the difference between a proper and improper welding will be even more 

intense, as surface cracks (proper welding) due to wear will easily be eliminated and this 

prolongs the service life of the crossings. 

Table 2. Calculation of strain and ratcheting fatigue life of all cases. 

 Plastic strain Ratcheting strain Failure strain 𝑵𝒓 

Reference 5.64e-2 3.1e-6 0.15 48,387 

Case 1 6.39e-4 1.09e-6 0.025 22,936 

Case 2 9.11e-4 8.6e-7 0.025 29,070 

Case 3 5.69e-3 6.5e-6 0.15 23,077 

 

As the transformation of martensite is significantly affected by the chemical composition of 

steel, to avoid the formation of martensite, the use of high manganese steel in the crossing 

nose was proposed. It was based on the fact that according to the formulation of the 

estimated martensite start temperature (𝑀𝑠) [65][66], the 𝑀𝑠 of high manganese steel drops 

below zero; hence, there will be no obvious martensitic layer generated during the cooling 

process. 

To summarise,  

- The presented results demonstrate that the proposed methodology of fatigue 

analysis coupled with the FE model can be successfully used to evaluate the effect 

of repair W&G. 

- During the repair W&G, the original crossing nose and wing rail geometry are not 

always restored; this affects the location and magnitude of the impact forces acting 

on the crossing. 

- If the welding process is not properly controlled, the crossing material is no longer 

homogenous resulting in reduction of the service life of the crossing. The effects 

of non-homogeneities in the crossing material are investigated using the FE model, 

sub model, and the ratcheting fatigue model, and the fatigue to crack initiation of 

the crossing is predicted. 
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Chapter 6  Concluding remarks and 

future work 

The study presented in this thesis was aimed to develop numerical tools for the analysis of 

the dynamic interaction between the wheel and turnout crossing and for prediction of the 

fatigue life of the crossing. The purpose of these tools is to obtain better insights on the 

crossing behaviour (particularly long-term) with the ultimate goal of improving the crossing 

performance. The conclusions on the developed methodology and its applications, as well 

as the remarks for further developments are provided below. 

6.1. Conclusion on analysis of crossing performance 

The methodology for the assessment of the railway crossing performance developed here is 

based on the 3-D explicit FE model of an entire wheelset moving over a crossing coupled 

with the fatigue life analysis procedure. Using the developed methodology, an analysis of 

the short-term and long-term performance of the crossing was performed. Furthermore, a 

parametric study of the most important factors affecting the crossing performance was 

performed. Moreover, the methodology was applied to the analysis of the effect of repair 

W&G on the crossing performance.  

The developed methodology can easily be applied to other railway crossings with different 

crossing angles, rail profiles, and material properties, as well as to estimate the crossing 

performance under different service conditions. 

The merits of the developed methodology and its applications are summarised below. 

Methodology 

➢ FE model. The assessment of the short-term performance of a crossing is 

performed using a numerical procedure, the main features of which are highlighted 

below: 

- Modelling of wheelset and crossing: The 3-D FE model consists of a 

wheelset running over a crossing (with a crossing angle of 1:15) so that the 

effect of the outer wheel is accurately taken into account (as compared to the 

models with only one wheel). Realistic geometries of the wheel, wing rail, 

and crossing rail are used in the model.  

- Local stress–strain responses: By employing the FE method, analysis of the 

wheelset and crossing interaction is performed locally using the contact 

stress state in the rail. This provides a sound basis for the prediction of the 

long-term behaviour of the crossing (fatigue life analysis).  
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- Validated model: The model was tuned and validated using field 

measurements conducted on several turnouts in the Dutch railway network. 

This proved that the model is capable of capturing the wheel–crossing 

impact. 

Usage of sub modelling technique: To obtain the local stresses on a level 

suitable for the fatigue life estimation, a sub modelling technique applied to 

the FE model of the crossing was used.  
 

➢ Fatigue analysis. To assess the long-term behaviour of the crossing, a numerical 

procedure to predict the crossing service life based on the RCF crack initiation is 

developed. The procedure uses the responses obtained from the above-mentioned 

FE models as well as from the fatigue life numerical models. The main features of 

the fatigue models are highlighted below:  

- FE models coupled with fatigue model: The non-linear material model 

accounting for the elastic–plastic isotropic material behaviour and kinematic 

hardening effects in rails is used. Based on the response quantities, such as 

the stress and strain in rails, the fatigue models are used to predict the 

fatigue life of the crossing.  

- Critical point approach: Using the FE model, critical locations on the 

crossing nose susceptible to crack initiation are determined first. Then, using 

the fatigue model, the crack planes in these locations are obtained and the 

number of cycles to fatigue crack initiation is calculated for each location, 

based on the most probable location, and its fatigue life is determined.  

- Low- and high-cycle fatigue analysis (LCF and HCF): To consider the 

material behaviour under different loading conditions, the Jiang-Sehitoglu 

fatigue model (LCF) and an engineering model considering the ratcheting 

fatigue (HCF) are used for fatigue life prediction. They are adopted in the 

parametric studies and in the application of the effect of repair W&G 

respectively. 

Applications 

➢ Parametric study. With the developed methodology, a parametric study on the 

most important factors affecting the crossing performance was performed. The 

main features of the parametric study are highlighted below: 

- In addition to the FE modelling, a fatigue analysis is performed to assess the 

long-term crossing performance. The results of fatigue life prediction 

correlate well with the results of the FE model, and can be more directly 

related to the service life of the crossing.  
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- The wheel–crossing interaction and the crossing performance are very 

sensitive to the studied parameters. The predicted fatigue life of the crossing 

can change significantly, as these parameters are varying.  

- Compared with the conventional analysis, the fatigue life analysis can 

provide more insights on the wheel–rail interaction and a better 

interpretation of the results. For example, compared with the simple stress 

results, the fatigue life analysis results can be related to the tonnage and the 

number of passing trains, etc. The fatigue life analysis can therefore provide 

a better criterion in choosing the correct parameters.  

- Because of the possibility of the life prediction of the crossing, the fatigue 

analysis also provides guidance to the rail maintenance and the asset 

management, so that a better assessment of the crossing performance can be 

achieved. 

➢ Effects of repair W&G. This methodology has been further applied to the case 

of repair W&G activities that directly affect the crossing geometry and/or 

material properties. Repair W&G is currently considered as the main procedure 

for crossing maintenance. However, it is observed that sometimes it can have 

negative effects on the performance and ultimately on the service life of 

crossings. In this study, an analysis on the effects of repair W&G on crossing 

performance involves both experimental and numerical methods. Using this 

methodology 

- The effect of ground crossing geometry is studied experimentally: 

o In the case considered, the original crossing nose and wing rail 

geometry is tuned during W&G. This has a positive effect on the 

crossing performance by spreading the impact forces over a wider 

area. 

- The effect of welded crossing material is studied numerically: 

o During the repair W&G, if the welding process is not performed 

properly, the material properties of the crossing (e.g. stiffness) can 

vary greatly. 

o The effects of the non-homogeneities in the crossing material are 

investigated using numerical tools. These include (i) the FE model of 

a wheelset moving over a crossing, (ii) sub model for detailed stress-

strain analysis, and (iii) fatigue life model accounting for the 

ratcheting behaviour of the material.  

o In order to estimate the effect of different welding processes on the 

fatigue life of the crossing, four cooling/heating conditions are 
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analysed by the proposed methodology. It is shown that the 

conditions when the crossing is not preheated prior to welding and 

when the cooling process is extremely rapid result in the shortest 

service life.  

6.2. Recommendations for future research 

In future research, to improve the models and methodology for evaluating the short-term 

and long-term performance of the crossing and prolonging its service life, efforts can be 

made in the following three aspects: the FE modelling, fatigue analysis procedure, and 

additional applications such as improvement of crossing geometry.  

FE modelling 

➢ Measured crossing geometry: Besides developing the crossing by drawings, the 

crossing geometry from field measurements is also imported into the model. 

Therefore, further investigations for any particular turnout crossing, e.g. the 

mechanism of rapid degradation of a crossing, could be performed.  

➢ Repeated wheel loading: Owing to computational difficulties, the model with the 

entire wheelset rolling over a crossing (Paper A) only considers one loading cycle. 

To better simulate the material responses in fatigue conditions, several wheel load 

cycles should be applied. 

➢ Wheelset initial conditions: To simulate the ideal wheelset position, no lateral 

displacement or rotation of the wheelset is considered in this study. To simulate 

more realistic conditions, variation of the wheelset initiation conditions can be 

considered, e.g. using the input from MBS modelling that accounts for various 

vehicle–track integrations (Paper E). 

Fatigue analysis 

➢ Applications in different conditions: In addition to the reference case, that uses 

the theoretical geometry under regular loading conditions (Paper B), this approach 

can be used for the assessment of various crossing designs with different material 

and geometrical properties, and/or under specific loading conditions.  

➢ Comparison between LCF and ratcheting (HCF) model: In this approach, two 

fatigue models considering LCF and ratcheting are used. To better understand 

which failure mechanism governs the fatigue life of the crossing, simulations of 

predicting the number of cycles to fatigue crack initiation of a crossing using both 

models should be performed and compared. 
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➢ Crossing wear: As RCF is the dominant failure mechanism due to the high impact 

forces as observed in the field, crossing wear is not considered in this study. 

However, different levels of crossing wear can be also investigated by the fatigue 

model as the wear can affect the stress and strain states in the crossing. In future 

research, crossing wear can be investigated using the developed methodology for 

some specific loading conditions, such as for the wing rail that is subjected to both 

RCF and wear under traffic in the trailing and facing directions. 

Improvement of crossing geometry 

Using the proposed methodology, the application can be further extended with respect to 

the improvements of crossing geometry. Regarding the procedure for manufacturing a 

crossing nose, there are a few ideas for improving the wheel–crossing contact by tuning the 

crossing geometry during this procedure. These ideas can be evaluated using the developed 

numerical models:  

➢ Coupling FE model with MBS model: Owing to the large amount of time 

consumed in numerical modelling, it is difficult to attain the improvement of the 

crossing and wing rail geometry using the current FE model. However, such 

improvement has been successfully performed using MBS modelling. The effort 

of combining both models has been made and is presented in Paper E. Based on 

the coupled models, future research can be performed by 

- Model coupling: It has been shown in Paper E that in general, the results are 

comparable. However, some deviations still exist. Therefore, further tuning 

of both models such as in stiffness and damping parameters should be 

performed in order to achieve more comparable results.  

- Validation of the optimised geometry: By importing the crossing geometry 

from the MBS model, validation of the optimised crossing geometry 

obtained from the MBS model can be achieved. The methodology of 

evaluating the crossing performance can be then applied to the optimised 

geometry. 

- Variation of initial conditions: Using the input from MBS modelling that 

accounts for various vehicle–track interactions, conditions such as wheelset 

initial conditions on the crossing performance can be studied.  
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Abstract  

A three-dimensional (3-D) explicit dynamic finite element (FE) model is developed to 

simulate the impact of the wheel on the crossing nose. The model consists of a wheelset 

moving over the turnout crossing. Realistic wheel, wing rail and crossing geometries have 

been used in the model. Using this model the dynamic responses of the system such as the 

contact forces between the wheel and the crossing, crossing nose displacements and 

accelerations, stresses in rail material as well as in sleepers and ballast can be obtained. 

Detailed analysis of the wheelset and crossing interaction using the local contact stress state 

in the rail is possible as well, which provides a good basis for prediction of the long-term 

behaviour of the crossing (fatigue analysis). In order to tune and validate the FE model field 

measurements conducted on several turnouts in the railway network in the Netherlands are 

used here. The parametric study including variations of the crossing nose geometries 

performed here demonstrates the capabilities of the developed model. The results of the 

validation and parametric study are presented and discussed. 
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1 Introduction 

Turnouts are important elements of a railway network as they provide guidance to the 

railway traffic. Typically, a turnout consists of a switch panel, a closure panel and a 

crossing panel (Figure A-1). When the train passes the crossing panel, the inner wheel first 

runs on the wing rail, then encounters the crossing nose and continues to run on the through 

rail. Due to geometrical rail discontinuities in the crossing area, high impact forces acting 

on the rail occur in the crossing nose. In the field, severe damage problems are found in the 

crossing areas. According to the finite element simulations, the wheel forces in crossing 

area can be two to four times higher than the corresponding static wheel loads [1]. This 

study will only focus on the wheel-rail interaction in the crossing panel. 

Statistical evidence shows that turnout failures cause major operational disturbances in a 

railway network [2], which lead to higher maintenance costs as compared to the other track 

components [3]. According to statistics in the Netherlands [2], where there are more than 

8,000 switches and crossings in operation, almost two crossings per week need to be 

urgently repaired (2010).  

 

Figure A-1. General layout of turnout. 

Therefore, in order to study the long-term behaviour of crossing and provide the optimum 

maintenance strategy, it is crucial to investigate the wheel-rail interaction on the crossing 

nose. In such an analysis of the short-term behaviour of the crossing the physical quantities 

based on the model responses are obtained and the most probable locations of rail damage 

can be indicated. Later these responses can be used for fatigue life prediction. For example, 

the model of combined energy-density based and critical plane approach [4], which can 

identify the crack plane and the fatigue life to initiation on this plane can be used. It is an 

existing model and requires the stress/strain results from the current simulation. 

A number of turnout related studies have been performed recently. The dynamic 

behaviour of the turnout crossing, including the variation of elastic track properties was 

studied in [2][5] using the two-dimensional (2-D) finite element software DARTS_NL, 

which enables the fast dynamic vehicle/track analysis. Studies performed using multibody 

system (MBS) software were described in [1][6][15][8]. Damage on turnout influenced by a 

stochastic spread in traffic parameters such as wheel profile and friction coefficient was 

analysed in [1], while the geometry of the crossing nose was investigated and optimised in 

[8] and [28]. The numerical procedures used in these studies however do not allow the 
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detailed stress analysis of wheel and rail (crossing) contact. Therefore, three-dimensional 

(3-D) finite element (FE) models were developed as complements in [1][15][12]. In [12] a 

static elasto-plastic FE model to study the dynamic response of the turnout including stress 

and strain distributions was developed. Damage of a (Hadfield steel) crossing using the 

dynamic FE model while taking into account non-linear material properties was studied in 

[17]. A simplified dynamic FE model and a quasi-static submodel for a crossing panel were 

developed in [11] to predict the irreversible plastic deformations and work hardening of the 

material at rail cross-sections with severe contact loads. In most of the above-mentioned 

studies the numerical models were using both MBS and FE method. For example, a 

procedure for analysis of train-turnout interaction based on an MBS method integrated with 

a finite element simulation to study the plastic deformation of a switch rail was 

demonstrated in [18]. A comparison of four different methods including Hertz, CONTACT, 

elastic FE model and elastic-plastic FE model for wheel/crossing nose contact were 

conducted in [15]. Two different modelling approaches containing a detailed 3-D FE model 

to simulate train–turnout interaction were proposed and compared in [24]. In [15] a local 

3D FE model accounting for non-linear material properties and plasticity was used for 

analysis of wheel/rail contact and rail damage in turnout. The dynamic FE model that 

contained the full 3-D geometry of one wheel, the crossing nose and the wing rail was 

presented in [1]. Besides the numerical simulations, field measurements were conducted 

and analysed in [5][18]. 

In this study a 3-D FE model has been developed to obtain the local stress and strain 

distribution in the wheel-rail contact on the crossing (to be further used in the rail fatigue 

analysis). Comparing to Hertz contact, the FE modelling in this paper could get the 

dynamic response of the wheel/crossing impact and takes tangential contact into account. 

Compared with MBS, the local stress/strain distributions are obtained. Moreover, as 

compared to the FE models mentioned above, which only contain one wheel [1][17][11] a 

whole wheelset is modelled in this study accounting more accurately for the effect of the 

outer wheel in the analysis. Detailed settings regarding the wheelset will be discussed in 

Section 2. Based on the drawings from the manufacturer the crossing geometry is used in 

the model. The effect of the crossing nose geometry on the dynamic responses is analysed 

and discussed here as well. The substructures are modelled using solid elements, which can 

better describe the stress and strain distribution in rails and other structural track 

components. Using the model the dynamic responses of the system such as contact forces, 

wheel and crossing nose displacements as well as local stress distribution can be obtained. 

The effect of different axle loads, train velocities and friction coefficients on the stress level 

of the rails is investigated. The results of the simulations and the effectiveness of the model 

are discussed in the paper. 

The numerical model is described in the Section 2, followed by the results of the 

numerical simulations using this model (Section 3) wherein the results of the reference 

crossing nose (Section 3.1), the field measurements and validation of the model (Section 
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3.2) are presented. Additionally, the parametric study including the geometric variation of 

the crossing is presented and discussed in Section 3.3 and 3.4. Finally, the conclusions are 

drawn in Section 4. 

2 Numerical model 

The 3-D finite element model of a turnout is developed here to investigate the impact of 

the wheel on the crossing nose as shown Figure A-2. The model consists of the crossing 

section, which is 4540 mm long, and the wheelset with the S1002 unworn wheel profile (as 

specified in the standard EN 13715). 

 

Figure A-2. Schematic of the finite element model. 

2.1 Geometry and material properties 

The turnout modelled here is the curved one with the radius of 725m and the crossing 

angle of 1:15. The crossing nose in the model is built using four main cross-sections as they 

were defined in the drawings of the manufacturer (Figure A-3).  These four cross-sections 

are located on the distances of 10a (mm), 10a (mm) and 50a (mm) with each other, where 

‘a’ is equal to the crossing angle of the turnout. In order to vary the geometry of the 

crossing, these distances are used as the parameters in the model to control the location of 

each cross-section. By changing these parameters, the locations of the cross-sections are 

changed affecting the whole geometry of the crossing. The results of this geometric 

variation will be presented in Section 3.4. 
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Figure A-3. (a) Crossing nose layout in the drawing. (b) wheel tread and crossing nose 

mesh. 

The rail components consist of stock rail, wing rail and crossing. The rails are supported 

by the 10 mm thick rail pads, concrete sleepers with the spacing of 600 mm and ballast bed 

with the thickness of 350 mm. All the components in the model are modelled using solid 

elements. Using the solid elements the stresses distribution in the track components can be 

obtained. The ballast layer was modelled using solids with the element size of 130mm. By 

using solid elements the shear forces in ballast can better be modelled as compared to 

spring and damper elements. Transmitting boundary is applied to both end of the ballast 

layer to model the semi-infinite domain.  

In this current stage the materials are modelled as linear elastic (Table A-1), however 

the model can easily be adjusted for non-linear material properties.  

Table A-1. Material properties of turnout model. 

Figure A-3b shows the mesh of the wheel, wing rail and crossing nose. Much finer mesh 

was used in the contact regions, i.e. the crossing nose, railhead and wheel tread. The wheel 

tread is modelled with the fine mesh with the smallest element of 2.5 mm. The outer rail 

and wing rail top are also meshed using this element size. As observed in the field 

measurements on the similar crossings, the maximum rail acceleration often occurs on the 

crossing nose between 300mm and 1050mm counted from the front of the crossing nose. 

Therefore, for this part of the crossing as well as for the wing rail and outer railhead the fine 

mesh with 2.5 mm elements is used. In order to achieve acceptable computational time, the 

rest of the model is modelled using relatively coarse mesh. The interface between the 

coarse and fine mesh is modelled as bonded contact.  

Property Rail and crossing Railpad Sleepers Ballast 

Material type Structural steel Elastomer Concrete Gravel 

Mass (kg m^-3) 7850 1500 2500 1800 

Young’s Modulus (Pa) 2.00E+11 2.40e+8 3.00E+10 1.34E+8 

Poisson’s ratio 0.30 0.47 0.18 0.20 
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2.2 Contact model 

    In LS-DYNA the contact is modelled by identifying the potential penetration locations 

between two surfaces and applying penalty forces after penetration is found. The penalty-

based contact is the most commonly used approach for contact modeling that is also 

adopted in this model for both impact and sliding simulation. It is stable and tends not to 

excite hourglassing. The method is applicable to deformable bodies as well as to rigid 

bodies. The contact modelling takes into account the linear/non-linear material properties, 

geometry as well as deformations of the bodies in contact. The quantities such as contact 

patches can be quite accurately obtained especially when fine mesh is used. 

For contact modeling, the first step is to search for penetrations every time step between 

the master and slave surfaces, from which the penetration l is obtained between the master 

segment and the slave node. If there is no penetration, nothing is done. When slave node ns 

penetrate through master segment si the force fs proportional to the penetration depth will 

be applied to resist and ultimately eliminate the penetration (Figure A-1) that reads Eq.(A-1) 

 𝑓𝑠 = −𝑙𝑘𝑖𝑛𝑖,    if 𝑙 < 0, (A-1) 

where l is the penetration, ni is normal to the master segment at the contact point, and ki is 

the calculated contact stiffness.  

 

Figure A-4. Schematic graph of the penalty contact. 

The contact stiffness ki  is the stiffness value of the linear springs internally placed 

between the slave nodes and the nearest master segments in penalty-based contact. They are 

elastic, compression-only springs in normal direction to resist penetration. The stiffness of 

these springs determines the force that will be applied to the slave nodes and the master 

nodes. The contact stiffness ki  for the master segment si  is given in terms of the bulk 

modulus Ki of the contacted elements, the volume of the element 𝑉𝑖 that contains si, and the 

face area Aiof the element that contains si that reads 

 
𝑘𝑖 =

𝑓𝑠𝑖𝐾𝑖𝐴𝑖
2

𝑉𝑖
 

(A-2) 

 

wherein 𝑓𝑠𝑖 is the scale factor. The default value of fsi = 0.1 is recommended in LS-DYNA 

in the cases where the contact bodies are of similar materials. Too low contact stiffness can 



74                                                                                                                                Paper A 

 

result in a higher penetration, while larger value may cause instabilities of the solution 

process. 

    In order to obtain accurate results the mesh of the wheel tread and the crossing has 

been refined to the same size of 1.5mm. Since in wheel and crossing contact the materials 

are similar the default penalty-base method with the scale factor of 0.1 was chosen. The 

comparison between the physical contact stiffness (calculated using the Hertz theory) and 

the penalty contact stiffness used in the simulations has shown that, when using the scale 

factor 0.1 the ratio between Hertz contact stiffness and the penalty contact stiffness lies 

between 0.33 to 1.1 (depending on the level roughness used to calculate the physical 

contact stiffness [22]). The sufficient accuracy of the simulations with the chosen scale 

factor of 0.1 was also confirmed by the convergence study that was performed for different 

levels of the contact stiffness.  

In this study simulations with various scale factors have been performed and the 

corresponding values of the contact forces and stresses have been analysed. The value of 

the scale factor was varied from 0.1 (default in LS-DYNA) to 1.0. The results are shown in 

Figure A-5. From these results it can be seen that by reducing the value of the scale factor 

stability of the results significantly increased. The higher values of the scaling factor result 

in wider scatter of the contact forces and stresses, in case of the scaling factor equal to 1.0 

the contact force even drops to zero. Further increase of the scale factor to 5.0 and 10.0 

resulted in failure of the solutions process. 

 

Figure A-5. Convergence study of different levels of scale factor: (a) Vertical contact force, 

(b) Von Mises stress. 

    The tangential force that consists of lateral contact force and longitudinal contact force, 

is the friction force. Friction in LS-DYNA is based on a Coulomb formulation. The 

frictional algorithm uses the equivalent of an elastic plastic spring. In each time step the 

frictional force (f) is updated based on the incremental movement of the (slave) node (∆𝑒Δe) 

and the interface stiffness (k) as follows 𝑓𝑛+1 = 𝑓𝑛 − 𝑘𝛥𝑒. After that the yield condition 

for the updated force checked using the yield limit calculated in this step (using the normal 
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force and friction coefficient). If the trial friction force is below the limit it will be used on 

the next step, otherwise the yield limit is to be used.  Details on the contact modelling can 

be found in [23].  

    Any lateral displacement of the wheelset or/and angle of attack would result in the extra 

contact forces, the calculation of which is described above. In the beginning of each 

simulation the wheelset is placed on the wing and stock rail in the middle of  the track 

without any lateral displacement or rotation, so that no angle of attack and no lateral 

displacement are applied. The wheelset has no constraint in any degree of freedom. The 

wheelset travels in the through route. The lateral displacement and angle of attack of the 

wheelset do exist during rolling as a result of the geometrical discontinuities in the crossing. 

The axle load of 150kN is applied to the wheelset. The friction force is taken into account, 

but no reaction force from the primary suspension is considered.  

2.3 Analysis procedure 

The wheelset moves along the crossing with the translational velocity of 130 km/h and 

the angular velocity of 78.5 rad/s. Initially, the wheels come in contact with the rails due to 

application of the gravity force and the axle load. In order to minimize the initial system 

vibration, the preload procedure was used, according to which the application of the initial 

velocity is delayed to exert the preload stage. At the end of the stabilization the wheelset 

has a vertical velocity of 0.231m/s while in other two directions the velocities are almost 

zero, which shows that the wheelset is in the position without any lateral or longitudinal 

movement. After this stabilisation stage the initial velocities are applied and the wheel set 

starts rolling. During the simulation, the inner wheel of the wheelset first rolls on the wing 

rail and then comes in contact with the crossing nose that generates an impact between the 

wheel and rail. Finally, the contact point transfers from the wing rail to the crossing nose 

and the wheel continues to roll on the through rail. The simulation time of 50 ms has been 

chosen which is sufficient for analysis of the wheel/rail impact. The friction coefficient of 

0.2 has been used in the simulations. 

The explicit finite element method is used in these simulations. In the explicit dynamic 

analysis the stiffness matrix does not need to be inverted in each integration step as 

compared to the implicit one (which is computationally more expensive). However, it 

requires tiny time step to get stable, so it is usually suitable for short duration event. The 

integration step of the simulations is chosen automatically based on the stiffness and mass 

properties as well as the smallest element size in the model. The explicit time integration is 

more accurate and efficient for simulations involving non-linear material behaviour and 

complex contact, which is closely relevant to the wheel/rail contact simulation. The time 

step in this case was 3e-7s and remained the same in the whole calculation.  
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After each simulation the response quantities of the wheelset and crossing were collected 

and analysed as it is described in the following sections.  

3 Results 

With the 3-D finite element model described in the previous section, the dynamic 

behaviour of the wheel and crossing nose during impact has been studied. The analysis of 

the reference case as well as some parametric studies have been performed first in order to 

verify the model and to demonstrate its applicability. The results of the analysis are 

presented below. 

1.1 Reference case 

Here the crossing model and the analysis as described in the Section 2 have been used. 

Figure A-5 shows the resulting contact forces between the wheel and rail in the vertical, 

lateral and longitudinal directions, and the wheel/rail displacements. The results are plotted 

versus the distance from the front of the crossing, which corresponds to 0 m in this figure. 

The end of crossing is located on the distance of 1.05m. The stabilisation stage is shown in 

the shaded area in these plots.  

The contact force in each direction (Figure A-6) is represented by two lines 

corresponding to wheel contact on the wing rail and on the crossing respectively. The 

intersecting area (the area between the zero’s of both lines) corresponds to the transition 

zone of the wheel passing from the wing rail to crossing. From Figure A-6 it can be seen 

that the maximum value of the vertical force 186.8 kN occurs at the wheel position of 576.3 

mm. The longitudinal and lateral contact forces have the maximum values of 38.3 kN and 

53.5 kN respectively. 

 

Figure A-6. (a) Contact forces in three directions and (b) vertical displacements of the 

crossing and the wheel centre. 
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Figure A-6 shows the vertical displacements of the wheel and the crossing. At the end of 

the stabilization the wheelset was pressed downwards by about 1.3mm due to gravity and 

the applied axle load. As the wheel starts rolling, the inner wheel displays larger 

displacement compared to the outer wheel due to the geometrical irregularities of the wing 

rail and the crossing. The crossing displacement increases from around 0.05mm to 0.2mm 

which includes the deformation of rail as well as its bedding such as rail pads and sleepers. 

As the wheelset impacts on the crossing at around 0.5m, the crossing nose is pressed down 

by about 0.3mm. After the impact, the wheel centre moves up again. At the end of the 

simulation the wheel’s and the crossing’s positions almost return to their original positions. 

The lateral movement of the wheelset will be discussed in Section 3.3. In Figure A-7 the 

maximum von Mises stress as the wheel rolls on the crossing are shown. The location of the 

impact initiation is approximately 361.3 mm from the front of the crossing (Figure A-7a). 

The maximum pressure in this location is -160.3 MPa, and the maximum shear stress is 

177.3Mpa. The maximum displacement of the rail at the impact position is 0.210 mm. 

 

Figure A-7. Von Mises stress distribution along the crossing, (a-f) different contact 

positions. 
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The trajectory of the contact point including the transition zone from the wing rail to the 

crossing can be observed in Figure A-7. The contact position in each moment is denoted by 

P. After the contact initiation in P=361 mm on the crossing nose, the wheel rolls both on 

the crossing and the wing rail. From P=474 mm the wheel leaves the wing rail and fully 

rolls on the crossing. The highest impact of the wheel initiates at P=716mm with the 

maximum value of Von Mises stress. After P=1050 mm the crossing’s height is the same as 

the height of the through rail, which means the wheel has passed the crossing and rolls on 

the through rail.  

   

Figure A-8. Longitudinal, lateral and vertical stress in the crossing nose and the stock rail at 

different positions.   

The longitudinal, lateral and vertical stresses in the crossing nose at the aforementioned 

positions (P=361mm, P=474mm, P=716mm) and the three stresses in the stock rail head at 

P=716mm are plotted in Figure A-8. It can be seen that from the contact initiation position 

on the crossing (P=361mm) to the impact position (P=716mm) the stresses are significantly 

increased. The contact initiation position is clearly not with high stress value since at this 

moment the wheel load is carried by the wing rail. Comparing the stresses at P=474mm 

with P=716mm, at P=474mm when the wheel load is fully transferred from the wing rail to 

the crossing nose, the stresses have not reached the maximum value. The beginning of the 

contact on the crossing and end of the contact on wing rail, which is the area from 
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P=361mm to P=474mm in this model is regarded as the transition zone. Transition zone is 

crucial in wheel/crossing contact as it determines the position on the crossing that is 

subjected to severe impact and large plastic deformation. In this simulation, the maximum 

stresses occur around 240mm after the end position of the transition, which leads to the 

conclusion that the highest impact on the crossing occurs after the transition. Compared 

with the stresses in stock rail at P=716mm, the impact of the wheelset generates high 

contact stresses in all three directions, which are about three times larger than ones in the 

stock rail. The width of the crossing nose together with the Von Mises stress value at the 

aforementioned positions (P=361mm, P=474mm, P=716mm) are shown in Figure A-9. The 

width of the crossing nose is measured as the width at the vertical position of -14mm from 

the normal rail top. The control cross sections of P=300mm and P=1050mm as in the 

drawing are also included. It can be seen that the width of the crossing nose is linearly 

increasing and at p=1050mm the width reaches the width of the normal rail. Therefore, high 

stresses and small width of the crossing nose make the crossing nose more prone to 

breakage compared to the normal rail. 
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Figure A-9. Crossing nose width and Von Mises stresses at five selected positions. 

Figure A-10a shows the maximum Von Mises stress in both crossing and stock rail 

during the wheel passage obtained for each cross-section of the crossing chosen with 9 mm 

step. It could be seen that the Von Mises stresses in the crossing become much larger due to 

the impact and therefore large plastic deformation will accumulate in the crossing. The 

maximum shear stresses and the 1st principal stress are plotted as well since they are to be 

used to identify the most possible damage position and direction of the stresses. It should be 

noted that the 1st principal stress in this paper represents its maximum absolute value while 

the stress itself is negative. In further study the six stress components 

(𝜎𝑥, 𝜎𝑦, 𝜎𝑧, 𝜏𝑥𝑦, 𝜏𝑦𝑧, 𝜏𝑥𝑧) will be used in the formulation of failure criteria and fatigue life 

prediction of the rail material at this position. Figure A-10b shows that the maxima of the 

two stresses in the crossing occur in approximately the same area on the crossing. However, 
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the 1st principal stress is four times higher than the shear stress. It means that at some 

material points the normal stresses of certain critical plane can reach a relatively high value. 

At the same time, shear cracking may also be initiated. Such kind of damage is observed in 

the crossings in situ where the large plastic deformations appear together with surface 

cracks (Figure A-13), which will be discussed later in Section 3.2. 

 

Figure A-10. (a) Maximum Von Mises stresses in crossing and stock rail, (b) Maxima of 

the maximum shear stresses and 1st  principal stress in crossing. 

For the local stress analysis, the position of P=716 mm (Figure A-7 (d)) where the 

maximum of the von Mises stress occurs is chosen. Figure A-11 shows the cross sectional 

(716mm) Von Mises stress distribution and vectors of three principal stresses. It could be 

seen that the maximum Von Mises stress occurs at the subsurface and the vector of the 1st 

principal stress is not perpendicular to the crossing surface. It should be noted that in this 

case only a single moment of wheel/crossing contact is shown. The principal stresses vector 

are always changing as the contact positions vary, which displays how the direction of the 

maximum stresses are changing. 

 

Figure A-11. Stress distributions at P=716mm: (a) Von Mises stress, (b) vectors of three 

principal stresses. 

The presented model can also be used for stress and strain analysis in railpads, sleepers 

and ballast. To demonstrate this the contact position of P=716 mm (Figure A-7d) wherein 

the maximum of the von Mises stress occurs in the crossing is selected for the substructure 

stress analysis. The wheel position is shown in Figure A-12a. The left side represents the 

inner side of the crossing, while on the right locates the sleeper under the stock rail. For the 
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stress analysis in the sleeper, the third sleeper (counted from the front of the model), which 

is at the wheel impact position, is selected. Figure A-12b shows the equivalent stresses in 

this sleeper, from which it can be seen that the sleeper part under the crossing experiences 

the higher stresses as compared to the stress in the sleeper part under the stock rail. The 

similar stress distribution in the ballast can be found in Figure A-12c. Figure A-12b and 

Figure A-12c clearly shows that the energy of the impact between wheel and crossing has 

been transferred to the substructure, which can also lead to damage on sleepers and ballast. 

 

Figure A-12. (a) wheelset location, (b) corresponding equivalent stresses (von Mises) in 

sleeper, (c) ballast. 

Except for the stress analysis at a single moment (P=716mm) of the selected sleeper, the 

stress history during the whole simulation of sleepers is shown in Figure A-13. The wheel 

tread is also shown in the figures for indicating the wheel position. Figure A-13a is at the 

end of stabilization and the wheelset is located at 376mm on the wing rail before the nose 

point. In Figure A-13b the wheelset comes to the position, which is the same as the nose 

point (P=0mm), yet the wheelset is on the wing rail. At this moment the stress in sleepers at 

stock rail side are a bit higher than at the crossing side, which may be due to that the railpad 

under the crossing is wider than the other side. During the transition from the wing rail to 

crossing nose (P=361mm to P=474mm), the maximum stress in the sleeper changes from 

the stock rail side to the crossing nose side. At the impact position (P=716mm) the stress in 

the sleeper under the crossing nose also reaches the highest value of 3.5Mpa. At the end of 

the simulation at the stock rail side the stress turns to be relatively high again. This can be 

due to the rolling behaviour of the wheelset and is corresponding to the inner wheel 

displacement as shown in Figure A-6b. The impact of the wheelset pressed down the 

sleeper part under the crossing and after the impact the inner wheel goes up. Therefore, as 

for the wheel-rail interaction in the crossing panel, in sleepers high stresses may occur not 

only at the crossing side but also at the stock rail side.  
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Figure A-13. Stress history in the sleepers. 

1.2 Model validation 

In order to validate the FE model presented in the previous sections, field measurement 

data were used here.  The measurements were conducted in the railway network in the 

Netherlands to study the dynamic behaviour of turnout crossings. The measurements are 

briefly described below and more details can be found in [5]. The measurement device 

consists of a triaxial acceleration sensor to be placed on the crossing nose (Figure A-14a), 

two inductive sensors to be installed on the rail for wheel velocity measurements and a 

sleeper displacement sensor. Based on the measured velocity of the passing wheels and the 

distance between the velocity sensor and the beginning of the crossing nose, the location of 

the impact for each passing wheel is determined as the location of the maximum 

acceleration detected within the crossing length (up to 1m from the beginning of the 

crossing). The sampling frequency of the accelerometer in the measurements is 10kHz. 

To adjust and validate the FE model, the measurements performed on a 1:15 crossing 

were selected. The crossing had the similar condition with the modelled one and was taken 

for model validation. The passing train had the average velocity of 135km/h. Figure A-14a 

shows the crossing acceleration measurement setup. From this figure it can also be seen that 

the crossing was in relatively good condition, only small amount of plastic deformations 
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had taken place. Figure A-14b shows the same crossing after seven months of service 

wherein the large plastic deformations and cracks in the location of impact can be observed. 

As discussed earlier high principal and shear stresses in the location of impact were 

obtained in the simulation as well (Figure A-10b). The stresses indicate that the large 

plastic deformation and crack initiation may occur in the crossing after several wheel 

passages, which is corresponding to the field observation in Figure A-14b.  

 

Figure A-14. Crossing acceleration measurements of: (a) one selected crossing, (b) the 

same crossing after seven months’ service. 

Figure A-15 shows the measured results of the selected crossing in the earlier stage 

(Figure A-14a). The magnitude and the locations on the crossing nose of the maximum 

vertical accelerations measured for each wheelset of one passing train are shown in Figure 

A-15a and 15b. The distribution of the maximum accelerations along the crossing nose is 

shown in Figure A-15c wherein one-day measurement consisting of 14 trains (142 

wheelsets) measured on the selected crossing is presented. The horizontal axle shows the 

distance from the nose point on the crossing. The area where the most of the wheelsets have 

the maximum accelerations is the one where can be defined as the fatigue area, i.e. the area 

where the rail damage is most probably to occur. For example, the fatigue area in Figure A-

15c is 450-650 mm where the most of the maximum accelerations (92.25%) occur. In the 

numerical simulation (Figure A-10a), the high Von Mises stresses  also occur in this area 
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(580 mm), which means that the model can catch the phenomenon of the high impact 

generated on the crossing. 

 

Figure A-15. Measurement results of 1:15 crossing: (a) maximum vertical accelerations of 

1 train, (b) locations of maximum vertical accelerations, (c) acceleration distribution (142 

wheelsets). 

The accelerations from the measurements and the simulations were also compared in 

different frequency bands. Since in the simulation only one passing wheelset is used, one 

wheelset from the measurements should be considered as well. For such a comparison, the 

wheelset No. 24 of the selected train (mentioned above) was chosen. Its (inner) wheel had 

the smallest ratio of lateral/vertical and longitudinal/vertical accelerations during the impact, 

which corresponds to regular contact. As these ratios increasing, which is typical for worn 

crossing and bad wheels, the impact/contact becomes more irregular. Therefore, the wheel 

with regular contact has been selected for verification, as its condition is the closest to the 

model. As shown in Figure A-15a, the measured maximum vertical acceleration of this 

wheelset (60g) is close to the average measured acceleration (72g) of this train (44g-115g). 

The comparison of the vertical accelerations of the measurement and simulation is shown in 

Figure A-16a. The horizontal axle represents the time when wheelset entered and left the 

crossing. 



Part II: Appended Papers                                                                                                     85 

 

 

 

Figure A-16. (a) Measured vertical acceleration of wheelset No.24, (b-d) comparison of the 

vertical accelerations of the selected wheelset in different frequency bands.  

    The accelerations in different frequency bands are plotted in Figure A-16(b-d). Three 

frequency bands are selected [19]. The low frequency band (0-40Hz) covers the responses 

of the substructure. The mid-frequency band (40-400Hz) covers the superstructure 

components excluding rails, such as sleepers, blocks, baseplate pads, encasing, boots, 

ballast. The high frequency band (400-2000Hz) corresponds to railpads, baseplates, 

fastening and rails including wheel/rail contact and plays a prominent role in damage of 

rails and wheels. However, it should be noted that many cross-links are influencing this 

division [19]. The higher frequency (>2000Hz) covers the vibration of the rail itself. 

Separating the accelerations in different frequency bands gives clearer pictures of the 

dynamic behaviour of different components of the structure in both measurement and 

simulation and thus the accuracy of the model for different components can be validated. In 

0-40Hz band, both measurement and simulation reach the value of less than 1g. It should be 

noted that due to the short simulation time, the model does not take the full response of 

ballast into account, since this study mostly focuses on the high frequency response of the 

wheel/rail contact. In the 40-400Hz bands, the modelled accelerations are a bit higher than 

in the measurements, which can be due to the shorter sleepers used in the model. In the high 

frequency band of 400-2000Hz, the measurement and modelling are comparable. Therefore, 

the model can relatively accurately describe wheel/rail contact, while for the analysis of the 
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dynamic behaviour of the substructure it needs further modification/tuning such as using 

the full-length sleeper or adding constraint on the boundary of ballast.  

1.3 Parametric studies 

Based on the FE model and results discussed above, the parametric studies to 

investigate influence of some vehicle/track parameters on the responses of the crossing 

were performed. The model of the 1:15 turnout presented earlier in the paper was used. The 

effects of various axle loads, vehicle velocities and friction coefficients were studied here. 

Axle load variation 

In this Section the effect of two axle loads of 150kN (reference case) and 250kN is 

investigated. The velocity remains the same as in the reference case. Figure A-17a shows 

the contact forces for two axle loads of 150kN and 250kN. The dashed lines represent the 

static wheel load of the two cases. The impact of 250kN initiates at approximately 

P=293mm from the front of the crossing, which is earlier than the one in the case of 150kN. 

Figure A-17b shows the distribution of the maximum von Mises stress in crossing nose for 

both 150kN and 250kN axle loads. From the comparison of the impact forces and stresses 

during the rolling, it can be seen that the higher axle load results in earlier and higher 

amplitude impact. The similar results were obtained in [20] that the heavy haul shows a 

longer transition area and the transition starts earlier. Since the tip of the crossing is more 

vulnerable to impact than the rear part, the heavy haul vehicles might cause more severe 

damage on the crossing nose. 

 

Figure A-17. (a) Contact forces , (b) Von Mises stress for different axle loads. 

Velocity variation 

In this Section the effect of various vehicle velocities is investigated. The velocities of 

40km/h, 130km/h and 160km/h have been chosen, which respectively correspond to the 

velocities used close to stations, normal velocity and high velocity in the Netherlands. The 

vertical contact forces for the different velocities are shown in Figure A-18a. The contact in 

transition zone initiates in a farther position on the crossing as the velocity increases. Also, 
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the amplitude of the contact forces increases significantly when the velocity increases (in 

the cases of 40km/h and 130km/h the difference is the factor of 1.62). Figure A-18b 

presents the lateral displacements of the inner wheel centre, which decreases when the 

velocity increases from 40km/h to 160km/h. It can be seen that when passing with the 

lower velocity, the vehicle tends to moves more to the wing rail and generate more 

vibration to the wing rail side. Therefore, the velocity has a great influence on the crossing 

behaviour. The increased impact can also be observed from the increased Von Mises stress 

in Figure A-18c. These results have shown that velocity has significant effect on the wheel 

transition over the frog and should be taken into account. So that, for the same wheel and 

crossing geometry, the wheel-rail contact location along the track is different for different 

velocities. 

 
Figure A-18. Different train velocities: (a) Contact forces, (b) lateral displacements of 

wheel centre. (c) Von Mises stress. 

Friction coefficient variation 

In this Section the two friction coefficients 𝜇 = 0.2 and 𝜇  = 0.7 (very dry condition) are 

considered. The position with the maximum Von Mises stress is selected. In Figure A-19c 

and 19d it could be seen that the interface pressure on the crossing in both cases is similar. 

In Figure A-19c and 15(d) with the high friction coefficient 𝜇  = 0.7 the surface shear stress 
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occurs at the rear of the contact patch and the value reaches 1.54 times of 𝜇 = 0.2. It is 

known that in elasticity, energy is dissipated in the contact patch by frictional work, which 

is proportional to the product of micro-sip and surface shear stress. Frictional work causes 

wear of the contact surfaces [21]. Therefore, the presented model can be applied for wear 

analysis from the stress and contact patch point of view. 

 
Figure A-19. Interface pressure of: (a) 𝜇 = 0.2, (b) 𝜇 = 0.7, surface shear stress of: (c) 𝜇 =

0.2μ = 0.2, (d) 𝜇 = 0.7μ = 0.7. 

1.4 Geometry variation 

A number of studies on the influence of the crossing geometry on the dynamic 

behaviour of the crossing have been conducted recently. So that in [5] the crossing 

behaviour before and after welding/grinding repair was discussed, indicating that the 

adjustments in crossing geometry can change the magnitude and distribution of the impact 

forces significantly. Therefore, to investigate various crossing geometries numerically 

would be very attractive. As it is shown below the presented FE model provides the 

capability to numerically study the geometry variation.  

Geometrical parameters 

As discussed in Section 2, the crossing nose in the FE model is built based on the four 

main cross-sections as defined in the drawings (Figure A-3a), in which ‘a’ equals to 15 

(1:15 turnout). The four main cross-sections are marked as I, II, III and IV. It was ensured 

that the track gauge has been affected by the variation of crossing shapes.  

It is known that the high impact force is generated due to the geometrical discontinuity 

of the crossing. Therefore, adjusting the height difference between the crossing nose and 

the wing rail may affect the contact properties. Such variations can be achieved by 
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changing the longitudinal and lateral positions of the main cross-sections. Here, the second 

and third main cross-sections (Figure A-3a) were shifted forward and backward to generate 

two alternative cases, which were used in the numerical simulations. These two cases 

together with the reference are shown in Figure A-19. The numbers above the crossing in 

these figures correspond to the locations of the main cross-sections of the crossing. For 

example, in the reference case the four main cross-sections are located at 0 mm, 150 mm, 

300 mm and 1050 mm respectively. It could be seen that as compared to the reference case, 

the height of the crossing in Case 01 increased rapidly, while in Case 02 it increased rather 

smoothly. 

 

Figure A-20. Two generated designs together with the reference design. 

Results  

By performing the simulations of these three cases, the responses such as initial contact 

positions, contact forces and stress distributions were obtained. The consequences of the 

geometry variation were analyzed and discussed below.  

Initial contact position 

Figure A-21 shows the initial contact position for three cases. In the Case 01 the flange 

contact occurs at the very front of the crossing (P=230 mm) where the rail width is smaller 

than in the rear part, which can easily result in rail breakage under the impact loading. It 

should be noted that in the cross-sectional view of Case 01, it seems that the wheel does not 

contact with the wing rail. In fact, in the lateral direction the contact positions on the wing 

rail and on the crossing are not same. If the bodies are sliced by the contact point on the 

crossing, it appears to be that the wheel does not contact with the wing rail. 
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In the Case 02 the contact initiates at the farther position (P=405 mm). However, at this 

moment the wheel mostly runs on the crossing and not supported by the wing rail. That 

means that, the crossing in Case 02 bears the higher wheel load as compared to the 

reference case. It is also proved by the comparison of the contact forces and stresses that 

will be discussed later. 

 

Figure A-21. Contact initiation positions of three cases. 

Contact forces and stresses 

Figure A-22a shows the vertical contact forces of the three cases. By comparing the 

largest impact force, which occurs at around 0.65 m in all cases, Case 01 has a relatively 

low value. However in Case 01 the contact force has another peak value, which occurs at 

the moment of contact initiation (at the beginning of the crossing). In Case 02 the force 

reaches the highest value among the three cases since the crossing alone bears the wheel 

load as it was discussed earlier. It can also be seen that in Case 02 the vertical contact force 

is suddenly reduced to almost zero, which means that the wheel is bouncing on the crossing. 

The reason for that is that in this case the transition zone from the wing rail to the crossing 

is the smallest among the three cases. The fast transition to the crossing generates the high 

impact force, which leads to the bouncing of the wheel.  
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Figure A-22. (a) Vertical contact forces, (b) lateral contact force and (c) von Mises stresses. 

Figure A-22b shows the lateral contact forces. It can be seen that the high lateral contact 

force occurred in Case 01 due to the flange contact in the beginning of the crossing. In this 

location the rail is relatively thin and can easily break. Therefore, this type of the crossing 

geometry should be avoided. 

The Von Mises stresses in the crossing are shown in Figure A-22c. From this figure it 

can be seen that at the moment of contact initiation the stress in Case 01 is much higher 

than in the other cases. In Case 02, wherein the contact force has the highest value, the 

stress is the lowest among the three cases. This is due the wider contact patch since the 

contact occurred farther on the crossing where the rail is wider. 

Finally it can be concluded that based on the contact force and stress values the 

reference crossing has the best performance by preventing the wheel from contacting with 

crossing nose at the weak position and enabling the wheel and crossing to have the broader 

transition zone. The results have also shown that the modifications of the crossing geometry 

have significant influence on the crossing performance. Also, it was shown that the 

developed model could be used for geometry optimisation. 
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4 Conclusions 

In the present study, the dynamic interaction between wheelset and turnout crossing has 

been investigated numerically. A 3-D finite element model of a whole wheelset rolling over 

the crossing has been developed. The wing rail and crossing nose geometry as well as the 

wheel geometry have been used in the model. The dynamic simulations were performed 

using the explicit finite element analysis. The numerical responses of the model comprise 

the dynamic contact forces between the wheelset and the crossing, displacements of the 

wheelset and crossing as well as the local contact stress distributions. Thus the impact of 

the wheel on the crossing can be studied using this model.  

To validate the model, the measurements performed on a similar crossing have been 

used. The location of the impact and the accelerations of the crossing obtained from the 

measurements and the numerical simulations were compared. The comparisons have shown 

a good correlation between the numerical and experimental results, from which it was 

concluded that the model is able to accurately describe the dynamic behaviour of the 

crossing. 

The magnitude and locations of different types of stresses such as principal, shear and 

equivalent stresses have been analysed in order to predict some types of damage in the 

crossing. The principal and shear stresses observed in the simulations can be related to the 

large plastic deformation (accumulated by the wheel impact) and shear cracking. Similar 

type of rail damage, where the large plastic deformations appear together with cracks, was 

also observed in the field. This result shows that the developed model can be used as the 

basis for the rail damage analysis. Yet the rail degradation models are still to be developed.  

Using the developed model the parametric study was performed, wherein the effects of 

the axle load, vehicle speed and friction coefficient on the crossing performance were 

studied. The results have shown that these parameters have great effect on the impact 

position as well as the magnitude of the impact forces and stresses.  

Two alternative crossing geometries have been studied to demonstrate the capability of 

the model to be used for crossing geometry variation analysis. The effect of two geometries 

as well as the reference was investigated. The results of the simulations have shown that by 

changing the geometry the transition of the wheel from the wing rail to the crossing can 

significantly be affected. The two alternative geometries have resulted in worse 

performance of the crossing, whereas the wheel transition was initiated either too early of 

too late along the crossing.   

The presented results have shown that the developed numerical model provides a tool to 

investigate the impact of the wheel on the crossing. The model can be used as the basis for 

analysis of the rail damage mechanism in the crossings as well as the tool for improvement 

of the crossing design. 
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Abstract 

In this paper a numerical procedure for analysis of rolling contact fatigue crack initiation 

and fatigue life prediction for the railway turnout crossing is presented. To analyse wheel-

rail interaction, a three-dimensional explicit finite element (FE) model of a wheelset 

passing a turnout crossing is developed to obtain the dynamic responses such as the contact 

forces, displacements and accelerations as well as the stresses and strain in the crossing 

nose. The material model accounting for elastic-plastic isotropic and kinematic hardening 

effects in rails is adopted. The fatigue life of the rails is defined as the time to rolling 

contact fatigue crack initiation. In predicting the fatigue life Jiang and Sehitoglu model is 

used, which is based on the critical plane approach. Using the FE simulation results the ten 

critical locations on the crossing nose susceptible to crack initiation are determined first. 

Then, using the fatigue model the critical planes in these locations are obtained and the 

number of cycles to fatigue crack initiation is calculated for each location, based on which 

the most decisive location and the crossing life is determined. The results of the numerical 

simulations are presented and discussed. 
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1 Introduction 

Turnouts are important elements in the railway infrastructure as they provide guidance to 

the rail traffic. A typical turnout consists of a switch panel, a closure panel and a crossing 

panel. In contrast to a normal track wherein the rail profiles remain constant, the rail cross-

section is changing in the crossing section of a turnout. The rails in the crossing consist of 

two wing rails and crossing nose. During the wheel passage over the turnout crossing (in 

the facing direction) the wheel load is to be transferred from the wing rail to the crossing 

nose. Due to rail discontinuity (between the wing rail and the crossing nose) high impact 

forces can be generated in the crossing nose. Moreover, since the crossing profiles are 

gradually changing from its tip to the normal rail, the small width and radius of the railhead 

in the beginning of the crossing nose, which makes it the one of the weakest points in the 

crossing structure and is prone to break. Therefore, the high impact forces and crossing 

geometry together result in severe rolling contact fatigue (RCF) damage in the crossing. 

In the Netherlands, RCF in the crossing nose is a severe problem that causes most of the 

operation disturbance of the turnout. It was observed that 6% of the train delayed due to 

turnouts (30 times) in 2010 were responsible for 55% of the total disruption time. The 

impact of the broken crossings was 28% of the mentioned 55% of the disruption time. 

During the last 6 years the RCF damage on track was significantly decreased (more than 

50%), however this reduction was not noticeable at the turnouts. There has even been an 

increase in the last two years. There are around 400 crossings replaced per year and two 

crossings per week are urgently to be repaired. The replacement budget reaches 6.4 million 

per year [1]. Therefore, solutions for the RCF related problems in the turnout crossings are 

urgently needed.  

In Figure 1 the typical defects in the turnout are shown. It can be seen that in the switch 

blade and the wing rail, large amount of wear was observed. In the curved rail and stock rail 

head checks and squats are normally found. However, in the crossing nose shelling is 

observed that nowadays can rarely be found on the normal lines. Generally, shelling is a 

subsurface defect that occurs at the gauge corner of the high rail in curves of railways with 

a high axle load and can crack at any level [2]. In the crossings it is more likely to obtain 

such kind of damage due to the impact of the wheel (Figure B-1b). According to the field 

observations, crossing nose experiences severe cyclic plastic deformation due to the high 

impact load and the subsurface cracks may occur over there, which becomes shelling at the 

later stage. In this study, only the crossing nose is considered and the fatigue crack 

initiation that later may form shelling of the crossing is studied. Here the crack size of 

0.5mm is considered in the fatigue analysis according to [3]. 
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Figure B-1. Damage in the turnout. 

Recently, several studies on damage of the turnout crossing have been conducted. In the 

dynamic forces in a turnout crossing were analysed using the two-dimensional (2D) finite 

element (FE) model. By optimising the track stiffness for a given rail geometry, the 

dynamic forces were reduced. The FE analysis of the cyclic deformation of a crossing nose 

was performed and the early revolution of damage was predicted in [5]. A three-

dimensional (3D) FE model for the process of a wheel passing the crossing panel was 

presented in [6], where the frictional work, microslip and the equivalent plastic strain of the 

crossing were obtained for damage evaluation. In [7] the impact damage was estimated 

taking into account the wheel profiles and wheel lateral displacements. Three damage 

criteria including energy dissipation, normal contact pressure and force were considered to 

investigate the influencing parameters on turnout performance in [8]. In [9] the index 

𝐹𝐼𝑠𝑢𝑟𝑓 based on the contact forces was used to identify the surface initiated RCF defects 

of the turnout. Multi-scale FE approach was used to study RCF of three crossing nose 

materials [10], in which the crack development and growth of three materials were obtained 

and compared. However, these studies do not take the different stress types and stress 

directions into account to predict fatigue life of the crossings. Also, due to the variable 

crossing geometry, the possible damage in different locations should be considered 

separately.  

In [3] fatigue life prediction procedure for RCF crack initiation on a normal track was 

propose, which combines the static FE analyses with fatigue crack initiation model and 

damage accumulation rule. In this paper, a procedure similar to the one presented in [3] 

applied to railway crossing is used. The 3D explicit FE model of a wheelset passing the 

crossing has been developed to provide the stress and strain responses to the fatigue model. 
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The model is capable of the wheelset lateral movement as well as the further variation of 

the initial wheel-crossing contact conditions, compared to the previous models such as in 

[6]. It is used to identify the most possible area of damage in the crossing based on the 

stress/strain distributions at the different positions throughout the crossing. Then Jiang and 

Sehitoglu (J-S) fatigue model for determining the fatigue crack initiation of the crossing is 

used to predict the fatigue crack initiation plane and the number of cycles to fatigue crack 

initiation of the crossing nose was calculated. The fatigue life prediction procedure, 

numerical results and discussion are presented below. 

2 Fatigue life analysis 

As for fatigue life analysis various approaches have been proposed including stress-life 

models used at high cycle fatigue (HCF), strain-life models for low-cycle fatigue (LCF) and 

stress/strain-life models, in which a strain energy quantity is adpoted for both HCF and 

LCF [11]. For this model Smith et al. [12] advocated that the product of 𝜎𝑚𝑎𝑥𝜀𝑎 (SWT 

parameter) controls the fatigue life to crack initiation, which is given as  

 
𝜎𝑚𝑎𝑥𝜀𝑎 = 𝑓(2𝑁𝑓) =

𝜎𝑓
′2

𝐸
(2𝑁𝑓)

2𝑏 + 𝜀𝑓
′𝜎𝑓

′(2𝑁𝑓)
𝑏+𝑐 

(B-1) 

 

wherein 𝜎𝑚𝑎𝑥 is the maximum tensile stress and 𝜀𝑎  is the total strain amplitude, 𝑁𝑓is the 

number of cycles to failure,𝜎𝑓
′ is the fatugue strength coefficient, 𝜀𝑓

′  is the fatigue ductility 

coefficient, 𝑏/𝑐 is the fatigue strength/ductility exponent. However, for cyclic loading that 

involves relatively large compressive mean stress, the stress/strain-life models might be 

non-conservative. Therefore, several modifications of the SWT parameter have been 

proposed, which are summarized in [11]. 

Moreover, regarding to the SWT parameter, tests of a 304 sainless steel under both 

proportional and non-proportional loading were conducted in [13] and in [14] correlations 

between the ratios, ∆𝜏1/𝜎1,𝑚𝑎𝑥  (∆𝜏1 - shear stress range, 𝜎1,𝑚𝑎𝑥  - maximum principal 

stress ), ∆𝛾1/𝜀1,𝑚𝑎𝑥 (∆𝛾1 - shear strain range, 𝜀1,𝑚𝑎𝑥 - maximum principal strain range), and 

the non-proportional loading factor are discussed (Figure B-2). It can be seen from this 

figure that ∆𝜏1/𝜎1,𝑚𝑎𝑥  and  ∆𝛾1/𝜀1,𝑚𝑎𝑥  on the maximum principal strain range plane 

become larger by increasing the non-proportional factor. This tendency means that the 

contributions of shear components to damage on the maximum principal strain range plane 

are more and more significant by increasing the non-proportional degree. However, in the 

SWT parameter only the normal components are considered [14]. Therefore, during non-

proportional loadings, SWT model may give unconservative fatigue life predictions. Thus 

in this paper shear components should also be taken into account, which is later shown in 

Eq.(B-1).  
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Figure B-2. Correlation between ∆𝜏1/𝜎1,𝑚𝑎𝑥, ∆𝛾1/𝜀1,𝑚𝑎𝑥 and the non-proportional loading 

factor [14].  

It is known that in wheel/rail rolling contact problems the rails are subject to multi-axial 

and non-proportional loadings, which result in the variations of the stress directions and 

strain range during the wheel passage. Therefore, to predict the life of the rails a multiaxial 

criterion including non-proportional loading is needed. In this paper a combined approach 

based on the energy density and critical plane for low cycle fatigue problems (proposed by 

Jiang and Sehitoglu (J-S)[15]) is used to predict the fatigue life of the crossing. This 

approach is strongly dependent on the stress state, loading histories and material type. In 

this criterion, it considers that both normal and shear components of stress and strain on the 

critical plane contribute to the damage of the material [15]. The damage/fatigue parameter 

FP is defined as: 

 
𝐹𝑃 = 〈𝜎𝑚𝑎𝑥〉

∆𝜀

2
+ 𝐽∆𝛾∆𝜏 

(B-2) 

 

Where 〈 〉 is the MacCauley bracket, 〈𝑥〉 = 0.5(|𝑥| + 𝑥); 𝜎𝑚𝑎𝑥  is the maximum normal 

stress; ∆𝜀 is the normal strain range; ∆𝜏 is the shear stress range; ∆𝛾 is the shear strain 

range. Through a tensor rotation for the stress and strain, the maximum 𝐹𝑃 and the critical 

plane are determined by surveying all the possible planes at a material point. The energy 

density is computed as 𝐹𝑃 on every material plane and for every increment of loading. The 

critical plane is defined as the plane with the maximum 𝐹𝑃. 

Here 𝐹𝑃 is expressed in products of the stress and strain range components. The model is 

physically associated with two loading modes for fatigue crack initiation and fracture, 

namely tensile cracking and shear cracking. If the constant 𝐽 in Eq.(B-2) equals to zero, the 

parameter  𝐹𝑃 is reduced to SWT parameter. It should be noted that the cracking behaviour 

is material and loading magnitude dependent. Some materials display shear cracking, while 

some exhibits tensile cracking and some displays a mixed cracking behaviour. It was 
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concluded that a material tends to display shear cracking in low cycle fatigue but tensile or 

mixed cracking at high cycle fatigue lives [16]. Therefore, considering the possible tensile 

and shear cracking, the fatigue life to crack initiation, 𝑁𝑓, is computed on a critical crack 

plane as [3][17][18] 

 

𝐹𝑃𝑚𝑎𝑥 =

{
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(B-3) 

 

where  E, G  are the elastic/shear modulus; σf
′, τf

′  are the tensile/shear fatigue strength 

coefficients; εf
′, γf

′ are the tensile/shear fatigue ductility coefficients. In this study, however, 

the material parameters are taken from for the pearlitic rail steel BS11 normal grade and are 

only used to demonstrate the procedure. For a given crossing material, fatigue tests such as 

tensile-compression and torsion tests should be performed to obtain the actual parameters 

used in J-S model. The parameters used in this study are listed in Table 1. 

It can be seen that there are two forms of the model to predict crack initiation life, namely 

normal stress/strain dominant (Eq.(B-3)-a) and shear stress/strain dominant (Eq.(B-3)-b). 

By analysing the stress and strain components in 𝐹𝑃, the proper form of the model should 

be selected. For example, if in an element the normal [3][14] stresses in all planes are 

compressive stress, then the first term in 𝐹𝑃 equation will diminish and the shear form of 

the life prediction model (Eq.(B-3)-b) should be used.  

The combined energy based and critical plane models have proved to commendably adapt 

to experimental data, with respect to the estimation of both fatigue life and crack plane 

orientation [3]. This is essential for the RCF problems where the non-proportional loading 

produces additional hardening in the material [3]. Therefore, many applications of this 

model have been conducted to estimate the fatigue life of the rail structure. For example, 

the effects of different rail cant, superelevation, coefficients of friction and radius were 

investigated in [17], which also stated that if the shear stress/strain was dominant, the shear 

form of the model (Eq.(3b)) should be adopted. The stress-strain history and the crack 

iniation lives of bainitic and pearlitic rail steels were determined under rolling contact 

loading by implementing the semi-analytical J-S model [19]. In [20] the head check 

initiation life prediction of rails was conducted considering critical plane approach, and the 

predictions were compared with data in the field. In [21] the fatigue crack initiation analysis 

using three fatigue models was implemented in a FE wheel-rail contact model, showing that 

J-S model had good correlation with the other fatigue model, and was recommended for 

crack initiation analysis in wheel-rail interaction. 
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3 Material model   

Generally speaking the material response to cyclic loading can be classified in four 

categories: elastic, elastic shakedown, plastic shakedown and ratcheting (Figure B-3). The 

material responses are as follows.   

 

Figure B-3. Material response to cyclic loading [22] 

(I): The perfectly elastic response. This is not common in wheel-rail contact as the plastic 

deformation is always obtained at relatively low contact loads [3]. The possible failure will 

occur due to high cycle fatigue (HCF).  

(II): If the cyclic stress is above the elastic limit, there will be plastic deformation generated, 

however after a few load cycles the system will shakedown to pure elastic state again and 

the possible failure will occur due to HCF.  

(III): If the cyclic stress is above elastic shakedown limit, the system will not shakedown to 

the pure elastic state and will be plastic deformation per cycle. For certain stress cycles the 

resulting plastic strain may form a closed strain circle and the eventual failure by low cycle 

fatigue (LCF) is likely.  

(IV): If the cyclic stress is above the plastic shakedown limit, there is an accumulation of 

the plastic strain per cycle, which is called ‘ratcheting’. It occurs in rolling and sliding 

contacts of the rail with evidence of excessive plastic flow near the rail surface. It is also 

revealed in the crossing by the excessive deformation and metal flow measured after heavy 

axle load traffic [16]. 

As for LCF and ratcheting, they are two material responses that normally occur in the 

wheel-rail contact, as the rail material undergoes repeated multiaxial and non-proportional 

cyclic loading. Both mechanisms contribute to fatigue damage of the rail. It is important 

that the suitable material model is adpoted in the FE simulations, so that such material 
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response is captured. Since the crossing is under the heavy repeated impact load, severe 

plastic deformation is generated and accumulated in the crossing. Therefore, in this study 

the crossing is modelled using elastic-plastic isotropic with kinematic hardening material. 

Isotropic hardening and/or kinematic hardening are commonly used to describe the plastic 

behaviour of the metal-like materials under complex loading conditions.   

This material model is based on Lemaitre and Chaboche [1990] (L-C model) material 

model and is available in LS-DYNA [23]. It is suited to model nonlinear isotropic and 

kinematic plasticity and accounts for cyclic hardening and ratcheting. In this model the size 

of the surface increase as function of the equivalent plastic strain, 𝜀𝑝: 

 𝜎𝑦 = 𝜎𝑦0 +𝐻𝜀
𝑝 (B-4) 

where 𝜎𝑦0 is the initial stress; H is the isotropic hardening modulus.  

The rate of evolution of the kinematic component is a function of the plastic strain rate: 

 �̇� = [𝐶𝑛 − 𝛾𝛼]𝜀̇𝑝  (B-5) 

where, α is the back stress, 𝜀̇𝑝 is the plastic strain rate and n is the flow direction. C and γ 

are the material parameters which can be obtained from cyclic testing. The term, 𝛾𝛼𝜀̇𝑝, 

introduces the nonlinearity into the evolution law. The values of C and γ are taken from 

[24], where FE simulations of rolling contact fatigue of rails using Chaboche material 

model were performed. These parameters were initially used in the material model 

developed by Bower [25] and were calibrated to uniaxial tests. Ringsberg [24] further 

optimized those parameters for Chaboche model. It should be noted that since the 

determination of the parameters was aimed at different materials, for a given crossing 

material fatigue tests should be performed to obtain the actual parameters. Material 

parameters for elastic behaviour, isotropic hardening H and kinematic hardening C and γ 

are listed in Table B-1. 

Therefore, in this study the Lemaitre and Chaboche material model is used in the numerical 

simulations to obtain the stress-strain state in the crossing. Using the stress-strain results, 

the Jiang and Sehitoglu fatigue model implemented in the Matlab code is then used to 

obtain critical plane and the fatigue life of the crossing.  
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Table B-1. Parameters used in material and fatigue models. 

Parameters (unit) Value Parameters (unit) Value 

General material properties 

Young’s Modulus (MPa) 

Rail 2E+5 

Poisson’s 

ratio 

Rail 0.3 

Railpad 240 Railpad 0.47 

Sleeper 3.00E+4 Sleeper 0.18 

Ballast 134 Ballast 0.20 

L-C model 

Initial yield stress, 𝝈𝒚𝟎 , (MPa) 500 
Kinematic hardening 

modulus, C, (MPa) 
1.32E+4 

Isotropic plastic hardening modulus, H, (MPa) 2E+4 
Kinematic hardening 

parameter, 𝛾 
3.12 

J-S model 

𝒃 -0.089 𝒄 -0.559 

J 0.3   

Tensilefatiguestrengthcoefficients, σf
'  

fatigue strength, 𝝈𝒇
′  (MPa) 

936 
Tensile fatigue ductility 

coefficients, 𝜀𝑓
′  

0.103 

Shear fatigue strength coefficients, 𝝉𝒇
′  (MPa) 468 

Shear fatigue ductility 

coefficients, 𝛾𝑓
′  

0.1545 

4 Numerical modelling 

4.1 FE model 

In this paper, a three dimensional (3-D) explicit finite element model (Figure B-4a) with the 

implementation of the elastic-plastic nonlinear kinematic hardening material is developed 

to simulate the dynamic response of a whole wheelset while it is passing a crossing [24][25]. 

The turnout modelled here is the curved left-hand turnout with the radius of 725m and the 

crossing angle of 1:15. The S1002 unworn wheel profile is used here. The crossing nose in 

the model is built using four main cross-sections as they are defined in the drawings from 

the manufacturer (Figure B-4b).  These four cross-sections are located on the distances of 

10a (mm), 10a (mm) and 50a (mm) from each other, where the ‘a’ is equal to the crossing 

angle of the turnout (e.g. for 1:15 turnout a=15). The 3D geometry of the crossing nose is 

also shown in Figure 4a with the four cross-sections marked as I, II, III and IV. It should be 

noted that since the crossing top is more related to wheel-rail contact, the bottom of the 

crossing nose is simplified to obtain regular mesh. On the other side is the stock rail with 

54E1 rail profile. The length of the model used here is 4540mm in the main direction. To 
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ensure that the current model length is capable to capture the impact on the crossing, the 

longer model of 7420mm including the curved stock rail in the diverging route was 

considered as well. A comparison of the results obtained using both models have shown 

that the contact forces and stresses are not affected by the length of the model, while the 

computational time using the long model considerably increases. Therefore, the shorter 

model was used in this study.  

The rails are supported by the 10 mm thick rail pads, concrete sleepers with the spacing of 

600 mm and ballast bed with the thickness of 350 mm. All the components in the model are 

modelled using solid elements, so that the stress and strain analyses in these structures are 

feasible. The ballast layer was modelled with the element size of 130mm. By using solid 

elements the shear forces in ballast can better be modelled as compared to spring and 

damper elements. The transmitting boundary is applied to both ends of the rails and ballast 

layer to model the semi-infinite domain. The eight-node first-order hexahedral elements 

with linear interpolation have been used. Fine mesh with the element size of 1.5mm is used 

in the contact regions, i.e. the crossing nose, railhead and wheel tread (Figure B-4c). To 

reduce the computational time, the rest of the model is modelled using relatively coarse 

mesh. The total number of elements is approximately 1,120,000. The interface between the 

coarse and fine mesh that is not relevant to the regions of interest is modelled as ‘bonded 

contact’ in LS-DYNA. The friction coefficient is set to 0.2. 

In the beginning of each simulation the wheelset is placed on the wing (376mm before the 

nose point) and the stock rail in the middle of the track without any lateral displacement or 

rotation, so that no angle of attack and no lateral displacement are applied. The wheelset 

has no constraints in any degree of freedom. The wheelset travels in the facing through 

route. During the simulation the wheelset will have the lateral displacement and angle of 

attack as a result of the geometrical discontinuities in the crossing. The constant axle load 

of 150kN is applied to the wheel tread. The wheelset runs along the crossing with the 

translational velocity of 130 km/h and the angular velocity of 78.5 rad/s. The explicit finite 

element method is used in the simulation and is more accurate and efficient for simulations 

involving non-linear material behaviour and complex contact. The simulation is composed 

of two steps. Step 1: During the stabilisation phase, the wheelset comes in contact with the 

rails due to application of the gravity force and the axle load. In order to minimize the 

initial system vibration, the implicit preload procedure was used. The implicit to explicit 

switch analysis available in LS-DYNA has been used, in which the switching between 

implicit and explicit is activated by a curve determining by time. The initial velocity is 

delayed and is applied after the implicit stage. Step 2: During the explicit simulation (after 

the stabilisation phase), the wheelset rolls over the crossing and the wheel-crossing contact 

behaviour on the local scale is studied. The model has been validated by field 

measurements in [25], which show the ability to capture the responses of the wheel-

crossing impact. 



Part II: Appended Papers                                                                                                     105 

 

 

 

Figure B-4. (a) schematic of the finite element model, (b) drawing from the manufacturer (c) 

mesh of the wheel, crossing and wing rail. 

4.2 Contact modeling 

Since the wheel-crossing interaction is closely related to the contact modeling in the 

numerical simulation, it is important to understand the how the contact is modelled. In LS-

DYNA the normal contact is defined by identifying the potential penetration locations 

between two surfaces. For searching the penetration and applying the contact forces, the 

penalty-based contact is the most commonly used approach for contact modeling that has 

been used in many numerical analyses, which is also adopted in this model for both impact 

and sliding simulation. It takes into account the linear/non-linear material properties, 

geometry as well as deformations of the bodies in contact.  

For contact modeling, penetrations are searched every time step between the master and 

slave surfaces. If there is no penetration, nothing is done. When a penetration is found, a 

force that is the product of the penetration depth and contact stiffness will be applied to 

resist and ultimately eliminate the penetration. This force is treated as normal contact force 

between the two surfaces. 
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The contact stiffness is the stiffness of the linear springs internally placed between the two 

surfaces. It is related to the bulk modulus of the contacting materials as well as the volume 

and the face area of the surface element. It should be noted that a scale factor can be used to 

vary the value of contact stiffness. In the case of the wheel and rail contact that the 

materials and mesh size are of the same order of magnitude, the default penalty-base 

method with the default scale factor is suitable and is used in this model.  

The tangential force is the friction force in LS-DYNA that is based on a Coulomb 

formulation. The frictional algorithm uses the equivalent of an elastic plastic spring. In each 

time step the frictional force is updated based on the incremental movement of the node and 

the interface stiffnessfn+1 = fn-kΔe. After that the yield condition for the updated force 

checked using the yield limit calculated in this step (using the normal force and friction 

coefficient). If the trial friction force is below the limit it will be used on the next step, 

otherwise the yield limit is to be used.  Details on the contact modelling can be found in 

[28].  

4.3 Analysis procedure 

The dynamic responses such as contact forces between the wheel and the crossing, crossing 

nose displacements and accelerations, stresses and strain in rails as well as in sleepers and 

ballast can be obtained by the FE modelling, among which the stress and strain state in the 

crossing will be analysed in detail. The procedure of the fatigue life analysis is as follows.  

Firstly, the stress and strain state throughout the whole crossing (1050mm) is analysed. The 

Von Mises stress is chosen as the criteria to determine the most critical wheel position 

(𝑃𝑐𝑟) on the crossing where the fatigue crack may most probably occur. Then the normal 

and shear stresses /strains at this position are analysed. Pressure, surface shear stress as well 

as plastic deformation are also used to describe the contact conditions.  

Secondly, at the selected critical wheel position (𝑃𝑐𝑟) the element (𝐸𝑐𝑟) with the maximum 

Von Mises stress value in the contact patch is selected for the fatigue analysis (Section 2). 

The J-S fatigue model is used to calculate the fatigue parameter (𝐹𝑃) in this element. The 

𝐹𝑃 value for each plane in this element is calculated according to (1) and the plane with the 

maximum 𝐹𝑃 value is treated as the critical plane of this element where the fatigue crack is 

most probably to be initiated. The angles of this critical plane are also obtained to describe 

the crack initiation direction. Then using the stress and strain life model that has been 

introduced in Section 2 the number of cycles (𝑁𝑓)  to the fatigue crack initiation is also 

obtained for this element. Therefore, for this element the stress and strain state, 𝐹𝑃 value, 

angles of the critical plane as well as the fatigue life to crack initiation are obtained.  

Besides this element, at 𝑃𝑐𝑟other four elements in both vertical and lateral directions are 

also analysed to decide if one of them determines the fatigue life of the crossing by 

applying the above-mentioned procedure to each of the elements. Moreover, since the rail 
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geometry is varying along the whole crossing, the fatigue analysis at different positions on 

the crossing is also conducted. The angle of the critical plane and the corresponding fatigue 

life 𝑁𝑓  are calculated at ten selected positions (𝑃𝑐𝑟 1, 𝑃𝑐𝑟 2… 𝑃𝑐𝑟 10). 𝑁𝑓  is then compared 

within these positions and the most critical position is identified. 

It should be noted that the present study only considers one loading cycle. The stress and 

strain ranges of a certain plane at a material point, which are from the first cycle, are used 

to predict the fatigue life in terms of several thousands of cycles. However, the stress and 

strain responses after several loading cycles are more reliable as the material responses are 

stable. Therefore, in the future work cyclic loading could be performed to obtain more 

realistic results.  

5 Numerical results and fatigue analysis 

By the numerical modeling the dynamic responses including the contact forces and 

displacements of the wheelset and crossing are obtained and were presented in detail in [25]. 

The results show that the wheelset generates a large impact on the crossing nose around the 

position of 600mm from the nose point (P=600mm). The responses also show good 

correlation compared with the ones from [6]. In the current paper, the presented results will 

focus on the stress and strain responses which are closely related to the fatigue analysis of 

the crossing. 

5.1 Stress and strain response 

The Von Mises stress distributions on the wing rail and the whole crossing are plotted in 

Figure B-5a. The stress values are obtained at each position (defined as the distance from 

the nose point) when the wheel is situated at that position. The total length of the crossing is 

1050mm (1:15 crossing) and after 1050mm the height of crossing nose turns to be the same 

as the normal rail, which is therefore not considered here. Before the inner wheel comes in 

contact with the crossing, it is only supported by the wing rail, later the wheel load is 

supported by both wing rail and crossing. The wheel/crossing contact starts at the position 

of 334mm (P=334mm) from the nose point. The position with the highest Von Mises stress 

value of 707MPa is at P=507mm on the crossing. It can be seen that due to the impact the 

stresses in the crossing are higher than in ones the wing rail.  

Regarding to the plastic strain, it could be seen that in the simulation most of the plastic 

strain occurs in the area of 500mm-760mm on the crossing. The maximum effective plastic 

strain of 8.79e-3 occurs at P=507mm. It correlates well with the field observation of a 

crossings 1:15 (Figure B-5b) that large plastic deformation was found in the area (red circle) 

of 500mm-800mm in the field. 
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a b 

Figure B-5. (a) Von Mises stress distribution of the crossing, (b) plastic strain from the 

simulation and plastic deformation from the field. 

Since the rail profiles vary along the crossing, contact conditions such as contact radius, 

contact points as well as the contact angle, which is defined as the angle between contact 

plane and horizontal plane, also change along with the different (longitudinal) contact 

positions. Figure 6 shows an example of the Von Mises stress state when the rolling 

wheelset comes into contact with the crossing at the different positions. For example, when 

the wheel/crossing contact is in the front part of the crossing (Figure B-6a), the rail radius is 

relatively small and the contact patch is therefore narrower as compared to the contact at 

the rare part of the crossing (Figure B-6d). The Von Mises stress distribution at 𝑃𝑐𝑟  is 

shown in Figure B-6b. 

 

Figure B-6. Von-Mises stress distribution at different positions on the crossing. 

As mentioned before, the position with the maximum Von Mises stress is treated as the 

critical position (𝑃𝑐𝑟) for fatigue crack initiation. Before conducting the fatigue analysis the 

stress state is firstly evaluated at this position. Figure B-7a plots Von Mises stress 

distribution with the maximum value of 707Mpa in the middle of the contact patch and 
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Figure B-7b shows that the maximum contact pressure has a value of 1227MPa. By Hertz 

contact theory the maximum contact pressure in this case is 2680MPa. For validation of the 

model these values are compared with the ones calculated in [29], in which the Von Mises 

stress (1085Mpa) by elastic-plastic FE method and Hertz (2566Mpa) of a crossing nose 

were calculated. Comparison of the values in this simulation and in [29] shows good 

correlation of the two simulations. 

Figure B-7. Stress plots at the critical position (𝑃𝑐𝑟): (a) Von Mises stress on the surface, (b) 

contact pressure.  

The stress distributions of  𝑃𝑐𝑟 , including maximum shear stress, the 1st, 2nd and 3rd 

principal stresses are shown in Figure B-8. It could be seen from the three principal stresses 

that most of the area in crossing is subjected to compressive stress (minus value in the 

contour plots), which is due to the high impact force on the crossing. According to Mohr’s 

circle for three-dimensional stress state, it is known that if three principal stresses of a 

certain element in the crossing are all compressive, the normal stresses of all planes in this 

element are compressive. In this case for these elements (mainly in the top area) the term 

〈𝜎𝑚𝑎𝑥〉
∆𝜀

2
+ 𝐽∆𝛾∆𝜏 in the fatigue parameter (Eq.(B-2)) is then reduced to 𝐽∆𝛾∆𝜏 so that 

most probably shear cracking dominates and governs the fatigue life. Also, the number of 

cycles to crack initiation 𝑁𝑓 should be calculated in the form of shear components (Eq.(3b)). 

Regarding to the elements where both the tensile and compressive stresses exist, when 

rotating the planes both the tensile and the shear cracking should be considered to 

determine the critical plane.  
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Figure B-8 Stress distributions (Pa) at 𝑃𝑐𝑟. 

5.2 Fatigue life calculation at 𝐏𝐜𝐫 

5.2.1 Vertical position 

The fatigue analysis of the crossing is firstly calculated at 𝑃𝑐𝑟. At 𝑃𝑐𝑟, first of all, among all 

the elements the critical element  (𝐸𝑐𝑟) which has the maximum Von Mises stress value 

during loading is selected. It is located at the rail surface with the compressive stresses in 

all planes. The vertical distance from the rail surface for this element is therefore 0 mm as it 

is shown in the horizontal axial in Figure B-9. Besides the 𝐸𝑐𝑟 , four other elements 

 (𝐸𝑐𝑟1−𝑣,  𝐸𝑐𝑟2−𝑣,  𝐸𝑐𝑟3−𝑣,  𝐸𝑐𝑟4−𝑣) underneath 𝐸𝑐𝑟  that are in both compressive only area 

and tensile/compressive area are selected for comparison. The vertical distances from the 

rail surface to these four elements are 1.316mm (𝐸𝑐𝑟1−𝑣), 2.606mm(𝐸𝑐𝑟2−𝑣), 3.994mm 

(𝐸𝑐𝑟3−𝑣) and 7.006mm (𝐸𝑐𝑟4−𝑣),  respectively. The stress and strain components in the 

selected elements are plotted in Figure B-9. From Figure B-9 it could be seen that as the 

vertical distance increases, the stress and strain components especially in the vertical 

direction decrease significantly. These components will be used in later fatigue analysis and 

determine the fatigue life of these elements.  
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Figure B-9. Components of the five elements ( 𝐸𝑐𝑟 ,  𝐸𝑐𝑟1−𝑣,  𝐸𝑐𝑟2−𝑣,  𝐸𝑐𝑟3−𝑣,  𝐸𝑐𝑟4−𝑣) at 𝑃𝑐𝑟. 

(a) stress components, (b) strain components. The vertical positions of these elements are 

shown in the horizontal axis as vertical distance from rail surface.  

By the tensor rotation transformation of the stress and strain components, the 𝐹𝑃 value for 

any plane of the critical element can be calculated. The plane with the maximum 𝐹𝑃 value 

is treated as the critical plane (crack initiation plane). At this plane two angles θ and φ are 

obtained (Figure B-10), which represent the spherical angles of the normal vector n⃗  of the 

critical plane/crack initiation plane to the coordinates system attached to the railhead 

surface. The angle θ  represents the angle between the normal vector and the lateral 

direction. It could be seen from Figure B-11a that the angles θ in different vertical positions 

have good correlation with each other, which are in the range from 85 to 100. The critical 

point has the angle of 87.2. However, the angle φ, which represents the angle between the 

normal vector and the vertical direction, differs a lot. The reason might be that the loading 

conditions on the subsurface points are different from the surface node, so that the angle to 

the vertical direction varies.  

 

Figure B-10. Angles of critical plane (crack initiation plane): (a) rail vertical cross section, 

angle φ: normal vector of critical plane to the vertical direction; (b) rail longitudinal cross 

section, angle θ: normal vector of critical plane to the lateral direction; blue area is the rail 

top.  
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a b 

Figure B-11. Results of the prediction of fatigue crack initiation: (a) angles of the critical 

planes, (b) number of cycles to fatigue crack initiation. The vertical positions of the 

elements are shown in vertical axis. 

The number of cycles to fatigue crack initiation 𝑁𝑓 is calculated and plotted in Figure B-

11b. It can be seen that as the vertical distance from the rail surface increases, the fatigue 

life increases greatly. The fatigue life to crack initiation is therefore determined by the 

critical point with Nf=21004 cycles.  

5.2.2 Lateral position 

In order to estimate the position of crack initiation in the lateral direction on the crossing, 

four elements  (𝐸𝑐𝑟1−𝑙 ,  𝐸𝑐𝑟2−𝑙 ,  𝐸𝑐𝑟3−𝑙 ,  𝐸𝑐𝑟4−𝑙) at the outer side of  Ecr  along the lateral 

position have been selected. The lateral distances from Ecr  to these four elements are 

1.154mm  (𝐸𝑐𝑟1−𝑙) , 2.570mm (𝐸𝑐𝑟2−𝑙) , 3.939mm (𝐸𝑐𝑟3−𝑙)  and 5.293mm  (𝐸𝑐𝑟4−𝑙) , 

respectively. The stress and strain components in the selected elements are plotted in Figure 

B-12. It shows that the normal stresses and strain value of Ecr  and Ecr1−l  are almost 

identical, while the ones of Ecr3−l, Ecr4−l decrease abruptly. Among the stress and strain in 

all directions, the decrease of the stress and strain in vertical direction (𝜎𝑧, 𝜀𝑧) are larger 

than the other directions, which proves that the vertical impact has a great effect on the 

stress/strain state of elements within the contact patch.  
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            a                b 

Figure B-12. Components of the five elements (𝐸𝑐𝑟 , 𝐸𝑐𝑟1−𝑙 , 𝐸𝑐𝑟2−𝑙 , 𝐸𝑐𝑟3−𝑙 , 𝐸𝑐𝑟4−𝑙) at 𝑃𝑐𝑟. (a) 

stress components, (b) strain components. The lateral positions of these elements are shown 

in the horizontal axis as lateral distance from Ecr. 

The angles of the critical plane are plotted in Figure B-13a. It shows that the angles at 

𝐸𝑐𝑟 , 𝐸𝑐𝑟1−𝑙  have good correlation with each other as they are located within the contact 

patch with similar stress/strain states. Whereas the angles of  𝐸𝑐𝑟2−𝑙 , 𝐸𝑐𝑟3−𝑙 , 𝐸𝑐𝑟4−𝑙  vary 

greatly and no correlation of them has been observed. From Figure B-13b it can be seen 

that the minimum fatigue life to crack initiation in lateral direction is still controlled by 

𝐸𝑐𝑟 . The fatigue life at 𝐸𝑐𝑟1−𝑙  is comparable to one at 𝐸𝑐𝑟 , while at 𝐸𝑐𝑟2−𝑙 , 𝐸𝑐𝑟3−𝑙  it 

increases to more than 100 times longer than the one at  Ecr. At 𝐸𝑐𝑟4−𝑙 it presents even 

longer fatigue life. It can be concluded that at different lateral positions on the crossing, the 

fatigue crack will most probably initiate at the position with the highest stresses value under 

the impact. The fatigue lives of the material points increase significantly as their lateral 

distances to the critical point increase.   

  
                a         b 

Figure B-13. Results of the prediction of fatigue crack initiation: (a) angles of the critical 

planes, (b) number of cycles to fatigue crack initiation. The lateral positions of the elements 

are shown in the horizontal axis. 
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5.3 Fatigue life calculation of the whole crossing  

Due to the geometrical variation of the crossing, contact conditions including contact angle 

and contact stress etc. vary a lot along the whole crossing, which have been shown in 

Figure B-6. Therefore the stress/strain analysis as well as the fatigue life analysis at 

different positions is necessary. Ten contact positions (Pcr1, Pcr2... Pcr10) with equal spacing 

along the crossing are selected. In this case 𝑃𝑐𝑟 is the same as Pcr3. At these positions, the 

elements (Ecr1-w, Ecr2-w,.., Ecr10-w) with the highest Von Mises stress during the loading are 

selected for the fatigue analysis. The six stress and strain components of these elements are 

shown in Figure B-14. It can be seen that the stress and strain state vary a lot at different 

contact positions. The angles of the critical planes and 𝑁𝑓 are plotted in Figure B-15a and b 

respectively. Regarding to the angles of the critical plane, similar results are shown that the 

angle θ correlates well (75 to 95), however angle φ varies greatly. It may lead to the 

deduction that for crack initiation plane, in this case the angle between this plane and the 

lateral direction has a possible angle of 75 to 95, while the angle between this plane and 

the vertical direction is difficult to predict.  
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Figure B-14. Components of the ten elements (Ecr1-w, Ecr2-w ,.., Ecr10-w). (a) stress components, 

(b) strain components. The longitudinal positions of these elements are shown in the 

horizontal axis as distances from the nose point.   
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Figure B-15. Results of the prediction of fatigue crack initiation: (a) angles of the critical 

planes, (b) number of cycles to fatigue crack initiation. 

Figure B-15b presents the fatigue life of the ten positions. Compared with other positions, 

𝑃𝑐𝑟3 (𝑃𝑐𝑟) governs the fatigue life of the whole crossing. Positions (𝑃𝑐𝑟1, 𝑃𝑐𝑟2) before 𝑃𝑐𝑟 

show longer fatigue lives because of the lower stress and strain range, even though the 

crossing profiles are narrow than 𝑃𝑐𝑟. The three positions (𝑃𝑐𝑟4, 𝑃𝑐𝑟5,𝑃𝑐𝑟6) after 𝑃𝑐𝑟 present 

also shorter life, so that the area from 0.5m to 0.7m can be regarded as the fatigue area in 

the crossing. Other positions at the back of the crossing have even longer lives, with the 

highest number of 179 million cycles. Therefore, it is concluded that the fatigue life of the 

whole crossing is determined by critical position at P=507mm from the nose point, which 

also correlates with the field observations presented in [28]. 

Figure B-16 shows an example of the predicted crack planes. The angles between the 

normal vector (n) of the critical plane and the vertical (𝜑)/longitudinal (𝜃) directions are 

demonstrated in the figure. The crack planes at Pcr1, to Pcr10  (marked with ① to ⑩ ) shows 

that at most of the positions, the cracks are predicted to be perpendicular to the running 

direction of the wheel. However in the vertical direction the deviations of the crack planes 

at ②, ⑦, ⑧, ⑩ can be clearly seen.  
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Figure B-16. Crack planes at the positions of Pcr1, to Pcr10 which are marked with ① to ⑩. 

Crack planes are shown in red, in both longitudinal and top views. 

6 Discussion 

6.1 Prediction of crack angles 

The predicted angle to the lateral direction is 75 (85) to 95, which shows good 

correlation with the location of 0.5m on the crossing nose (Figure B-17). However, the 

angles to the vertical direction at different depth and different longitudinal positions on the 

crossing vary a lot. It could be due to the heavy impact on the crossing that the critical 

planes in vertical direction differ greatly.  

 

Figure B-17. Cracks in 1:15 crossing at the position of 0.5m from the nose point. 

In [30] the crack angles of a heavy haul railway based on critical plane approach are 

calculated. The calculated projection line of the critical plane takes an orientation about 105° 

to140° to the lateral direction of the rail. However it is difficult to validate the crack plane, 

since in the field crack initiation is related to many factors, such as loading conditions, 

friction coefficient as well as material inclusions. In this paper, traction or braking force is 

not applied to the wheelset, and no variation of friction coefficient is included. Therefore, 

the crack angles calculated in this paper only give an indication of how the cracks may 

initiate in the crossing as a reference case. 
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6.2 Prediction of fatigue life 

In [20] the head check initiation life was calculated, which was 9.61×104 to 1.23×105 

loading cycles The actual crack initiation life (head check) of a normal track was also 

obtained there by field survey, which was between 5.1×104 and 6.07×105 loading cycles. 

The predicted life for the turnout crossing of 2.1×104 loading cycles is much shorter than 

obtained in [20], which can be explained by more severe impact loading conditions. The 

results correlate very well with the field observations and explain the short life of the 

turnout crossings. Also, it should be noted that this is only the time for the crack initiation. 

This time, however, could be used for comparative assessment of various crossing designs 

with different material or/and geometrical properties.  

If the material displays ratchetting behaviour (see Figure B-2b), the criteria proposed in [50] 

to calculate the number of cycles to crack initiation should be used, which is given by 

𝑁𝑟 =
𝜀𝑐
∆𝜀𝑟

, ∆𝜀𝑟 = √(∆𝜀̃)
2 + (∆�̃�/√3)2  

(B-6) 

Where εc is the critical strain for failure by ratcheting; ∆ε̃ and ∆γ̃ are the average ratchetting 

normal and shear strain per cycle. It was stated that ratchetting and low cycle fatigue (LCF) 

can be treated as independent and competitive modes for fatigue crack initiation [3]. The 

number of cycles to crack initiation of the crossing will be calculated separately and 

compared to determine the dominant fatigue mechanism. However, in this paper only one 

cycle is considered, which is not capable for prediction of ratchetting behaviour.  

7 Conclusion and future work 

In this paper, a numerical procedure to predict the life of a turnout crossing is demonstrated. 

The life is defined as the time for crack initiation in the crossing. The 3D explicit dynamic 

finite element model of the wheelset moving over the crossing is used to obtain the 

dynamic responses such as stress and strain in the rail. Jiang and Sehitoglu fatigue model as 

well as the stress/strain life model are then employed for prediction crack initiation plane 

angles and the fatigue life 𝑁𝑓 . The procedure is applied to fatigue life analysis of 1:15 

turnout crossing. The position with the highest Von Mises stress is determined first as the 

critical position. Then at the critical position material points along different vertical and 

lateral positions are analysed to obtain the crack initiation plane and the number of cycles to 

crack initiation. Similarly, 10 positions in the longitudinal direction along the crossing nose 

are also analysed. The results are summarized as follows: 

(1) Since the crossing geometry varies, contact conditions such as contact angle, 

contact point and the contact radius are also changing. Therefore, stress/strain 
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analysis as well as fatigue analysis of the crossing is considered according to 

different positions.   

(2) The critical position on the crossing is around 507mm to the nose point according 

to Von Mises stress distribution. At the critical position, elements at different 

vertical and lateral positions are analysed. It is concluded that at different vertical 

positions, the angles to the lateral direction are in the range of 85 to 100, while 

the angles to the vertical direction vary greatly which may due to the impact. As 

for the fatigue life at critical position, it is determined by the element with the 

highest Von Mises stress located at the surface.  

(3) Ten different contact positions along the crossing are selected for fatigue analysis. 

For crack initiation plane it shows the similar result as (2). Compared with the 

field observations, the crack initiation angle in lateral direction correlates well. 

The fatigue life to crack initiation is determined by the critical position that is 

shorter than the normal track, which could be explained by the severe loading 

conditions in the crossing.  

(4) This procedure can be used for analyses of specific loading conditions as well as 

the assessment of various crossing designs with different material and geometrical 

properties.  

In the future work, except for the crossing RCF problems, different levels of the crossing 

wear can be also investigated by the fatigue model as they affect the stress and strain states. 

In the current research crossing wear is not considered, since RCF is the dominant failure 

mechanism due to the high impact forces as observed in the field. However, it can be 

included for some specific contact conditions, such as for the wing rail that is subjected to 

both RCF and wear under traffic in trailing and facing directions. Moreover, damage 

models such as in Eq.(B-6) could be used to investigate different damage modes and 

compared the crack initiation planes as well as the fatigue life. In addition, simulations with 

cyclic loading could be performed to better model the material responses for the fatigue 

analysis.  
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Abstract 

 

Railway turnouts (switches and crossings) are important elements in the railway 

infrastructure that provide flexibility of the system and guide the railway traffic. However, 

due to the high impact forces, severe damage to the turnout crossing can frequently be 

observed. In this paper parametric studies are performed to investigate the effects of 

different railpads, friction coefficients and traveling directions on the dynamic behaviour of 

the turnout crossing. First, the dynamic behaviour is analysed using the explicit finite 

element method accounting for non-linear material properties (plasticity) of rails. From the 

numerical simulations the dynamic responses such as contact forces, stress and strain 

distributions in rails, sleepers and ballast are obtained. After that on the basis of the 

obtained responses rail fatigue analysis is performed. A critical plane and energy density 

based fatigue analysis approach is used to assess the crossing performance under various 

conditions of the parametric studies. The performance is estimated by the predicted fatigue 

life to crack initiation in the crossing rail. The results of these parametric studies are 

presented and discussed.  
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1 Introduction 

1.1 Turnout crossing 

Railway turnouts are one of the most important elements in the track system, since different 

tracks intersect at turnouts and the railway traffic is guided by turnouts. A typical turnout 

consists of a switch panel, a closure panel and a crossing panel. In contrast to a normal 

track wherein the rail profile remains constant, the rail cross-section in the crossing section 

of a turnout is changing. During the wheel passing over the turnout crossing, the wheel load 

is to be transferred from the wing rail to the crossing nose, which is named as facing 

direction and the other direction is named as trailing direction. Due to the geometrical 

discontinuities of turnouts, such as the gap between wing rail and crossing nose, high 

impact forces are excited here during the wheel passage. Severe rail damage and fast 

degradation of the material is thus observed. Therefore, a number of design modifications 

have been implemented to reduce the impact forces and damage to the crossing nose, such 

as the usage of the movable frog in high-speed line as well as the enhancement of the 

material properties in turnouts. However, it remains difficult to significantly reduce the 

damage to conventional crossings which are still widely used, e.g. in the Netherlands. 

Consequently, a comprehensive understanding and solutions to crossing related problems 

are urgently needed. 

1.2  Influential parameters 

There are several parameters that may influence the wheel/crossing interaction, among 

which the geometry and material properties of the wheel and crossing play important roles. 

Several research studies have been conducted on the effect of the crossing geometry, such 

as the optimization of the crossing geometry, which proves that the slightly changed 

geometry can lead to either great improvement or degradation in wheel/crossing interaction 

[1][8]. On the other hand, crossing material is closely related to the amount of wear and 

rolling contact fatigue (RCF) of the wheel and crossing. Many studies related to crossing 

material have been conducted. For example, three crossing nose materials were studied by 

the multi-scale FE approach, in which the crack development and growth using the three 

materials were obtained and compared in [3]. Experimental investigations of fatigue 

properties were conducted of casted austenitic manganese steel that was used in railway 

turnouts and crossings [4]. In [5] a crossing nose model with a type of weld defect that 

generating a layer of martensite in the material was simulated and analysed.  

Except for the above-mentioned factors, there are several parameters that may also affect 

the wheel and crossing interaction, such as the rail supporting stiffness, friction coefficient 

and traveling directions. The effect of the vertical elastic track properties on the dynamic 

behaviour of the turnout crossing was studied in [6][7] using the two-dimensional (2-D) 
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finite element software DARTS_NL. However, modeling of the substructure such as 

railpads and sleepers was simplified, which was incapable for stress and strain solutions in 

these components. As for the friction conditions between the wheels and rails, they can 

vary greatly and can significantly affect the wheel-rail interaction. On one hand, the 

adhesion in the wheel-rail interface must be sufficient to ensure the ability to brake and 

accelerate; on the other hand, it should be low to keep the energy consumption down [8]. 

Furthermore, the friction coefficient between the wheel and rail should not vary too much 

so as to avoid stick-slip oscillation, which may induce rail corrugation leading to noise and 

poor comfort [9]. Research studies have been frequently conducted on it, for instance, the 

damage on turnout influenced by a stochastic spread in traffic parameters including friction 

coefficient was analysed in [10], but the responses related to the interface stress and strain 

were not taken into account over there. As for the traveling direction, it was observed in the 

Dutch railway network that it can also have a great effect on the crossing behaviour. So that, 

in a 1:9 (manganese steel) turnout crossings, fast degradation was observed when the train 

travelled in trailing direction with the speed of 140km/h [11]. Besides the increased damage 

to the crossings, considerable geometry degradation was observed in these turnouts. Also, 

opposite to the high impact generated on the crossing nose in the facing move, trailing 

move results in highly possible damage on the wing rail. Therefore, it is crucial that the 

dynamic behaviour of both crossing and wing rails is investigated in trailing direction. 

Numerical analysis of a 1:15 turnout was performed in [12] that contact forces in the 

trailing direction of a train with three velocities were simulated and compared, which 

showed that higher impact was generated on the wing rail as the velocities increased. 

However, the lateral movement of the wheel was prescribed in the model that may strongly 

affect the wheel transition behaviour. All these shortages lead to the necessity to simulate 

the effects of the influential parameters on crossings and propose the criteria to assess the 

crossing performance. 

1.3 Fatigue life analysis 

Rolling contact fatigue (RCF) has been a severe problem in turnout crossings due to the 

high impact forces acting on the rails. In the Netherlands, RCF in turnout crossings causes 

most of the operation disturbance of the turnout. During the last 6 years the RCF damage on 

track was significantly decreased (more than 50%), however this reduction was not 

noticeable at the turnouts. The replacement budget reaches 6.4 million euros per year, thus 

solutions for the RCF related problems in turnout crossings are urgently needed. Therefore, 

to evaluate the fatigue life of the turnout crossings, a fatigue analysis approach predicting 

the crack initiation plane and the fatigue life to crack initiation has been developed in [13]. 

In the previous research the approach has been used to evaluate the crack initiation plane 

and number of cycles to fatigue crack initiation of the crossing at different depth and 

longitudinal positions, which showed good correspondence to the field observations.  
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1.4 Analysis procedure 

In this paper, the effects of the 

- railpads stiffness 

- friction coefficients  

- traveling directions  

on turnout crossing behaviour are analysed. All the other factors such as crossing geometry 

and material, wheel load as well as vehicle velocities remain stable, so that in Section 4 

only one factor is changed at one time. A three-dimensional (3-D) explicit FE model 

(Section 2) developed in [14] is used to obtain the dynamic response of the wheel and 

crossing interaction, including contact forces, stress and strain distributions of the rails and 

substructure (Section 4). The responses are used as input into the fatigue model (Section 3) 

to determine the crack initiation planes as well as the fatigue life of the crossing nose 

(Section 5). This approach is applied in the parametric studies and the comparisons of these 

parameters are conducted to assess the crossing performance under different conditions.  

2 Finite element model 

In this paper, a 3-D explicit FE model (Figure C-1a) with the implementation of elastic-

plastic nonlinear isotropic and kinematic hardening material model developed in [14] is 

used to simulate the dynamic response of a whole wheelset while it is passing a crossing. 

The turnout modelled here is the curved one with the radius of 725m and the crossing angle 

of 1:15. The crossing nose in the model is built using four main cross-sections as they are 

defined in the drawings from the manufacturer (Figure C-1b). To remain the ability to 

capture the wheel and crossing interaction and meanwhile reduce the calculation time, the 

model consisting of a crossing section of 4540mm long, in the main direction of a left-

handed turnout is considered. The wheelset with S1002 unworn wheel profile is placed at a 

position of 376mm on the wing rail before the crossing nose, which will roll over the 

crossing during the simulation without any lateral constraint. To provide the support to the 

wheelset, stock rail with 54E1 rail profile is also included in the model.  

The rails including wing rail, crossing and stock rail are supported by the 10 mm thick 

railpads, concrete sleepers with the spacing of 600 mm and ballast bed with the thickness of 

350 mm. All the components are modelled using solid elements, which are capable for the 

stresses and strain distributions in the track components such as sleepers and ballast. Fine 

mesh of 1.5mm×1.5mm is used for the wheel-rail contact region, i.e. the wheel tread, top 

of the crossing nose, wing rail and stock rail (Figure C-1c). The material properties of the 

crossing are modelled by an elasto-plastic isotropic and kinematic hardening material 

model, which is based on the Lemaitre and Chaboche (1990) material model. It is well 

suited to model the nonlinear isotropic and kinematic plasticity and it accounts for cyclic 
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hardening and ratcheting. Other components are modelled as linear elastic. The transmitting 

boundary is applied to both end of the ballast layer to model the semi-infinite domain.  

During the simulation, the wheelset moves along the crossing with the translational velocity 

of 130 km/h and the angular velocity of 78.5 rad/s. The axle load of 150kN has been 

applied. The implicit stress initialization stage is applied before the explicit analysis to 

achieve the stabilization of the system. The simulation time of 50 ms has been chosen 

which is sufficient for analysis of the wheel/rail impact. The railpad stiffness of 854 MN/m, 

friction coefficient of 0.2 and the facing direction have been modelled in the reference 

simulations. Details of the model is introduced and discussed in [14]. 

 

Figure C-1. (a) schematic representation of the finite element model, (b) drawing from the 

manufacturer, (c) mesh of the wheel, crossing and wing rail 
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3 Fatigue model 

Using the stress and strain state obtained from FE modeling, fatigue life prediction of the 

crossing can be performed. The fatigue life of the rails is defined as the time to RCF crack 

initiation. In predicting the crack initiation plane, a combined energy density and critical 

plane based approach for low cycle fatigue problems (proposed by Jiang and Sehitoglu (J-S) 

[15]) is used to predict the fatigue life of the crossing. In this criterion, it considers that both 

normal and shear components of stress and strain on the critical plane contribute to the 

damage of the material. The damage/fatigue parameter FP is defined as: 

 
𝐹𝑃 = 〈𝜎𝑚𝑎𝑥〉

∆𝜀

2
+ 𝐽∆𝛾∆𝜏 

(C-1) 

where 〈 〉 is the MacCauley bracket, 〈x〉 = 0.5(|x| + x); σmax  is the maximum normal 

stress; ∆ε is the normal strain range; ∆γ is the shear strain range; ∆τ is the shear strain range; 

J is the material-dependent constant. Through a tensor rotation for the stress and strain, the 

maximum 𝐹𝑃 and the critical plane are determined by surveying all the possible planes at a 

material point. The energy density is computed as FP on every material plane and for every 

increment of loading. The critical plane is defined as the plane with the maximum 𝐹𝑃. 

Considering the possible tensile and shear cracking mode, the fatigue life to crack initiation, 

Nf, is computed on a critical crack plane: 

 

𝐹𝑃𝑚𝑎𝑥 =

{
 
 

 
 (〈𝜎𝑚𝑎𝑥〉

∆𝜀

2
+ 𝐽∆𝜏∆𝛾)

𝑚𝑎𝑥
=
(𝜎𝑓

′)2

𝐸
(2𝑁𝑓)

2𝑏 + 𝜎𝑓
′𝜀𝑓
′(2𝑁𝑓)

𝑏+𝑐 

(〈𝜎𝑚𝑎𝑥〉
∆𝜀

2
+ 𝐽∆𝜏∆𝛾)

𝑚𝑎𝑥
=
(𝜏𝑓

′)
2

𝐸
(2𝑁𝑓)

2𝑏
+ 𝜏𝑓

′𝛾𝑓
′(2𝑁𝑓)

𝑏+𝑐

 

(C-2) 

 

where  E, G  are the elastic/shear modulus; 𝜎𝑓
′, 𝜏𝑓

′  are the tensile/shear fatigue strength 

coefficients; 𝜀𝑓
′ ,  𝛾𝑓

′  are the tensile/shear fatigue ductility coefficients. By analysing the 

stress and strain components in 𝐹𝑃, the proper form of the model can be selected from 

Eq.(C-2). 

The effects of different railpads stiffness, friction coefficients as well as the traveling 

directions are analysed by this approach. In each case, using the results from FE 

simulations the critical positions on the crossing nose susceptible to crack initiation are 

determined first. Then, using the fatigue model the number of cycles to fatigue crack 

initiation is calculated for each case, based on which the corresponding crossing life is 

determined and the effects of these parameters are evaluated.  
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4 Dynamic response 

The dynamic responses such as contact forces between the wheel and rail in three directions, 

displacements and stress/strain distributions in wheel, rails and substructures can be 

obtained from the FE modelling. Therefore, in the parametric studies the simulations were 

performed first and the performance of the turnouts was assessed using the following 

response quantities: 

• Contact forces between wheel and wing rail/crossing/stock rail 

• Von Mises (VM) stress and effective plastic strain in the rails, sleepers and ballast 

• Transition behaviour, i.e. the start and end position of the transition, wheelset 

movement 

• Surface shear stress and pressure, friction energy dissipation 

These results are presented in this Section. Based on these results the fatigue life to crack 

initiation for each study is analysed in Section 5. 

4.1 Elasticity of railpads 

A number of studies [1][7][16] have proved that tuning the (vertical) elastic track properties 

(such as railpads and under sleeper pads) can significantly reduce the dynamic forces acting 

on the rails. Yet, these effects have not been investigated on the stress and strain level, 

which are closely related to the fatigue life of the crossing. In this study, in order to 

determine the level of the elasticity that should be applied to reduce the dynamic forces 

acting on the crossing nose, two values of the railpads stiffness are investigated. One is the 

normal stiffness and the other is very soft pad as it was investigated in [6]. The positions of 

the varied railpads and their properties are shown in Figure C-2 and Table C-1. Case v01 is 

the reference case using the normal railpads. In the Case v02, the stiffness of all railpads in 

the model under the crossing nose has been varied (𝑅1~𝑅7). The contact forces between the 

wheel and crossing as well as the stress results in sleepers and ballast of case v01 and v02 

are compared. 

 
Figure C-2. Numbering of the railpads and sleepers in the model 
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Table C-1. Variation of the railpads stiffness. 

Var. Pads name 
Varied pads 

num. 
Stiffness (MN/m) 

Corresponding elastic 

modulus (Pa) 

v01 Normal pad - 854 2.4e+8 

v02 Soft pad 𝑅1~𝑅7 40 1.13e+7 

v03 Soft pad (local) 𝑅1~𝑅3 40 1.13e+7/2.4e+8 

Since it is the 1:15 crossing that has been investigated, the crossing nose from 0m to 1.05m 

and the wing rail starting from -0.3m in front of the nose point are shown in the following 

figures. The wheel-rail vertical contact forces are plotted in Figure C-3a. It shows that the 

impact force on the crossing nose (right peak in the figure) is reduced using the soft pads 

and is more distributed over the crossing. Also, the impact position is shifted further along 

the crossing. Furthermore, in this study the Von Mises (VM) stress is chosen as the one of 

criteria to assess the crossing performance. The position with the maximum VM stress is 

determined as the critical position 𝑃𝑐𝑟  along the rail. The maximum VM stresses in the 

crossing distributed along the longitudinal direction of the rail are shown in Figure C-3b, 

with the transition area shown in the dotted line. Transition is the area that the wheel load is 

transferred from the wing rail to the crossing nose in the facing direction. It should be noted 

that since the transitions vary little in both cases (intersecting area of wing rail and crossing 

contact forces in Figure C-3a), only the transition of normal pad is shown in Figure C-3b. It 

can be seen that similar to the contact forces distribution, the maximum VM stress is more 

distributed on the crossing and is slightly reduced at the crossing front (0.3m-0.7m). At the 

crossing rear (0.7m-1.05m) the value increases, due to the fact that the impact location is 

shifted backwards when using soft pads, which is corresponding to the contact force 

distribution. 

-0.3 0.0 0.3 0.6 0.9 1.1

-20

0

20

40

60

80

100

120

140

160

180

200

 

 

V
e

rt
ic

a
l 
c
o

n
ta

c
t 
fo

rc
e
 (

k
N

)

Distance from the nose point (m)

 normal pad

 soft pad

P=176kN

P=155kN

              a 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

200

300

400

500

600

700

 

 

M
a
x
im

u
m

 V
o

n
 M

is
e

s
 s

tr
e
s
s
 (

M
p

a
)

Distance from the nose point (m)

 Normal pad

 Soft pad

Transition

            b 

Figure C-3. Results of railpads stiffness variation: (a) vertical contact force of stock rail, 

wing rail and crossing nose, (b) maximum VM stress distribution on the crossing 

Besides the contact conditions at the wheel-rail interface, the stresses in sleepers and ballast 

are also taken into account to investigate the effect on the impact to the substructure. Figure 
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C-4 plots the maximum VM stresses in the four sleepers and ballast, where the numbering 

and positions of the sleepers are shown in Figure C-2. Figure C-4a shows that using soft 

pads, the maximum VM stresses in all sleepers occur later. The VM stresses in s1, s2 and s3 

are significantly reduced when using soft pads, while for s4 the stresses become higher due 

to the later impact. The maximum VM stress in ballast is also reduced by the soft pad. The 

reduction as well as the increment in four sleepers and ballast is listed in Table C-2.  
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Figure C-4. Results of railpads stiffness variation: maximum VM stress in (a) four 

sleepers, s1~s4 , (b) ballast 

The maxima of the results for the two railpads are compared in Table C-2. It can be seen 

that the position where the maximum vertical contact force occurs is later on the crossing 

by 108mm. The vertical contact force, maximum sleeper (s1 to s3) and ballast stresses are 

reduced, where the reduction of s2 is the most significant. In both cases the wheel positions 

at the moment when the maximum VM stress in s2 occurs are near the position of impact, 

which means that by reducing the stiffness of the railpad, the stress in the most critical 

sleeper (s2) can be significantly reduced (30%). 

Table C-2. Results of railpads stiffness variation. 

 

Max 

vertical 

contact 

force (kN) 

Max 

pressu

re 

(Mpa) 

Position of 

max vertical 

force (mm) 

Max sleeper stress (Mpa) 
Max 

ballast 

stress 

(Mpa) S1 S2 S3 S4 

Normal 

pad (v01) 
176.8 1227 596 3.98 4.23 4.06 1.83 0.18 

Soft pad 

(v02) 
155.0 1169 704 3.55 2.93 3.63 2.16 0.15 

Reduction 

by soft pad 
12.3% 4.7% 

-108mm 

(backward) 
10.8% 30.7% 10.6% -18.0% 16.7% 
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According to the previous study [7] of the optimization of elastic track properties of turnout 

crossings, it was concluded that the optimum track elasticity of the turnout depends on the 

locations of the elastic elements along the crossing. In the transition area, i.e. from the 

sleeper before the crossing nose to two sleepers afterwards, softer pads should be 

implemented. At the crossing front (before 𝑅1 in Figure C-2) as well as the rear (𝑅4 to 𝑅7), 

the stiffness should remain a higher value. Therefore, in this model only the railpads from 

𝑅1 to 𝑅3 are varied using the stiffness of soft pad (v03), while the other railpads remain the 

stiffness of the normal pad. The properties are listed in Table C-1 as v03. 

The vertical contact force and maximum VM stress are shown in Figure C-5. From the 

contact forces between the wheel and wing rail (before 0.4m in Figure C-5a), it can be seen 

that in v03 more vibration is introduced in the wheel-crossing contact which results in the 

increment of the maximum vertical contact force (around 0.6m), also the wheel and 

crossing contact in v03 occurs a bit later. Similar results are found in Figure C-5b that at the 

crossing front (0.3m-0.4m) the VM stress is reduced. The stresses at the impact positions 

are comparable, while the stresses after the impact are reduced in v03. Therefore, it can be 

concluded that compared with v02, the stress state in the wheel-crossing contact has been 

greatly changed by varying the railpads stiffness locally. Reducing the railpads stiffness 

under the crossing nose (𝑅1~𝑅3) may delay the wheel and crossing contact so that the 

crossing front is subjected to less impact. Therefore, applying the soft railpads only under 

the crossing nose can be beneficial to reduce the impact on the crossing. 

-0.2 0.0 0.2 0.4 0.6 0.8 1.0

0

50

100

150

200

 

 

V
e

rt
ic

a
l 
c
o

n
ta

c
t 
fo

rc
e
 (

k
N

)

Distance from the nose point (m)

 Normal pad

 Soft pad (local)

                    a 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

0

100

200

300

400

500

600

700

800

M
a
x
im

u
m

 V
o

n
 M

is
e

s
 s

tr
e
s
s
 (

M
p

a
)

Distance from the nose point (m)

 Normal pad

 Soft pad (local)

                b 

Figure C-5. Results of railpads stiffness variation (v01 and v03): (a) vertical contact force 

of wing rail and crossing nose, (b) maximum VM stress distribution on the crossing 

4.2 Friction coefficient  

For the steel-steel contact under dry, clean conditions, the friction coefficient is 

approximately 0.6. However, the wheel-rail interface is an open system, so that 

contaminants can enter the interface and affect the friction levels, making the wheel-rail 
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adhesion too high or too low [8]. Table C-3 shows the friction coefficient measured under 

different conditions. Therefore, in this section, two cases of friction coefficients of 0.2 and 

0.7 representing the wet and dry conditions are studied. All the other parameters are kept as 

the same in the preceding section. 

Table C-3. Fiction coefficients measured on metro lines using a band-pushed tribometer 

[17]. 

Conditions Temperature (°C) Friction coefficient 

Sunshine, dry rail 19 0.6-0.7 

Recent rail on rail 5 0.2-0.3 

A lot of grease on rail 8 0.05-0.1 

Damp leaf film on rail 8 0.05-0.1 

Figure C-6a shows the maximum VM stress distribution in the crossing, with the two 

dotted lines representing the transition area. Since it is found that the friction coefficient has 

little effect on the transition area, only the transition of the reference case is shown. The 

critical positions on the crossing are determined, which are at P=507mm, 707Mpa (μ =

0.2) and P=533mm, 778Mpa (μ = 0.7), showing that the position of impact is slightly 

shifted backward by the high friction. Figure C-6b shows the effective plastic strain in the 

crossing after one wheel passage. It can be seen that with higher friction coefficient, the 

plastic deformation increases a little and is more distributed along the crossing. The 

position of maximum plastic deformation is shifted backwards for 12mm with μ = 0.7, 

which is corresponding to the maximum VM stress position. More importantly, it can be 

seen from Figure C-6a that the VM stress value increases at the crossing front (0.3m to 

0.55m), just at the transition area. It can be explained by the fact that in the transition area, 

it is the wing rail that defines the rolling of the wheel. Therefore, the wheel is more likely to 

roll on the wing rail and slide on the crossing nose, which generates an increasing amount 

of shear stress and greatly varies the stress state in the crossing. After the wheel rolls over 

the crossing, the difference of VM stresses in the crossing becomes small, which is due to 

the fact that the wheel has started rolling only on the crossing. Since in this model no 

traction is applied to the wheelset, the VM stress is not greatly affected by the friction 

coefficient.  

To verify the conclusion drawn above, the surface shear stresses of both cases at three 

positions that are P1 = 72.2mm (before the transition), P2 = 325.0mm (in the transition) 

and P3 = 577.7mm (after the transition) are shown in Figure C-7. It can be seen that at P1, 

in both cases the surface shear stresses in the wing rail are comparable. At P2, the surface 

shear stress in the crossing nose with high friction significantly increases by 159%, while in 

the wing rail the stress is slightly reduced. At P3, the difference of the stresses drops to 20%.  
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          a 

 

 

 

b 

Figure C-6. Results of friction coefficients variation: (a) maximum Von Mises stress, (b) 

effective plastic strain after one wheel passage 

 

Figure C-7. Results of friction coefficients variation: Surface shear stress at three positions: 

P1 = 72.2mm , before transition; P2 = 325.0mm , in transition; P3 = 577.7mm , after 

transition  

Figure C-8 presents the longitudinal contact force and friction energy dissipated at the 

wheel and rail interface, which are associated with wear and surface damage of the crossing. 

Figure C-8a indicates that with μ = 0.7  the maximum longitudinal force significantly 

increases (41.2%) due to the high friction. In Figure C-8b the frictional energy dissipation 

from both wheel-wing rail and wheel-crossing interface is plotted. It shows that with μ =
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0.7  the maximum friction energy increases by 21.8%. The average of friction energy 

dissipation in the wing rail is approximately 0.02J, while it increases to 2.5J in the crossing 

due to the impact. It can be concluded that the high impact on the crossing may not only 

lead to the rolling contact fatigue problem, but also result in the increasing amount of wear. 

 Figure C-8. Results of friction coefficients variation: (a) longitudinal forces, (b) friction 

energy dissipation 

Since different friction conditions have great effect on surface stress state, the surface shear 

stress and surface pressure along the longitudinal axis at the critical positions (μ = 0.2 : 

P=507mm, μ = 0.7: P=533mm) are of interest (Figure C-9). It can be seen that the surface 

shear stress greatly increases (36.9%) by the high friction. Furthermore, comparing the 

contact patch in both cases where the maximum stress occurs, in the case of μ = 0.7 it 

initiates more at the rear in the contact patch. The interface pressure in the case of μ = 0.7 

is slightly lower than μ = 0.2, which can be explained by the larger plastic deformation 

caused by the high friction. Therefore, it can be concluded that the surface shear stresses are 

significantly affected by friction coefficient; however, the effect of the friction coefficient is 

not prominent in normal direction, such as on the distribution of the interface pressure. 

  

                           a                            b 

Figure C-9. Results of friction coefficients variation at critical positions: (a) surface shear 

stress, (b) interface pressure 
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4.3 Traveling directions 

The contact forces in three directions and maximum VM stress in the crossing of both 

facing and trailing moves are presented in Figure C-10. In the case of different traveling 

directions, the transition behaviour of the wheel and rail interaction is of great importance.  
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Figure C-10. Results of traveling directions variation: facing move and trailing move: (a) 

vertical contact forces, (b) lateral contact force, (c) longitudinal contact force. (d) maximum 

VM stress 

It can be seen from Figure C-10a that the transition area is shifted backward in the case of 

trailing move (0.4m to 0.6m). After the transition at P=400mm the wheel generates a large 

impact on the wing rail (206kN), which is even greater than the impact on the crossing 

(176kN) in facing move. The increment of the impact forces reaches 17.0%. Figure C-10b 

and c show that compared with the facing move, the wheel generates less lateral impact on 

the wing rail in the trailing move, while the longitudinal forces on the wing rail increase 

that result in larger surface shear stresses. The maximum VM stress shows the similar 

results that high VM stress is generated in the wing rail. It can be concluded that in the 
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trailing move, high impact is generated on the wing rail and can be even larger than the one 

on the crossing in the facing move. The critical position (𝑃𝑐𝑟) in the trailing move is located 

on the wing rail at Pcr = 400mm from the nose point. 

The transitions including the start (𝑃𝑠) and end position (𝑃𝑒) of the transition as well as the 

critical position (𝑃𝑐𝑟) on crossing or wing rail are selected as they are necessary to describe 

the wheel and crossing interaction during the wheel passage (Figure C-11). It can be seen 

that as discussed above, the transition (𝑃𝑠 to 𝑃𝑒 ) in the trailing move is shifted backward on 

the crossing, with similar transition length compared with the one in the facing move. 

However, the distance between 𝑃𝑒  to 𝑃𝑐𝑟  is longer in the trailing move, which can be 

explained by the movement of the wheelset. In the trailing move, the wheel is climbing up 

from the crossing to the wing rail, because at those positions the wing rail is higher than the 

crossing. In contrast, in the facing move the wheel falls onto the crossing nose after the 

transition, which leads to the fast occurrence of the impact.  

Facing move  Trailing move 

 
 

 
a  b 

Figure C-11. Transition behaviour under different traveling directions: (a) facing move, (b) 

trailing move  

As for the wheel movement, the vertical and lateral displacements of the inner wheel 

(crossing side) are shown in Figure C-12. It can be seen from Figure C-12a that in both 

cases, the wheel has a vertical displacement of approximately 1.5mm after stabilization due 

to gravity and the applied axle load. In the facing move, due to the geometrical 

irregularities of the wing rail and the crossing, the wheel generates an impact on the 

crossing which results in the increment of the vertical displacement at around P=450mm. 

After the impact the wheel centre moves up again. While at the end of the simulation the 

wheel returns to the position that is higher than the original position, which can be 

explained by the fact that the wheel bounces on the rail due to the large impact. In the 

trailing move, the wheel continues lower its position since the height of the crossing 

decreases. After the transition (0.45m-0.6m) the wheel moves up and rolls on the wing rail. 
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Similar as in the facing direction, the large impact on the wing rail results in the wheel 

bouncing, thus the wheel position goes down again. The lateral displacement of the wheel 

in trailing move shows that, different from the facing move that the wheel generates a large 

lateral movement and being pushed back, the wheel tends to follow the edge of the crossing 

nose until fully transferred to the wing rail. It also explains the smaller lateral contact forces 

in Figure C-10b. 
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Figure C-12. Inner wheel transition behaviour under different traveling directions: (a) 

vertical wheel centre displacement, (b) lateral wheel centre displacement 

5 Fatigue life analysis 

Using the critical plane and energy density based fatigue model (Eq.1 and Eq.2), the fatigue 

life analyses of these three parameters are performed. Several locations on the crossing and 

wing rail are selected, including the critical position (with maximum VM stress) and four 

other equally spaced positions (𝑃1, 𝑃𝑐𝑟 , 𝑃2, 𝑃3, 𝑃4 ), as shown in Figure C-13a. 𝑃1  locates 

before 𝑃𝑐𝑟, while 𝑃2 to 𝑃4 locate after Pcr. It should be noted that according to the above 

results, the critical positions using soft pads (𝑃𝑐𝑟−𝑝) and high friction (𝑃𝑐𝑟−𝑓) are close to 

the one of the reference case (𝑃𝑐𝑟), as shown in Figure C-13a. At each position, the element 

with the maximum VM stress is selected for the fatigue analysis (𝐸1, 𝐸𝑐𝑟 , 𝐸2, 𝐸3, 𝐸4), that is 

to say, the fatigue analysis is performed at five elements at five different longitudinal 

positions. However, in the case of trailing move, the selected positions are different. The 

first three positions are on the wing rail, while the other two are on the crossing nose, which 

are shown in red in Figure C-13a. 

By the tensor rotation transformation of the stress and strain components, the 𝐹𝑃 value 

(Eq.1) for any plane of the selected element can be calculated. The plane with the 

maximum 𝐹𝑃 value is treated as the critical plane (crack initiation plane). At this plane two 

angles 𝜑 and 𝜃 are obtained (Figure C-13b), which represent the spherical angles of the 
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normal vector �⃗�  of the critical plane to the coordinates system attached to the railhead 

surface. The angle 𝜑 represents the angle between the normal vector of the plane and the 

vertical direction of the rail, while the angle 𝜃 represents the angle between the normal 

vector and the lateral direction. To calculate the angles of the critical plane, the stress and 

strain values are used as input into the fatigue model, then the angle and the fatigue life to 

crack initiation are obtained for the three parameters.  

 

 

a b 

Figure C-13. Illustration of: (a) five selected positions on the crossing nose for fatigue 

analysis. (b) angles of the critical plane (crack initiation plane): (i) rail vertical cross section, 

(ii) rail longitudinal cross section 

5.1 Elasticity of railpad 

Figure C-14a shows the six stress and strain components of 𝐸1, 𝐸𝑐𝑟 , 𝐸2, 𝐸3, 𝐸4 in cases v01 

and v02. It can be seen that in both cases at different longitudinal positions (𝑃1 to 𝑃4) the 

stress and strain states vary a lot, in which the components of 𝐸𝑐𝑟 reaches the highest value 

due to the impact. Among the six stress components, the variation of the vertical stress (𝜎𝑧) 

is the most significant, showing that by changing the railpad stiffness the vertical impact of 

the wheel is greatly varied, and is ultimately reflected in the variation of the stresses. It can 

be seen that in cases v01 and v02, the stress and strain components at 𝑃1  and P2  are 

comparable, while in V02 the components decrease at 𝑃𝑐𝑟 and increase at 𝑃3 and 𝑃4. These 

stress and strain components are used in the fatigue model to calculate the FP value and the 

number of cycles to fatigue crack initiation.  
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Figure C-14. Results of railpads stiffness variation (v01 and v02): stress and strain 

components at five selected elements: (a) stress components, (b) strain components 

Figure C-15a shows the angles of the critical planes of both cases. It can be seen that with 

different railpads stiffness, angles 𝜃 in both cases correlate well and lie in the range of [65, 

110]. However, the pads stiffness greatly varies the angle φ at the positions in the middle 

part of the crossing (0.5m to 0.8m). Regarding to the fatigue life prediction in Figure C-15b, 

at 𝑃1 and 𝑃2  the fatigue life of the crossing slightly increase when using soft pads, 

especially at 𝑃𝑐𝑟, the fatigue life increases from 𝑁𝑟 = 18,854 cycles to 𝑁𝑟 = 33,542 cycles. 

However, since the impact location is shifted further along the crossing using soft pads, the 

fatigue life of the crossing rear (𝑃3 and 𝑃4) decreases, but it is not decisive for the service 

life of the crossing. Therefore, it can be concluded that when using soft pads the fatigue life 

of the crossing at the critical (impact) position can be increased.  
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Figure C-15. Results of railpads stiffness variation (v01 and v02): fatigue life prediction of: 

(a) angles of the critical planes, (b) number of cycles to fatigue crack initiation 

The crack planes angles and the fatigue life in case v03 that using the soft pads locally are 

shown in Figure C-16. Regarding to the crack planes, angle θ in two cases correlates well 
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with each other, in which at P1 is around 130 and at Pcr to P4 lies in [60, 95]. However, 

similar to case v02, the angle φ differs a lot. The results of fatigue life prediction (Figure C-

16b) show that when using soft pads locally, the fatigue life at P1 increases by more than 

five times. At Pcr  the fatigue life increases slightly from Nr = 18,854  cycles to Nr =

21766 cycles. From  Pcr to P4 the fatigue life grows rapidly that at the crossing rear the 

fatigue life turns to be ten times larger than the one in case v01. Therefore, although not all 

the selected positions have an increment in the predicted fatigue life, using soft pads only 

under the crossing nose has a benefit in increasing the fatigue life of crossing at the impact 

location as well as the crossing front and rear.  
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Figure C-16. Results of railpads stiffness variation (v01 and v03): fatigue life prediction of:  

(a) angles of the critical planes, (b) number of cycles to fatigue crack initiation 

Comparing the results with the previous study that only uses the forces as criteria, the 

fatigue life analysis is a step further that provides a better motivation to choose the right 

railpads stiffness. The fatigue analysis also provides the guidance to the rail maintenance. 

For example, when changing all the railpads to soft pads, at the critical position the crack 

can be removed, but at the other positions on the crossing cracks may appear quickly after a 

number of loading cycles. However, when changing the railpads to soft pads locally, as 

long as the cracks at the critical location are removed, the crack at the other positions may 

not appear too soon as the fatigue life of the crossing at the other positions have been 

increased by using the soft pads.  

5.2 Friction coefficient 

The stress and strain components with different friction coefficients are shown in Figure C-

17. It can be seen that different from the case with railpads stiffness variation, the vertical 

stress and strain (𝜎𝑧,  𝜀𝑧) in both cases change little. However, the stress and strain in lateral 

(𝜎𝑦,  𝜀𝑦) and longitudinal (𝜎𝑥,  𝜀𝑥) direction have greater variation, which is corresponding 
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to the results in Figure C-9 and prove that the effect of the friction coefficient on the stress 

and strain state in tangent direction is much larger than the one in facing direction. 
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Figure C-17. Results of friction coefficients variation: stress and strain components at five 

selected elements: (a) stress components, (b) strain components 

Figure C-18a shows that the similar to the case of railpads stiffness variation, angles θ in 

both cases correlate well and mostly lie in [60, 100], while angle φ still has significant 

variation. The fatigue life prediction in Figure C-18b presents that with μ = 0.7, before the 

𝑃1 the fatigue life is shorter than the value with μ = 0.2. Also at 𝑃𝑐𝑟, it can be seen that high 

friction leads to shorter fatigue life. After the impact, the fatigue lives in both cases are 

comparable, with slightly higher value with μ = 0.7.  
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Figure C-18. Results of friction coefficients variation: fatigue life prediction of: (a) angles 

of the critical planes, (b) number of cycles to fatigue crack initiation 
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5.3 Traveling direction 

As discussed above, since the transition and the impact position are different in trailing 

move, the selected positions are correspondingly changed and shown in Figure C-13a by 

the red lines. In the case of trailing move, five positions (𝑃1, 𝑃2, 𝑃𝑐𝑟−𝑡 , 𝑃3, 𝑃4) are selected, in 

which two positions (𝑃1, 𝑃2) are before the critical position (Pcr−t), the other two (P3, P4) are 

after 𝑃𝑐𝑟−𝑡.  

The stress and strain components are plotted in Figure C-19. It can be seen that compared 

with the large stress and strain increment at 𝑃𝑐𝑟  in the facing move, in trailing move at 𝑃𝑐𝑟−𝑡, 

the increment is relatively small. However, the fatigue analysis in Figure C-20b shows that 

at 𝑃𝑐𝑟 and 𝑃𝑐𝑟−𝑡, the fatigue lives of the crossing are comparable, which means that similar 

to the impact on the crossing in facing move, the wing rail is also subjected to high impact 

that leads to the short service life in the trailing move. However, the predicted angles of the 

critical plane in Figure C-20a show that the angles of the critical plane in the wing rail 

differ greatly from the ones on the wing rail. Therefore, the RCF crack initiation in the 

wing rail should be considered separately from the crossing, especially in the track that 

exists most of the traffic in trailing direction. 
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Figure C-19. Results of traveling direction variation: stress and strain components at five 

selected elements: (a) stress components, (b) strain component 
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Figure C-20. Results of traveling direction variation: fatigue life prediction of: (a) angles of 

the critical planes, (b) number of cycles to fatigue crack initiation 

6 Conclusion 

In this paper, the parametric study on the wheel-crossing performance based on the 

dynamic analysis and fatigue life prediction of the crossing is performed. The effect of 

railpad stiffness, friction coefficients and traveling directions are investigated by the 3D 

explicit dynamic FE model of the wheelset moving over the crossing. The dynamic 

responses such as the contact forces in three directions, stress and strain in the rails and 

sleepers, friction energy dissipation as well as the transition behaviour are used to describe 

the crossing performance. Jiang and Sehitoglu fatigue model and the stress/strain life model 

are then employed for predicting the crack initiation planes and the number of cycles to 

fatigue crack initiation. The fatigue life of the crossing is used to assess the crossing 

performance of the three parameters. 

The effect of railpads stiffness: at wheel-rail interface the impact forces and VM stress are 

reduced at the crossing front using soft pads. Moreover, the railpad stiffness has significant 

effect on the substructure. The stresses in the sleepers and ballast, especially the stress in 

the most critical sleeper, are greatly reduced using the soft pad. Therefore, when using the 

soft pads the fatigue life of the crossing (determined by the fatigue life at the critical 

location) can be prolonged. Moreover, using the soft pads only locally (under the crossing 

nose) benefits more in increasing the fatigue life of crossing, not only at the impact location 

but at the crossing front and rear. Therefore, soft railpads should be applied under the 

crossing nose to prolong the fatigue life of the crossing as a whole.  

The effect of friction coefficients: high friction leads to larger VM stresses and shorter 

fatigue life in the transition area as well as the impact position. The surface shear stresses at 

these positions are significantly increased by the high friction; however, the contact 

pressure is not much affected. Moreover, regarding to the crack planes, the angles to the 
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lateral direction in both cases correlate well, while the angles to the vertical direction have 

significant variation. After the impact position, the fatigue life of the crossing in both cases 

are comparable, with slightly higher value with high friction. 

The traveling directions: in the trailing move the transition area occurs at a farther position 

on the crossing. After the transition, the wheel generates a large impact on the wing rail, 

which is even greater than the impact on the crossing in facing move. The transitions in 

both directions are investigated showing that in the trailing move it is shifted backward on 

the crossing, with similar transition length compared with the one in facing move. The 

fatigue analysis shows that compared with the ones on the crossing nose in the facing move, 

the crack initiation planes vary greatly on the wing rail in the trailing move. Moreover, the 

impact position on the wing rail is subjected to comparable short life as on the crossing 

nose in the facing move.  

To summarise, it has been shown that the wheel-crossing interaction and the crossing 

performance are very sensitive to the studied parameters. In addition to the FE modelling, 

the fatigue analysis is performed to assess the long-term crossing performance. The results 

of fatigue life prediction correlate well with the results from the FE model, and can be more 

directly related to the service life of the crossing. Because of the possibility to predict the 

fatigue life of the crossing, the fatigue analysis also provides guidance to the rail 

maintenance and the assess management, so that a better assessment of the crossing 

performance can be achieved. In the future work, the combination of these factors might be 

considered for specific loading conditions to improve the crossing performance. 
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Abstract 

In this paper the effects of repair welding and grinding (W&G), which are the main 

components of crossing maintenance nowadays, on crossing performance are analysed. It is 

observed that sometimes the W&G activities that directly affect the crossing geometry 

and/or material properties can have negative effects on performance and ultimately on the 

service life of the crossings. In this paper the effect of the changes of geometry is studied 

experimentally, while the effect of the changes in the material properties is analysed using a 

numerical model.  

When grinding the shape of the crossing nose, the resulting profile can deviate from the 

original one. To analyse the geometry-related effects of W&G, the crossing geometry 

(cross-sectional profiles) as well as the corresponding dynamic accelerations due to passing 

trains are measured before and after the W&G activities. Based on comparison of the 

measured accelerations, performance of the measured crossings is assessed. 

Also, not properly performed welding repair can lead to undesired changes in the rail 

material properties causing rail defects. The material-related effects of W&G are studied 

using the 3-D explicit finite element (FE) model wherein a wheelset is moving over a 

railway crossing. To understand the microstructure of the welding defect and provide an 

input for the numerical model, the results of ultrasonic and microscope analysis of some 

welded crossings are presented first. Then, a number of the numerical simulations of the 

crossing with the welding defect are performed to investigate the failure mechanism of the 

crossing. Furthermore, assessment using the fatigue model (coupled with the FE model) 
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that accounts for ratcheting behaviour of material by calculating a number of the load 

cycles to the crack initiation is performed. Finally, conclusions on the effects of changes in 

geometry and material of crossings due to repair W&G are given.   
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1 Introduction 

Switches and crossings (or turnouts) are important elements of a railway network as they 

provide guidance to the rail traffic. However, due to geometrical discontinuities in the 

crossing area, high impact forces are generated here, which lead to severe damage and 

ultimately shorten the operating life of the crossing. In the Netherlands, there is an 

increasing damage to crossings observed in the field. There are around 400 crossings 

replaced each year and two crossings per week are urgently repaired. The turnout crossings 

replacement budget reaches 6.4 M€ per year, which however must be reduced. Statistic 

shows that in 2010 6% of the trains were delayed due to turnout failures, which were 

responsible for 55% of the total disruption time. In the last 6 years the rolling contact 

fatigue (RCF) damage on track had significantly decreased, however this reduction was not 

noticeable at turnouts and RCF defects related to crossings have even increased in the last 

two years.  

In order to understand the wheel and crossing interaction and improve the crossing 

performance, a number of research studies have been conducted focusing on identifying the 

effective factors on the crossing performance. The relationship between the elastic 

properties of the turnout supporting structure and the occurrence of RCF damage on the 

crossing was investigated in [1][2]. The effects of the train speed and axle load on stresses, 

vertical displacement and plastic strain in the rails were discussed in [3]. The influence of a 

stochastic spread in traffic parameters such as wheel profile and wheel-rail friction 

coefficient on damage in turnouts was assessed in [1]. In [5] the probability of fatigue crack 

initiation under random wheel/rail force and material properties was studied. Geometry 

effect at the crossings was discussed in [6] and improvement of the crossing performance 

was achieved by optimising the crossing geometry [6] [7]. However, regarding to the 

maintenance work including repair welding and grinding (W&G) very few research work 

has been done till now.  

Repair welding and grinding 

Repair W&G has considerable cost saving advantages as compared to the replacement of 

the crossing. However, it is usually performed when a visible damage on the crossing has 

been detected [8]. During the repair process the defect is firstly removed by cutting off the 

damaged material. Then new material is added to the crossing nose by welding. After a 

certain cooling time the crossing nose and wing rail geometry is restored by grinding 

(Figure D-1).  
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Figure D-1. Repair process of crossing nose 

Such a repair by W&G plays an important role in prolonging the service life of the crossing 

and therefore better understanding of the process is required. In practice, however the repair 

W&G does not always result in prolonging the service life of crossing due to undesired 

changes in the geometrical and the material properties of the crossing. During the 

restoration grinding process (d), the resulting shape of the crossing nose mostly depends on 

the grinder’s experience and skills, which can lead to deviations of the resulting profile as 

compared to the original one. These deviations in the crossing geometry can lead to 

negative changes in the crossing performance. Also, not properly performed welding 

process can lead to deterioration of the crossing performance. If the crossing was not warm 

enough before welding or when the cooling down process was too fast, changes in the rail 

material properties will occur causing a welding defect. 

In this paper a methodology for analysis of the effects of repair W&G on crossing 

performance is presented, which involves both experimental and numerical methods. Using 

this methodology 

1) The effect of crossing geometry is studied experimentally 
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• Crossing geometry and accelerations are measured before and after repair 

W&G. The crossing accelerations are used to access the crossing 

performance. 

2) The effect of crossing material is studied numerically 

• The material properties of welding defects are used as an input to the 

finite element model. Then the fatigue model is used to evaluate the 

crossing performance by calculating life of the crossing. 

In this paper, the effect of grinded geometry is first studied in Section 2. The effect of 

welded material is investigated in Section 3. The numerical models for analysis of wheel-

rail interaction in crossing and estimation of the crossing life are described in Section 4. 

The numerical results are presented in Section 5 and conclusions are given in Section 6. 

2 Effect of grinded crossing geometry  

To investigate the effects of grinded crossing geometry, measurements were performed on a 

common single turnout (54E1, crossing angle 1:15) in the Dutch railway network. On this 

turnout, the repair W&G was performed due to observed defects in this crossing.  

2.1 Changes in crossing geometry  

In this study, the crossing rail geometry including the wing rail was measured before and 

after the grinding to record the geometry changes. Figure D-2a shows the measured vertical 

geometry of the crossing nose, which is defined as the vertical distance between the top of 

the normal rail and the crossing. In the field observations on this crossing before the W&G 

(Figure D-2b), significant plastic deformations were found in the area of 450mm to 750mm, 

which is correlated with the measured geometry before grinding (black line in Figure D-

2a). 

From Figure D-2a it can be seen that after the W&G the crossing nose, especially the 

section between 300mm and 800mm was significantly changed due to adding the material 

during welding. 

The geometry measurements were also performed using a laser-based device called Calipri. 

The device can measure the cross-sectional geometry of railway wheels and rails. In this 

study, a number of profiles along the crossing (up to 1050 mm from the nose point) were 

measured. The distance between the adjacent measured rail profiles was 50 mm. A 

comparison of several profiles before and after W&G is given in Figure D-3. From this 

figure, it can be seen that different operations were applied on the crossing and the wing rail. 

As for the crossing nose, material was removed, while at the rear part material was added 

on the top to restore its shape. As for the wing rail, deformed material was removed. 



150                                                                                                                                Paper D 

 

Therefore, it can be seen that the crossing and wing rail geometry was not always fully 

restored to the new geometry from the manufacturer. 

 

Figure D-2. (a) vertical geometry measurements before W&G, (b) field observation before 

W&G.  

 

Figure D-3. Variation of crossing geometry before (black line) and after (red line) welding 

and grinding 

2.2 Dynamic responses   

The dynamic responses of the same crossing (with the measured crossing geometry before 

and after grinding) were obtained using the 3-D acceleration measurement device called 

ESAH-M. It consists of a triaxial acceleration sensor to be placed on the crossing nose, two 

inductive sensors to be installed on the rail for wheel velocity measurements and a sleeper 

displacement sensor (Figure D-4). Based on the measured velocity of the passing wheels 

and the distance between the velocity sensor and the beginning of the crossing nose, the 

distribution of the maximum accelerations due to a passing train along the crossing nose 

within 1m from the nose point can be detected (e.g. Figure D-4a). Each peak in such a 
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histogram corresponds to impact of a wheel of the passing train. The sampling frequency of 

the accelerometer in the measurements is 10 kHz. Details about the measurement process 

can be found in [5], [9] and [10]. 

  

a b 

Figure D-4. ESAH-M installed on the crossing. (a) acceleration sensor, (b) two inductive 

sensors installed on the rail.  

The distribution of the maximum accelerations due to passing trains measured before and 

after grinding is shown inFigure D-5. The area where most of the wheel impacts occur is 

defined as the fatigue area, i.e. the area where the rail damage may most probably occur. So 

that the fatigue area of the crossing shown in Figure D-5a is between 0.5m and 0.6m. The 

two selected measurements (Figure D-5Figure D-5) have the similar vehicle velocities and 

the number of wheelsets (before grinding: 135.0 km/h, 25 wheelsets, after grinding: 137.7 

km/h, 24 wheelsets). From this figure, it can be seen that the dynamic response of the 

crossing before and after the maintenance was dramatically changed. So that the fatigue 

area before grinding was located between 0.5m and 0.6m, whereas after grinding it was 

changed to 0.4m and 0.7m. The wider fatigue area shows that the wheel impacts after 

grinding were better spread along the crossing nose as compared to the situation before the 

W&G when the impact were concentrated in a rather narrow location. Presumably, the 

wider fatigue area can prolong the life of the crossing. The magnitude of the maximum 

accelerations including the vertical and lateral directions before and after grinding are 

plotted in Figure D-6, which shows that the magnitude of the accelerations of the crossing 

after the repair was significantly reduced.  
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Figure D-5. Distribution of maximum accelerations of the crossing nose, (a) before 

grinding, (b) after grinding. 

 

Figure D-6. Magnitude of the accelerations (total, vertical and lateral directions), (a) before 

grinding, (b) after grinding 

From these results, it can be seen that due to repair W&G the geometry of the crossing nose 

and wing rail has been changed. These small changes in geometry have led to the relatively 

large changes in the crossing performance. In this case the repair W&G had a positive 

effect on the crossing performance. However, the positive effect of W&G through 

improvements of the crossing geometry can be spoiled by the improper welding process.  

As it has been discussed in Section 0 not only geometry of a crossing can be affected by 

W&G. In the coming sections, the effect of W&G on the material properties of crossings 

will be discussed. 

3  Effect of welded crossing material 

As it is described earlier in this paper, if the welding process is not performed properly, the 

material properties of the crossing are no longer homogeneous. In such case a welding 

defect can occur, which can speed up the degradation process of the crossing and finally 

result in its premature failure. The crossing specimens with welding defects were examined 

in [11] and their material properties were used here as an input for the numerical model in 
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Section 4, to investigate the mechanism of the crossing damage when the welding defect 

exists.  

3.1 Welding defect 

As discussed above, the welding process has also a great influence on crossing material. 

Homogenous material properties should be achieved after welding. During the welding 

process, the temperature of the crossing must be carefully controlled. If the crossing 

material is not pre-heated enough or the cooling down process is not properly controlled 

(e.g. cooled down too fast), martensite microstructure that has extreme hardness will be 

generated. The deficiency of heating and fast cooling down is therefore regarded as the two 

main causes of martensite transformation in this process. In case of martensite formation, 

the crossing material is no longer homogeneous and may contain a number of layers with 

different hardness.  

To investigate the internal structure of the welding defect, a constructed crossing that was 

welded and broken within one week after repair W&G was studied (Figure D-7a). The 

cracks in this crossing were located in the corner of the crossing nose top. From the cross-

section cut of a crossing nose specimen Figure D-7b) it can be seen that the material can be 

divided into three layers: weld material, heat-affected zone (HAZ) and base material.  The 

weld material is the layer added during W&G and its properties are strongly affected by the 

cooling process. In this crossing martensite was generated in this layer due to fast cooling. 

Under this layer is the HAZ, which in this crossing contains a large amount of the 

martensitic structure as it was not pre-heated enough.  The height of the weld material and 

HAZ layers is around 4mm in this crossing.  At the bottom is the base material, which was 

not affected by the welding process. Hardness tests of each layer were further performed 

and presented in Section 3.4 

  

a b 

Figure D-7. Crossings with welding defect: (a) cracks at the corner of the crossing nose, (b) 

cross-section of crossing with welding defect 
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3.2 CCT diagram 

As it has been discussed above the martensite formation depends on the cooling speed [12]. 

To further investigate the effect of cooling speeds on the material properties of the welded 

crossing, the continuous cooling transformation (CCT) diagrams of steels are used. Such 

diagrams represent the relationship between different types of phase changes in a material 

and the cooling rates. The CCT diagrams also depend on the type and amount of alloy 

elements in the steel. Here the CCT diagram of hypereutectoid steel with 0.46% carbon 

content [13] is used (Figure D-8). Depending on different cooling rates, the components of 

the end product (steel) can vary greatly. They are possible mixtures of ferrite, pearlite, 

bainite, martensite and retained austenite, the amount of which is determined by the cooling 

rates. The average hardness of the end products is also shown at the end of each curve in 

Figure D-8. This figure shows that as the cooling speed decreases 

(compare lines 𝑣1 and  𝑣3) the hardness of the resulted product (steel) decreases (compare 

685 for 𝑣1  and 200 for 𝑣3), since the percentage of transformed martensite in the final 

mixture becomes smaller. Also from this figure it can be seen that if the cooling speed 

further reduces, no martensite will be transformed, e.g. the martensite start line in Figure D-

8 (horizontal line at around 360°) ends at the speed of 𝑣2, which means that if the cooling 

speed is lower that 𝑣2, there will be no martensite generated.  

 

Figure D-8. CCT diagram of one hypoeutectoid steel [13] 

3.3 Martensite start temperature 

As it was mentioned above, the existence of martensite strongly affects the material 

properties of the welded crossing and ultimately affects its service life. Therefore, it is 
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necessary to determine the conditions whether martensite is generated and try to avoid 

martensite transformation. Among the other characteristics, the martensite start temperature 

𝑀𝑠  that is defined as the highest temperature at the transformation from austenite to 

martensite, plays an important role in appearance of martensite (line 𝑀𝑠in Figure D-8). The 

start temperature is mainly affected by the chemical composition of steel [14], in which 

carbon plays the strongest role in decreasing of 𝑀𝑠. Regarding to the alloy elements such as 

Cr, Co, Mo, Si, Mn, Cu and W [14], Mn and Ni prove to have the major influence on 𝑀𝑠 

after carbon. 

Using the main concentration of each element in the alloy, which is in this case C, Mn and 

Si, the martensite start temperature  𝑀𝑠  can be calculated according to the empirical 

relationship [15]: 

 𝑀𝑠 = 𝑘0 +∑𝑘𝑖𝑤𝑖 
(D-1) 

 

where 𝑘0 is the offset parameter, i indicates the alloying element, 𝑤𝑖 is the concentration of 

the i-th element, and 𝑘𝑖  is its corresponding linear coefficient. Based on Eq.(D-1) many 

models have been proposed, e.g. in [16] the following relationship was proposed using a 

large number of samples: 

 𝑀𝑠(℃) = 539 − 423𝑤𝐶 − 30.4𝑤𝑀𝑛 − 17.7𝑤𝑁𝑖 − 12.1𝑤𝐶𝑟 − 7.5𝑤𝑀𝑜 (D-2) 

Another development is the empirical relationship obtained from the neural network 

analysis [14]: 

 𝑀𝑠(𝐾) = 764.2 − 302.6𝑤𝐶 − 30.6𝑤𝑀𝑛 − 16.6𝑤𝑁𝑖 − 8.9𝑤𝐶𝑟 + 2.4𝑤𝑀𝑜
− 11.3𝑤𝐶𝑢 + 8.58𝑤𝐶𝑜 + 7.4𝑤𝑤 − 14.5𝑤𝑆𝑖           

(D-3) 

 

Based on these empirical relationships, the starting martensite temperature 𝑀𝑠 of materials 

containing different chemical compositions such as manganese steel and R350HT steel 

typically used for railway crossings can be obtained. Using this temperature, the possibility 

of generation of martensite can be estimated. 

3.4 Material analysis 

To investigate the microstructure of the welding defect, the crossing nose shown in Figure 

D-7a was taken for material analysis including macro examination by the ultrasonicFigure 

D-7b and micro examination by the microscope (Figure D-9). The examinations were taken 

in [11] and are used as the material input in this study. 

The microscope measurements of the specimens provide a clear picture of the 

microstructure of the welded crossing. As discussed above, the structure of the considered 

welded crossing (Figure D-7b) can be divided into three layers: (from the bottom to the top) 

the base material, HAZ containing martensite and the weld material. The HAZ could be 

further divided into two layers, the lower part where the microstructure looked like ‘fine 
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grain’ and the upper part which had the shape of ‘coarse grain’. Figure D-9(a1) shows the 

transition from the base material (upper part in this figure) to the lower part of the HAZ 

(fine grain) that contained the tempered martensite. Figure D-9(a2) shows the transition 

from the upper part of the HAZ (course grain, upper part in this figure) to the weld material, 

where cold cracking occurred. The microstructure of the needle shaped martensite can be 

seen in both the HAZ Figure D-9(b1) and in the weld layer Figure D-9(b2), which 

correlates with the increased hardness in weld material and HAZ. 

  

Figure D-9. Microstructure of the welding defect [11] (a) transition: weld material-HAZ-

base material, (b) martensite in HAZ and weld material. 

To obtain the accurate depth and hardness of each layer, Vickers hardness test was 

conducted [11]. The results are shown in Figure D-10: the top part is the weld material, the 

middle is the HAZ divided into coarse grain HAZ and fine grain HAZ, and at the bottom is 

the base material. From this figure, it can be seen that the weld material has the average 

hardness of 500HV1, which is higher than the rail material (350HV1). The middle layer 

HAZ has the highest hardness of 700HV1. The hardness of HAZ gradually decreases from 

the coarse to fine grain part from 700HV1 to 350HV1, which is the same as base material. 
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In the left part of Figure D-10 a crack in the left corner of the weld-HAZ interface can be 

clearly seen, which propagates into HAZ in this figure.  

 

Figure D-10. Vickers hardness test of the specimen taken from the crossing with welding 

defect. [11]  

From these results, it can be seen that after W&G the crossing material in the weld location 

is non-homogeneous. Also, it can be seen that needle-shaped micro-structure martensite is 

presented in the weld and in HAZ layer with larger amount, so that the hardness of these 

layers increases greatly. Additionally, it can be seen that at the crack initiated position at the 

interface between the layers the hardness difference is relatively big (500HV1 in weld layer 

and 700HV1 in HAZ). The latter fact will be studied here numerically.     

As it is observed in practice, due to the presence of martensite the service life of crossings 

can significantly be shortened. Cracks are often found at the interface between the weld 

material and HAZ, which after some time can cause brittle fracture of the crossing. It can 

be explained by the fact that the needle-shaped structure of martensite itself contains a large 

amount of micro cracks, which increases the brittleness of the steel component [13]. These 

micro cracks can further propagate into macro cracks under the applied impact loading due 

to passing trains. The other possible reason is that due nonhomogeneous material properties 

(e.g. different hardness in different layers) can cause stress concentrations between the 

layers resulting in crack initiation. Therefore, in order to better understand the fast 

degradation process of crossing in case of welding defect a numerical model of a wheelset 
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running over a railway crossing developed in [17] is used here. The obtained local strains 

and stresses are then used as an input for the fatigue model to estimate the service life of the 

crossing. The numerical model is described in the Section 4.  

4 Numerical modelling 

As it was mentioned in the previous Section the effect of the material properties changes 

due to the crossing repair W&G process on the crossing performance and life is analysed 

numerically. Using the material properties obtained from the measurements (Section 3), 

dynamic simulations are performed and the fatigue life of the crossing is estimated. The 

modelling procedure is as follows: 

1) The dynamic interaction between the wheel and the crossing is modelled by a 3-D 

dynamic model of a wheelset moving over a crossing. The material model 

accounting for the elasto-plastic kinematic hardening is used. Based on the Von 

Mises stress criteria, the most probable crack initiation location in the crossing is 

determined and considered as the critical position.  

2) Using the critical position obtained in the previous step, a submodel with finer 

mesh is built at this position. Stress and strain distributions are obtained to 

investigate the cause of crossing damage in the presence of welding defect. Cyclic 

loading is also applied to be used in the fatigue life analysis in step 3. 

3) Using the stress and strain input from the step 2, the fatigue life of the crossing is 

predicted according to the ratchetting fatigue model.  

The steps of the modelling procedure are described below.  

4.1 Dynamic model 

The 3-D explicit dynamic finite element (FE) model has been used here to obtain the 

dynamic responses of the crossing. This model developed using ANSYS Workbench/LS-

DYNA software to simulate the dynamic response of a whole wheelset passing a crossing 

(Figure D-11a) was presented in [17]. In this model, the studied crossing is a standard left-

turn one with the curve radius of 725 m and the crossing angle 1:15. The model consists of 

a crossing section (4540 mm long) that starts from the wing rail of 400mm before the nose 

point. A wheelset is placed on the wing rail and will roll over the crossing with the 

translational velocity of 130 km/h and the angular velocity of 78.5 rad/s during the 

simulation. The axle load of 150kN is applied to the wheelset. The crossing geometry in 

this simulation was the theoretical one based on the drawings obtained from the 

manufacturer (Figure D-11b). The components in the model including railpads, sleepers 

and ballast are modelled using eight node hexahedral solid elements, which enable to 

perform the stress and strain analysis. Fine mesh is used in the contact regions, i.e. in the 
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crossing nose, railhead and wheel tread wherein the elements size of 1.5 mm×1.5mm was 

used (Figure D-11c). In order to achieve acceptable computational time, the rest of the 

model is modelled using relatively coarse mesh. The validation of the model can be found 

in [17]. 

Figure D-11. (a) schematic of the finite element model, (b) crossing drawing from the 

manufacturer, (c) mesh of the wheel, crossing and wing rail. 

Considering the plastic deformation of the crossing and the wheel tread, the classic bilinear 

elasto-plastic material model accounting for kinematic strain hardening was used for the 

crossing and the wheel tread, while in the rest of the model the elastic material properties 

were used (Table D-1). According to the micro-analysis results presented in Section 3, three 

layers (Figure D-7b) with different material properties were introduced in the crossing 

model, which are the layer (4mm) of the added weld material on the top, the layer (4mm) of 

HAZ in the middle and the layer (22mm) of the base material at the bottom of the crossing. 
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Table D-1. Material properties used in the dynamic model. 

The main output data of the dynamic model is the stress/strain distribution in the crossing, 

based on which the Von Mises equivalent stress is used to determine the critical position. 

The critical position is defined as the location on the crossing with the highest Von Mises 

stress during the wheelset passing. This location is used to develop the submodel.  

The above-mentioned model has about 1,100,000 elements and the calculation time around 

35h on a 16-core computer. The mesh is sufficient for sim ulating the dynamic behaviour of 

the wheelset and crossing interaction, however for predicting the material failure between 

the different layers due to the welding defect, the mesh in the crossing nose should be 

refined. Since the computational costs of the analysis with such refined mesh will be 

prohibitive, a submodel of the crossing has been developed to analyse the local stress and 

strain field in the critical position. The submodel is discussed in 4.3. 

4.2 Material model 

To set up the constitutive material model for numerical simulations, the measured hardness 

for each layer of a welded crossing is used. For each layer (weld material, HAZ and base 

material), there are six related material properties that are to be determined: the density, 

elastic modulus, hardness, initial yield stress, tangent modulus and failure strain. The 

methods to determine their values are presented below. 

Density and elastic modulus: Since the changes in the elastic modulus due to the welding 

process (heat treatment) are relatively small and can be neglected [18][19], the elastic 

modulus as well as the density of these layers used in the numerical simulations are the 

same as the ones of the original crossing material. 

Hardness: The measured hardness as it is shown in Figure D-10 is used. 

Initial yield stress: It is known that the different heat treatment conditions will 

significantly affect the plastic properties of steel such as the yield stress and the ultimate 

tensile stress limits. Therefore, in the numerical model the initial yield stresses of the three 

Property 

Wheel 

and 

rails 

Rail 

pad 
Sleeper Ballast Wheel tread Crossing 

Mass [kg/m3] 7850 1500 2500 1800 7850 7850 

Young’s Modulus [Pa]  2.00E+11 2.40E+8 3.00E+10 1.34E+8 2.00E+11 2.00E+11 

Poisson’s ratio 0.30 0.47 0.18 0.20 0.30 0.30 

Tangent Modulus [Pa] - - - - 2.0E+9 See 

Table 

D-2 
Yield stress [Mpa] - - - - 500 
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layers are derived from their hardness values, which are empirically considered as one third 

of the hardness value [20]. 

Tangent modulus and failure strain: Due to the lack of the experimental data, these two 

properties, which are usually obtained from the laboratory tests, are taken here from [21]. It 

should be noted that since the amount of martensite in the HAZ is much larger than in the 

other layers, the hardening behaviour of pure martensite is used here for the HAZ layer.  

In [21] the experimental data obtained for several types of steel including two martensitic 

steels (steel D and steel E) was given as shown in.  Steel D is a cold rolled wear resistant 

martensitic steel and steel E is quenched and tempered wear resistant martensitic steel. 

Figure D-12a shows the mechanical properties of the test steels in which the two 

martensitic steels have the highest hardness. Figure D-12b shows the stress-strain curves of 

the test materials. Steel D and steel E demonstrate high yield stress but short hardening 

stage, in which very small plastic strain takes place before fracture. The area under the 

curve can be used as an indication of the energy needed to cause fracture of the different 

materials. As expected, steel D and steel E show the lowest energy absorption. Moreover, 

the microstructure of steel D and E obtained in [21] is similar to the HAZ layer observed in 

the experiments of the welding defect described in Section 3.4 (Figure D-9). Therefore, the 

tangent modulus (𝐸𝑝) and failure strain(𝜀𝑚𝑎𝑥) of the HAZ layer in the numerical model are 

determined based on the data of steel D and E shown in Figure D-12b (taken from [21]). 

 

Figure D-12. Stress-strain curves of the steels investigated in [21] 

In the finite element (FE) model the bilinear kinematic hardening material model is used to 

simulate the material properties of martensite [22]: 
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𝜎 = {

𝐸𝑒𝜀                                      𝜀 ≤ 𝜀𝑠
𝜎𝑠 + 𝐸𝑝(𝜀 − 𝜀𝑠)               𝜀 > 𝜀𝑠

 
(D-4) 

 

where 

 𝜎𝑠 is the initial yield stress, 

 𝜀𝑠 is the yield strain,  

𝐸𝑒 is the elastic modulus,  

𝐸𝑝 is the tangent modulus.  

The failure criteria implemented here can be expressed as [22]:  

 𝜀𝑒𝑓𝑓 ≥ 𝜀𝑚𝑎𝑥  (D-5) 

where  

𝜀𝑒𝑓𝑓 is the effective plastic strain obtained from the numerical model,   

𝜀𝑚𝑎𝑥  is the maximum effective plastic strain at failure based on material properties 

(experimental). In case of HAZ layer (high hardness) it is set to 2.5% according to the steel 

D and E in Figure D-12b. Regarding to the weld material and base material that have lower 

hardness, the value of 15% according to steel B in Figure D-12 is used. During the 

simulation if the element strain exceeds the failure strain this element will be deleted.  

An overview of the material properties of the crossing layers used in the model is given in 

Table D-2. 

Table D-2. Material properties of crossing layers (Case 1)  

 Weld material HAZ Base material 

Density (kg/m3) 7850 7850 7850 

Elastic modulus (𝑬𝒆 ,Pa) 2.00E+11 2.00E+11 2.00E+11 

Hardness (HV1) 500 750 300 

Initial yield stress (𝝈𝒔, Mpa) 715 1000 500 

Tangent modulus (𝑬𝒑, Pa) 2.00E+10 3.50E+10 2.00E+10 

Failure strain (𝜺𝒎𝒂𝒙) - 0.025 - 

4.3 Submodel 

Submodelling is a finite element technique used to obtain detailed results at specific 

locations within the modelled structure. The submodel itself is a separate model containing 

the region of interest of the full model which is discretised using finer mesh. In the 

submodelling process, a solution for the full model is first to be obtained first, while the 

entire structure should be sufficiently discretised (with a coarser mesh) to sufficiently 

accurate capture the displacements at the cutting boundaries (submodel boundaries). Then 
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the obtained displacements at the cut boundaries from the full model are mapped to the 

submodel as the boundary conditions. The solution for the submodel then contains highly 

accurate responses for the region of interest, which is in this case the critical position on the 

crossing obtained from the dynamic analysis (Section 4.1).  

Therefore, a section containing the critical position is selected for submodelling. Example 

of the submodel for the analysis of the crossing is shown in Figure D-13, where in the 

section from 450mm to 600mm on the crossing has been chosen for the submodel 

containing the critical region (selection of the critical region for this case will be discussed 

in Section 5.1).  It should be noted that the boundaries of the submodel can easily be 

adjusted according to the critical locations obtained from the dynamic model. The rail 

geometry of this section is not changed, whereas the finer mesh with the element size of 

0.75mm×0.75mm (compare with the fine mesh of the full model with the element size of 

1.5 mm×1.5mm) is used to obtain more accurate stress field. Similar to the dynamic model, 

the submodel has three material layers.  

 

Figure D-13. Submodel with three material layers. 

In the submodel analysis the pressure load at the two boundaries (at the cross section of 

450mm and 600mm) obtained from the full model is applied to the submodel. The 

interpolated nodal displacements from the full model are applied in the submodel as well. 

During the dynamic simulation, the applied nodal displacements are gradually increased 

from 0 to their full values within a short period of time. Because of the fewer number of 

elements, the calculation time is reduced to 0.1 hour, which is considerably shorter as 

compared to the full dynamic model. Therefore, using this model cyclic loading conditions 
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can be applied to obtain the accumulated plastic strain and estimate the fatigue life. The 

fatigue life analysis is presented in the following section. 

4.4 Fatigue model 

 Rail materials including crossings materials, are subjected to heavy cyclic loading. 

Generally speaking, the material response to cyclic loading can be classified into four 

categories: elastic, elastic shakedown, plastic shakedown and ratcheting [55]. At high axle 

loads or high friction coefficients, ratchetting of materials may occur. In ratchetting when 

the accumulated plastic strain reaches a critical value, the material is exhausted and the 

crack is considered to be initiated [24]. Since the wheel-crossing interaction involves 

impact on the crossing, it is assumed that the crossing material exhibits ratchetting 

behaviour by heavy impact loading [23] [25]. According to Kapoor (1994) [26], if the 

material displays a constant ratcheting rate, the equivalent ratcheting plastic strain per cycle 

can be used as the ratcheting strain, which is given by 

 
∆𝜀𝑟 = √(∆𝜀̃)

2 + (∆�̃�/√3)2 
 (D-6) 

 

where ∆ε̃  and ∆γ̃  are the ratchetting strain per cycle in axial and shear direction, 

respectively.  

It is assumed that ratcheting failure will take place when the total accumulated strain 

reaches the critical value. The number of cycles to fatigue crack initiation by ratcheting can 

be estimated by 

 𝑁𝑟 =
𝜀𝑐
∆𝜀𝑟

   (D-7) 

 

where εc is the critical strain for failure by ratcheting.  

The above formulation allows determining the fatigue life to ratcheting failure of the 

crossing. The calculated equivalent plastic strain from the submodel will be used to obtain 

the number of cycles to failure (fatigue crack initiation) in case of welding defect. In this 

study due to the lack of the experimental data, the results of the fatigue model are used for 

relative analysis only. 

5 Numerical Results 

In this section the procedure of evaluating the performance of the welded crossing by the 

three models is presented. From the dynamic modelling (Section 5.1) the critical position is 

determined. Using the submodel the stress concentration area and the accumulated plastic 

strain after 10 loading cycles are obtained (Section 5.2). The ratchetting fatigue life to crack 

initiation is then estimated in Section 5.3. To further understand the effect of welded 

materials, simulations with three material properties generated by changing the welding 
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process are also performed and compared (Section 5.4). In Section 5.5, an alternative 

method to avoid the welding defect is suggested. 

5.1 Results of dynamic model 

Using the dynamic model of a wheelset moving over the crossing (Section 4.1) the 

responses of the system such as the contact forces between the wheel and the crossing, 

crossing nose displacements and accelerations, stresses in rail material are obtained. The 

crossing nose from 0mm to 1050mm from the nose point taken for the analysis is shown in 

Figure D-14Figure D-14. After 1050mm the height of the crossing (angle 1:15) turns to be 

the same as the height of a normal rail.  

In order to determine the most critical position (Pcr) on the crossing where crack initiation 

of the crossing will most probably occur, the Von Mises stress in the crossing during the 

whole simulation is used. The maximum Von Mises stress value of 908Mpa has been 

obtained at approximately 559mm from the nose point as it is shown in Figure D-14a. 

Therefore, this location is selected as the critical one Pcr= 559m. The cutting boundaries of 

the submodel that includes the critical location have been chosen as 450mm to 600mm. The 

maximum plastic strain after the wheel passage shown in Figure D-14b has a value of 

𝜀𝑒𝑓𝑓 =5.46% on the surface of the crossing that can be compared with the one obtained 

from the submodel.  

 

Figure D-14. Contour plots of crossing nose: (a) Von Mises stress at Pcrduring the loading, 

(b) effective plastic strain after the wheel passage. 

5.2 Results of submodel 

As presented above, the submodel with finer mesh built based on the results with the full 

model is used to obtain the more accurate stress-strain data to be used in the fatigue life 

analysis (Section 4.3). Figure D-15shows the time history of Von Mises stress distribution 

in the crossing. As the nodal displacements are applied, the stresses in the crossing start to 

increase (Figure D-15a). After a loading period (e.g. 0.54ms in Figure D-15b), the 

maximum stress on the top of the crossing (weld material) exceeded the yield stress limit. 
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Then the stresses at the weld-HAZ interface continue to grow and reach 1174MPa in the 

element of upper part of the martensite layer (Figure D-15c). The maximum plastic strain 

has reached 5.2% which occurred in the weld material on the crossing top (Figure D-15d).  

  

 (a) t = 0.10ms (b) t = 0.54ms 

  

(c) t = 1.0ms (d) t = 1.0ms (equivalent plastic strain) 

Figure D-15. Results of submodel: (a-c) Time history of the Von Mises stress distribution, 

(d) equivalent plastic strain. 

In Figure D-16 the maximum values of the Von Mises stress and the plastic strain in the 

three layers are shown. In this figure, the results from only the first loading cycle are 

plotted. It can be seen that all three layers have entered the plastic stage. The weld material 

and the base material generated the plastic strain of 5.40% and 0.0041% respectively, 

which haven’t reached the failure strain limit because of its long hardening stage as 

compared to HAZ. At the same time, the martensite exceeded the yield stress and had the 

maximum plastic strain of 0.040%. Since 2.5% is the equivalent plastic strain at failure, 

martensite hasn’t reached the ultimate strength during the first cycle. However, the 

materials were approaching their strain limit and could only sustain small plastic 
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deformations before fracture, according to the stress and strain curve of the martensitic 

steel. After several loading cycles, the accumulated plastic strain at the interface of weld 

material and martensitic layer can reach the failure strain limit, which indicates the material 

failure and crack initiation.  

  

            a     b 

Figure D-16. (a)Von Mises stress and, (b) Equivalent plastic strain distributions of the three 

materials. 

5.3 Fatigue life prediction  

In order to conduct the fatigue analysis of the welding defect and compare it with the field 

observation, repeated loading was applied to the submodel and the accumulated plastic 

deformations at the weld-HAZ interface were calculated. In this study 10 loading cycles 

were considered. 

Using the results of the submodel the ratcheting strain and fatigue life to crack initiation for 

each crossing layer are calculated according to (6) and (7) respectively. The lowest value of 

the calculated cycles then delivers the fatigue life of the crossing. In this case the calculated 

fatigue life to crack initiation of the crossing turns to be 𝑁r = 22,936 cycles. According to 

the field observations in Section 1.2 the studied crossing was found broken within one week 

of service after repair W&G (Figure D-2Error! Reference source not found.). The 

calculated here fatigue crack initiation life looks realistic, since the total lifetime of the 

broken crossing (1 week) also includes the crack propagation time. However, due to the 

lack of data obtaining from monitored crossing, the predicted life is not considered as the 

absolute value of any specific crossing, but the presented approach can be used to assess 

different crossing designs or the crossing performance under various conditions (Section 

5.4). 
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5.4 Influence of material properties 

As it has been discussed in Section 1.3 the cooling process strongly affects the material 

components as well as the hardness of the welded crossing. Therefore, to investigate the 

effect of the welding process on the fatigue life of the crossing, three cooling/heating 

conditions are analysed. These different conditions result in different material properties. It 

is assumed that the differences in the welding process affect the material hardness in the 

crossing layers. Other properties, such as initial yield stress are based on the hardness 

values.  

An overview of the hardness distribution both the theoretical and the one used in the 

numerical model in the considered cases in given in Figure D-17. The cases are: 

- The reference case:  the welding process is performed properly and the resulting 

welded crossing has homogeneous material properties. The hardness of the whole 

crossing material is set to 350HV1, which is the same as the harness of base 

material (Figure D-10). 

- Case 1: the crossing was not pre-heated prior to welding (leading to the martensite 

transformation in the top of HAZ) and the cooling process was too fast (resulting 

in the martensite transformation in the weld material). This case was considered in 

Section 5.  

- Case 2: the cooling process is correctly controlled (no martensite transformation in 

weld material; the hardness of the weld material is the same as base material - 

350HV1), while the crossing was not pre-heated enough (martensite 

transformation takes place in HAZ).  

- Case 3: pre-heating is performed, but the cooling speed is too fast (martensite will 

be only transformed in weld material. In this case, the hardness is taken from the 

CCT diagram (Figure D-8), corresponding to the relatively lower (but still 

containing martensite transformation) cooling speed resulting in 430 HV1.   
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Figure D-17. Hardness distribution in four cases, red line: gradually changed harness value 

according to different welding process (expected); black line: simplified harness value used 

in the model (simulated). 

The failure strain in the reference case and Case 3 is set to 15% according to Figure D-12b, 

since the material hardness at the interface weld-HAZ is lower in these two cases. The 

accumulated plastic strains after 10 cycles and the calculated fatigue life are summarized in 

Table D-3. According to the simulations, in Case 1, 2 and 3 the most critical position to 

crack initiation is located at the weld-HAZ layers interface, while in the reference case it is 

located at the surface. Therefore, the material point at the weld-HAZ interface in Case 1, 2 

and 3, as well as the one at the surface in Reference case is selected. From Figure D-17 it 

can be seen that the hardness distributions in Case 1 and Case 2 are similar. However, in 

Case 2 the hardness difference at the weld-HAZ interface is larger than in Case 1 that 

results in higher stress concentration at the weld-HAZ interface. Therefore, the plastic 

strain in Case 1 is smaller. However, since the ratchetting strain in Case 1 is larger than in 

Case 2, the shortest fatigue life to crack initiation is found in Case 1. Regarding to Case 3, 

although the accumulated plastic strain is higher than in Case 1 and Case 2, its failure strain 

is larger, which leads to fatigue life comparable with Case 1 and Case 2.  

The reference case presents the longest fatigue life 𝑁𝑟= 48,387 cycles, which means that 

properly performed welding during the repair W&G is important for prolonging the service 

life of railway crossings. Not following the welding procedure can result in premature 

failure of railway crossing after repair W&G. 

It should be noted that in the presented study the fatigue life does not include other fatigue 

life stages like crack propagation and macro crack initiation. Therefore, the difference in 

the calculated fatigue life between the reference case and the other cases is relatively small 

(factor 2). The difference in crack the other fatigue stages will also contribute in the fatigue 
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life of the crossing. Moreover, since in the reference case (homogeneous material properties) 

the crack initiation only occurs at the surface, during the propagation stage these cracks can 

be eliminated due to wear that prolongs the surface life of crossings. Furthermore, the 

difference in the fatigue life between the reference case will be even more profound, when 

taking the micro structure of the HAZ layer into account. As it was shown in the 

microscopic analysis of the HAZ layer, the needle-shaped martensite contains large amount 

of micro cracks, which can propagate very fast under heavy impact loading to the crossing. 

Table D-3. Calculation of strain and ratcheting fatigue life of all cases. 

 Plastic strain 
Ratcheting 

strain 
Failure strain 𝑵𝒓 

Reference 5.64e-2 3.1e-6 0.15 48,387 

Case 1 6.39e-4 1.09e-6 0.025 22,936 

Case 2 9.11e-4 8.6e-7 0.025 29,070 

Case 3 5.69e-3 6.5e-6 0.15 23,077 

5.5 An alternative to avoid martensite transformation 

In order to avoid the martensite transformation during cooling process, the cooling speed 

should be controlled to be slow enough, which is actually difficult to realize in the field. In 

this situation, the usage of high manganese steel in the crossing nose is a good alternative, 

since the martensite start temperature(𝑀𝑠) is relatively low. In the Netherlands crossings 

are made up of casted manganese (Hadfield) steel crossings and constructed crossings. The 

constructed crossings use R260, R350HT, MHH (Maximum Head Hardness) as well as 

S1100 steels, which are of pearlitic type. To compare the 𝑀𝑠  of different steels, as an 

example the chemical components of Mn13 steel [27] and R350HT steel (EN13674-1) [28] 

are used and listed in Table D-4. It can be seen that Mn13 contains high carbon and high 

manganese compared with RH350T.  

Table D-4. Chemical compositions of the Mn13 steel and R350HT steel used in the 

crossing. 

 Chemical composition (w%) 

 C Mn Si 

Mn-13 steel 1.0 13.0 0.5 

R350HT steel 0.72/0.80 0.70/1.20 0.15/0.58 

 

By adopting Eq.(D-2) and Eq.(D-3), the 𝑀𝑠 of Mn13 can be estimated, which are -279.2℃ 

and -220.9℃ respectively, while the 𝑀𝑠 of R350HT are 213.2℃ and 251.6℃. It can be seen 

that the 𝑀𝑠 of Mn13 drops below zero and is much lower that 𝑀𝑠 of RH350T. Therefore, 

there will be no obvious martensitic layer generated during the cooling process, so that the 

material remains homogenous after the welding. 
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6 Conclusions 

In this paper the performance of the turnout crossing after the repair welding and grinding 

(W&G) was analysed. It is observed in the field that sometimes the W&G activities that 

directly affect the crossing geometry and/or material properties can have negative effects on 

performance and service life of the crossings. These effects have been studied both 

experimentally and using a numerical model. 

The results of the experimental study have shown that the original crossing nose and wing 

rail geometry is not always restored during W&G, which has the effect on the location and 

magnitude of the impact forces acting on the crossing. Based on the measured accelerations 

of the crossing, it was shown that in the considered case the repair W&G had a positive 

effect on the crossing performance by spreading the impact forces over a wider area.  

However, the positive effect of W&G through improvements of the crossing geometry can 

be spoiled by not properly performed welding. If the crossing material is not pre-heated 

enough or the cooling down process is not properly controlled (e.g. cooled down too fast), 

martensite will be formed and the resulted crossing material is not homogeneous anymore. 

The effects of these non-homogeneities in the crossing material have been investigated 

using the following numerical tools: 

- The 3-D dynamic (explicit) finite element model of a wheelset moving over the 

crossing,  

- The sub-modelling procedure that is used for the detailed stress-strain analysis in 

the critical locations on the crossing determined in the dynamic analysis 

- The fatigue life model accounting for the ratcheting behaviour of material, based 

on the stresses obtained using the sub-model.  

Using the micro-structure analysis of a welded crossing and the steel material properties 

from the literature, three layers with different material properties, namely weld material, 

heat-affected zone (HAZ) and base material, were introduced in the model. The results of 

the simulations with this model have clearly shown that when the heat treatment during the 

welding process is not performed properly (and the material is not homogeneous) the crack 

was initiated in the interface HAZ – welded material, while for the homogeneous material 

(proper welding process) the crack initiation occurs on the surface of the crossing. Also, the 

fatigue life to the crack initiation was twice lower in case of non-properly performed 

welding. Regarding to the crack propagation stage the difference between the proper and 

non-proper welding will be even bigger, since the surface cracks (proper welding) can be 

eliminated due to wear that prolongs the surface life of crossings. 

In order to estimate the effect of different welding processes on the fatigue life of the 

crossing, four cooling/heating conditions are analysed by the proposed methodology. It has 
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been shown that the conditions when the crossing is not pre-heated prior to welding and the 

cooling process is too fast result in the shortest service life. In order to avoid the formation 

of martensite, the usage of high manganese steel in the crossing nose is proposed in this 

paper.  

In conclusion, the presented results demonstrated the proposed approach can be 

successfully used to evaluate the effect of repair W&G. This procedure can be used to 

evaluate the performance of crossings generated from different repair W&G process, as 

well as to assess different crossing designs or the crossing performance under various 

conditions. 
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Abstract 
 
In this paper the interaction between the wheelset and railway turnout crossing is performed 

by a multi-body system (MBS) dynamic simulation and finite element (FE) simulation. The 

1:15 turnout crossing which is based on the drawing from the manufacturer is used in MBS 

model. The profiles of the wing rail and crossing are used as input into the FE model to 

create three-dimensional crossing geometry. In FE simulation, the dynamic response of a 

whole wheelset while passing a crossing is obtained. By quantities such as wheelset 

displacements and contact forces in rails the dynamic responses of both models are 

compared and validated to ensure that with the reference conditions the results from both 

models are comparable. The collaboration provides more possibilities for further simulation 

of the wheel/crossing interaction such as variation of the initial conditions  
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1 Introduction 

Turnouts are important elements of the railway infrastructure as they provide guidance to 

the traffic. A turnout consists of a switch panel, a closure panel and a crossing panel. 

Because of the geometrical rail discontinuities in the crossing panel, high impact forces are 

generated by the passing vehicles. Moreover, as the shape of the crossing profiles is 

gradually changing to the normal rail, the small width and radius of the crossing nose make 

it the weakest point in the crossing structure, since the high forces can lead to high stresses 

in the rail. Therefore, the high impact forces and the variable crossing geometry together 

result in severe damage in the crossing. 

There are several parameters which can influence the wheel/crossing interaction, such as 

the geometry and material properties of wheel and crossing geometry, axle loads, as well as 

vehicle velocity. It was also observed that the geometrical irregularities before and after the 

crossing panel also have a great influence on the wheel/crossing impact. It was observed in 

the field in the Netherlands that the long wave irregularity of the rail resulted in fast 

degradation of the crossing geometry and ultimately damage of crossing. Therefore, it is 

necessary to investigate these effects on the wheelset and turnout interaction.   

Since the behaviour of a crossing is sensitive to both track features and vehicle 

characteristics, it is necessary to take into account the dynamic behaviour of both track and 

vehicle [1]. For the conditions mentioned above, using a multibody system (MBS) dynamic 

simulation is necessary. However, MBS simulation has its limitations, since the stress and 

strain results are not available from MBS. In this case finite element (FE) model can be 

used to consider behaviour such as plastic deformation and hardening of the material on a 

local scale.  

There have been several numerical simulations performed by both MBS model and FE 

model with respect to turnout. For example, a procedure for analysis of train-turnout 

interaction based on the MBS method integrated with a FE simulation to study the plastic 

deformation of a switch rail was demonstrated in [18]. In [15] a local three-dimensional (3-

D) FE model accounting for non-linear material properties and plasticity was used for 

analysis of wheel/rail contact and rail damage in turnout. However, in most of the previous 

simulations the contact loads and contact locations from MBS simulations were used as 

input data in the static finite element analysis. In this study, dynamic simulations are 

performed by both models, the results will be compared and at a later stage results from 

MBS simulation can be used as input into the FE model.  

2 Analysis 

In this study, a 1:15 turnout crossing which is based on the drawings from the manufacturer 

is used in MBS model. Here the commercial multibody dynamic code VI-Rail is used to 

model the dynamic vehicle–track interaction at the crossing. The turnout with the total 
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length of 150m is modelled. On the other hand, the FE analysis is performed using the 3-D 

explicit FE method, which was previously developed to simulate the dynamic response of a 

whole wheelset while passing a crossing [4]. It includes a whole wheelset and a crossing 

section including both wingrail and crossing which is 4540 mm long. The geometry of the 

crossing in FE model is obtained from MBS to ensure that the same geometry is applied in 

both models. The procedures of both numerical simulations are as follows. 

Firstly, the whole process of the wheelset passing the crossing is simulated and the dynamic 

responses are analysed in MBS model. Then the crossing and wing rail profiles with an 

interval of 50mm are imported into FE model to create the same crossing with a 3D 

geometry. By quantities such as contact forces and pressure in rails the dynamic responses 

of both models are compared and validated to ensure that with the reference conditions both 

models perform in the same way. 

2.1 Multi-body system dynamic model: VI-Rail 

The commercial software VI-Rail is a specialised environment for railway virtual 

prototyping based on the industry standard multi-body dynamics code MSC Adams [5] to 

simulate the dynamic vehicle-track interaction. Using VI-Rail, the running gears, car body, 

accessory subsystems, and complete railway vehicles can be built and altered, which can be 

analysed to understand their dynamic behaviour. VI-Rail can interface with finite element 

software to include flexible rails and to expand track modelling capabilities to other than 

ballasted track forms. The local contact geometry (location of contact point on wheel and 

rail, contact angle, size of the contact patch etc.), contact forces, energy dissipation and 

wheel/wheelset displacements w.r.t the rails etc., which are as functions of the position 

along the turnout during the passage of each wheel, are outputs of the dynamic simulations. 

The vehicle-track analysis tool is used in time-domain simulations presented. 

The realization of the complete railway vehicle and track combination is essential in a 

multibody modelling. The complete railway vehicle system in VI-Rail consists of a vehicle 

model (either a single wagon or a whole train), a track model, and contact elements. These 

models are first built separately and are assembled afterwards to obtain a complete railway 

system. A sampling frequency of 5000 Hz is used during the simulation and all the results 

are low-pass filtered with cut-off frequency 500 Hz before evaluation of the transition 

behaviour.  

2.1.1   Vehicle model 

A typical model of railway vehicle is composed of the car body, the front bogie and the rear 

bogie, wherein the car body and bogie frames, as well as the wheelsets are treated as rigid 

bodies and are defined by their mass-inertia characteristics (mass, moments of inertia, and 



178                                                                                                                                Paper E 

 

the position of the gravity centre). All bodies are connected by springs and dampers, 

representing the primary and secondary suspensions that are used to support the car 

components and to provide vibration isolation. 

A single wagon representing the wagon of the VIRM passenger train (used in the 

Netherlands) is used in the study, which has the static wheel load of 89 kN. In the present 

paper, the investigations are only for the vehicle passing in the main-facing direction with 

the velocity of 140 km/h.  

2.1.2   Track model 

In VI-Rail, the nominal track geometry (layout) is defined by the length of straight track, 

the length and curvature of a curve (and transition curves), track cant, track gauge, rail 

inclination and the nominal rail profile. To represent the geometry in the switch panel and 

the crossing panel, various rail profiles are used along the track and the check rail is 

introduced. 

Here the ‘moving track’ model is adopted for simulating the turnout track. The studied 

turnout is a standard right-turn one with the curve radius of 725 m and the crossing angle 

1:15. The through route of the turnout with the total length of 150 m has been considered in 

the model. In the crossing part a number of changing rail profiles are used to represent the 

complex crossing geometry (Figure E-1). With the varying rail profiles, the wing rails, the 

nose rail and the crossing-angle are all defined. Also the guiding rails are modelled where 

they are used in the track.  

 

Figure E-1. Simulated crossing profiles 

In order to analyse the sensitivity of the wheel motion on the crossing, the rail profiles are 

densely spread along the crossing. Table E-1 lists the rail profiles used in the crossing 

model including the intervals between the adjacent rail profiles along the crossing. 

Table E-1. Rail profiles along the crossing in the MBS model [4] 

Location (mm) 

(from nose point) 

Interval 

(mm) 

Rail profile 

~ -875 - constant rail profile (54E1) 

-875 ~ -225 50 wing rail 

-225 ~ 1050 15 parameterised nose rail (changing profile) + wing rail 

1050 ~ - constant rail profile (54E1) 

Nose rail

Wing rail
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On the opposite side to the crossing, the stock rail along with the check rail is modelled.  

The friction coefficient of 0.4 is applied to the rails. The train starts from 13 m before the 

nose point and ends at 30 m after the nose point. The S 1002 unworn wheel profile is used 

and the comparison with the one in FE model is shown in Section 2.2, Figure E-3. 

2.1.3   Wheel-rail contact 

The vehicle model and the track model are connected through the wheel/rail contact model. 

Currently four contact elements are available in the VI-Rail package [5]:   

- WRLIN – the Linear Contact Element.  

- WRQLT – the Quasi-Linearized Contact Element.  

- WRTAB – the Table Contact Element.  

- WRGEN – the General Contact Element 

Among all the contact elements, WRGEN gives the most accurate description of the 

wheel/rail contact kinematics while remaining the computational efficiency. It is an element 

that uses actual wheel and rail profiles to compute the actual contact kinematics at each 

simulation step taking into account the effect of the wheel/rail angle of attack (pseudo 3-D 

contact). Various rail/wheel profiles can be used with this type of element. In WRGEN the 

contact patches are calculated based on the undeformed penetration of the wheel/rail 

profiles and the wheel contact line. The shape of a contact patch is computed by 

segmenting the contact area into stripes, which is more realistic. Moreover, up to 10 contact 

patches can be considered for one wheel/rail interaction. The calculation is done online (in 

‘real time’) during the dynamic simulation, so there is no need to provide a pre-calculated 

wheel/rail contact geometry table. As a result, it is the most preferred choice for all types of 

dynamic simulation. Many advanced features in VI-Rail are only available when using 

WRGEN contact such as contact graphic visualization, variable wheel/rail profiles and 

wear computation. 

To model the wheel-rail contact, three main coordinate systems are used: the track 

reference coordinate system TRS, the rail reference coordinate system RRS and the wheel 

reference coordinate system WRS. The movement of the wheelset with respect to the track 

centre such as rotation (yaw angle and rolling angle), lateral and vertical displacement, 

together with the rotation of the wheel determines the position of the wheel with respect to 

the rail. As long as the position of the wheel on the rail is determined, the contact point 

(single or multiple) can be find.  

The projection of the wheel contour on a plane normal to the rail (plane of the rail profile) 

is defined as the possible contact line. The occurrence of contact is determined by the 
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undeformed penetration between the rail profile and the contact line. If no penetration 

occurs, there is no contact. 

According to the approximation described in [5], it is assumed that the penetration of 

undeformed profiles u describes elastic deformation el
d

 

0.55

el
u

d
 

 

(E-1) 

 

The intersection points of the rail profile and the contact line on the wheel describe the 

lateral width of the contact patch. It is assumed that the rail is straight in the longitudinal 

direction. The position of the contact point is computed as the centre of the contact patch. 

The locations of the contact points and the corresponding contact angles determine the 

locations and the orientations of the contact forces. For the normal contact problem, the 

Hertz theory is used for a given ellipse with undeformed penetration. The size of each 

wheel–rail contact patch is dependent on the normal force and the wheel–rail geometry at 

the contact point. While in the tangential directions the computation is based on the 

modification of Kalker's FASTSIM algorithm developed at TU-Berlin [5]. 

2.2 Finite element model 

In this paper, a three dimensional (3-D) explicit finite element model (Figure E-2) with the 

implementation of elastic-plastic nonlinear kinematic hardening material is developed to 

simulate the dynamic response of a whole wheelset while it is passing a crossing [8,9]. The 

model consists a crossing section of 4540mm long, in the main direction of a left-handed 

turnout. The wheelset is placed at a position of 376mm before the crossing nose, which will 

roll over the crossing during the simulation. The S1002 unworn wheel profile is used 

(Figure E-3). The crossing geometry will be introduce in the section 2.2.1.  

 

Figure E-2. Schematic of the finite element model 
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Figure E-3. Wheel profile used in MBS and FE model 

2.2.1   Geometry and material properties 

The crossing and wing rail in the model are built by the profiles obtained from MBS model 

including both crossing nose and wing rail, which starting from 425mm before the nose 

point to 1050mm after nose point. These profiles are imported into FE model as ‘sketches’ 

onto a series of planes, which defines the locations of the profiles (Figure E-4a). They are 

then connected by ‘skin’ operation in ANSYS Workbench DesignModeler (Figure E-4b) to 

form the 3D geometry. This top part is then assembled to the base structure including 

ballast, sleepers, railpads and rails.  

 
 

a b 

Figure E-4. (a) Sketches of the imported profiles, (b) 3D crossing geometry created in FE 

model 

All the components in the model including railpads, sleepers and ballast are modelled using 

solid elements, which enables performing the stress and strain analysis. The rails are 
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supported by the 10 mm thick rail pads, concrete sleepers with the spacing of 600 mm and 

ballast bed with the thickness of 350 mm. The ballast layer was modelled using solids with 

the element size of 130mm. By using solid elements the shear forces in ballast can better be 

modelled as compared to spring and damper elements. Figure E-5 shows the mesh of the 

wheel, wing rail and crossing nose. Much finer mesh was used in the contact regions, i.e. 

the crossing nose, railhead and wheel tread. The wheel tread is modelled with the fine mesh 

with the smallest element of 1.5 mm. The outer rail and wing rail top are also meshed using 

this element size. As observed in the field measurements on the similar crossings, the 

maximum rail acceleration often occurs on the crossing nose between 300mm and 1050mm 

counted from the front of the crossing nose. Therefore, for this part of the crossing as well 

as for the wing rail and outer railhead the fine mesh with 1.5 mm elements is used. In order 

to achieve acceptable computational time, the rest of the model is modelled using relatively 

coarse mesh (Figure E-5). 

 

Figure E-5. Mesh of the wheel, crossing and the substructures 

In this current stage, the materials are modelled as linear elastic (Table E-2) to compare 

with MBS simulation, however the model can easily be adjusted for non-linear material 

properties.  

Table E-2. Material properties. 

Property Rail and crossing Railpad Sleepers Ballast 

 Structural steel Elastomer Concrete Gravel 

Mass (kg m^-3) 7850 1500 2500 1800 

Young’s Modulus(Pa) 2.00E+11 2.40e+8 3.00E+10 1.34E+8 

Poisson’s ratio 0.30 0.47 0.18 0.20 
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2.2.2   Contact model 

In the Finite Element Method (FEM) the contact modelling takes into account the 

linear/non-linear material properties, geometry as well as deformations of the bodies in 

contact. The quantities such as contact patches can be quite accurately obtained especially 

when fine mesh is used. Also, elastic properties of other components of the model (such as 

rail pads and ballast) can be taken into account.  

Normal contact force 

In this model, contact is treated using the penalty method. The method consists of placing 

normal interface springs between all penetrating nodes and the contact surface. Since the 

wheel and rail has similar material properties the standard penalty formulation is used here. 

According to this formulation the interface stiffness is chosen to be approximately the same 

order of magnitude as the stiffness of the interface element normal to the interface. 

The stiffness factor ki for the master segment si is given in terms of the bulk modulus Ki, 

the volume Vi, and the face area Aiof the element that contains si as: 

𝑘𝑖 =
𝑓𝑠𝑖𝐾𝑖𝐴𝑖

2

𝑉𝑖
 

(E-2) 

 

In order to calculate the normal contact force between the wheel and rail the locations of 

potential penetration are to be identified first. If there is no penetration, nothing is done. 

When the penetration is found, a force proportional to the penetration depth and the 

interface stiffness is applied between the node and its contact point on the surface to resist 

and ultimately eliminate the penetration. Penetration l of the slave node ns  through the 

master segment is indicated if: 

𝑙 = 𝑛𝑖×[𝑡 − 𝑟(𝜉𝑐 , 𝜂𝑐)] < 0 (E-3) 

Where:  

ni = ni(ξc, ηc), and is normal to the master segment at the contact point.  

t is a position vector drawn to slave node ns. 

(ξc, ηc) is the contact point coordinates on master segment s.  

r(ξc, ηc) is a vector that drawn to the contact point on the master segment s.  

If slave node ns has penetrated through master segment si, we add an interface force vector 

fs: 

𝑓𝑠 = −𝑙𝑘𝑖𝑛𝑖, if  𝑙 <0 (E-4) 
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Tangential contact force 

The tangential force that consists of lateral contact force and longitudinal contact force, is 

calculated as the friction force. Friction in LS-DYNA is based on a Coulomb formulation. 

The frictional algorithm uses the equivalent of an elastic plastic spring. In each time step 

the frictional force (𝑓) is updated based on the incremental movement of the (slave) node 

(∆𝑒 ) and the interface stiffness (𝑘 ) as follows 𝑓𝑛+1 = 𝑓𝑛 − 𝑘∆𝑒 . After that the yield 

condition for the updated force is checked using the yield limit calculated in this step 

Δe(using the normal force and friction coefficient). If the trial friction force is below the 

limit it will be used on the next step, otherwise the yield limit is to be used.  Details on the 

contact modelling can be found in [10].  

2.2.3   Analysis procedure 

The wheelset moves along the crossing with the translational velocity of 140 km/h and the 

angular velocity of 84.54 rad/s. Initially, the wheels come in contact with the rails due to 

application of the gravity force and the axle load. In order to minimize the initial system 

vibration, the preload procedure was used, according to which the application of the initial 

velocity is delayed to exert the preload stage. After this stabilisation stage, the initial 

velocities are applied and the wheel set starts rolling. During the simulation, the inner 

wheel of the wheelset first rolls on the wing rail and then comes in contact with the crossing 

nose that generates an impact between the wheel and rail. Finally, the contact point 

transfers from the wing rail to the crossing nose and the wheel continues to roll on the 

through rail. The simulation time of 50 ms has been chosen which is sufficient for analysis 

of the wheel/rail impact. The friction coefficient of 0.4 has been used in the simulations. 

The implicit-explicit switch method is used in these simulations. Here implicit method is 

adopted for the preload stage. After the preload stage, the simulation is performed with 

explicit method. In the explicit dynamic analysis the stiffness matrix does not need to be 

inverted in each integration step as compared to the implicit one (which is computationally 

more expensive). However, it requires tiny time step to get stable, so it is usually suitable 

for short duration event. The integration step of the simulations is chosen automatically 

based on the stiffness and mass properties as well as the smallest element size in the model. 

The explicit time integration is more accurate and efficient for simulations involving non-

linear material behaviour and complex contact, which is closely relevant to the wheel/rail 

contact simulation. The time step in this case was 3e-7s and remained the same in the whole 

calculation. After each simulation, the response quantities of the wheelset and crossing 

were collected and analysed as it is described in the following sections.  

3 Model comparison 

In this section the parameter settings, initial conditions and the simulation results of both 

models are compared. The parameters such as stiffness are first compared and tuned to 
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ensure that the two simulations are conducted in the similar way. Then the initial conditions 

of the wheelset are checked to ensure that no difference exists when the simulations start. 

Finally the results are compared to show the main similarities and differences. Conclusions 

are drawn based on these comparisons for further collaboration of the two models. 

3.1 Parameter settings  

As discussed above the FE model has only a short section of crossing, while MBS model 

includes the whole turnout of 150m, with the starting position at 13m before the nose point. 

The FE model considers only a wheelset, while MBS model takes the vehicle, bogie and 

suspension into account. A combination of both models enables to take full account of 

vehicle movement and local stress/strain results as well as material hardening into account. 

In order to further combine the models together, the first step is to compare and unify the 

parameters as far as possible.  

Parameters of both models are listed in Table E-3. It should be noted that damping in FE 

model is defined as mass damping and stiffness damping, instead of the damping stiffness 

in MBS model. Mass damping is applied as low frequency damping, while stiffness 

damping is applied as high frequency damping. The material properties of the railpads and 

ballast in FE model are defined as elastic modulus, while in MBS model they are given as 

stiffness. These values are tuned within a proper range to achieve more comparable results  

Table E-3. Parameters of MBS and FE models 

 

 
 MBS FEM 

wheel 
profile S1002 S1002 

Radius (m) 0.46 0.46 

wheelset Mass (Kg) 1750 1750 

 

Ballast stiffness (N/m) 1.2e+8 N/m 

Young’s 

modulus 

(Pa) 

5.85e+7 

Railpad stiffness (N/m) 
1.42e+9 

N/m 

Young’s 

modulus 

(Pa) 

9.01e+7 4.2e+8 

Ballast damping (N·s/m) 4.8e+4 200 0.15 

Railpad damping(N·s/m) 3.4e+4 200 0.15 

velocity km/h 140 140 

axle load kN 178 178 
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3.2 Initial conditions 

It is known that any lateral displacement of the wheelset or/and angle of attack would result 

in the extra contact forces. Therefore, it is important that the initial conditions of the two 

models are comparable. In FE simulation, in the beginning of each simulation the wheelset 

is placed on the wing and stock rail in the middle of the track without any lateral 

displacement or rotation, so that no angle of attack and no lateral displacement are applied. 

The wheelset has no constraint in any degree of freedom. The lateral displacement and 

angle of attack of the wheelset occurs during rolling as a result of the geometrical 

discontinuities in the crossing. 

In MBS simulation, the vehicle starts at 13m before the nose point. At the position where 

wheelset in FE model starts rolling (376mm before the nose point), the initial condition of 

the wheelset is not zero. However, as the vehicle in MBS starts long before the nose point 

without any rail irregularities, the initial condition of the wheelset is relatively small, which 

is shown in Table E-4. Therefore, it is assumed that the initial conditions of both models are 

comparable.  

Table E-4. Initial conditions in MBS model 

yaw angle crossing side (, positive: anticlockwise ) 0.007 

yaw angle opposite side (, positive: anticlockwise) -0.007 

rolling angle crossing side (, positive: anticlockwise) 0.014 

rolling angle opposite side (, positive: clockwise) 0.014 

vertical displacement crossing side (mm, positive: upward) -0.34 

vertical displacement opposite side (mm, positive: upward) 0.034 

lateral displacement of wheelset (mm, positive: from centre of the track towards 

the crossing side) 
0.114 

3.3 Results 

In order to compare the dynamic behaviour of the crossing in two models, several quantities 

are chosen. From the FE modelling the wheel/crossing contact forces, wheelset and 

crossing nose displacements and accelerations, stresses in rail material as well as in sleepers 

and ballast can be obtained. In MBS model the local contact geometry, contact forces, 

energy dissipation and wheel/wheelset displacements are outputs of the dynamic 

simulations. Therefore, the impact location, wheelset displacement, contact force and 

pressure are compared. The comparison results are as follows. 
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3.3.1   Impact location 

When the wheelset passes the crossing area, it first rolls on the wing rail. Then the wheel 

gets in contact with the crossing which generates an impact on the crossing. Finally the 

contact point jumps from the wing rail to the crossing. The beginning of the contact on the 

crossing and end of the contact on wing rail, which form the transition zone are compared. 

Transition zone is crucial in wheel/crossing contact as it determines the location on the 

crossing that is subjected to severe impact and large plastic deformation. The transition 

zone is determined by the height difference of the wing rail and the crossing, e.g. if the 

height difference is smaller, the contact on the crossing nose will initiate earlier. The 

comparisons are listed in Table E-5. 

Table E-5. Comparison of impact locations 

 MBS FEM 

Beginning of contact on crossing nose 432.12mm 318.0mm 

End of contact on wing rail 517.7mm 467.9mm 

Length of transition zone 85.58mm 149.9mm 

Impact location (location with max normal force) 572.17mm 503.9mm 

The difference of the beginning of the contact on crossing nose may be that the stabilization 

stage is applied in the FE model. It can be observed in section 3.3.2 that the initial vertical 

displacement of the wheelset from FE model (-1.590mm) is larger than the one from MBS 

model, which means that at the end of the stabilization the wheelset and wing rail are 

already brought into contact, i.e. the wing rail is pressed downwards by the wheel. This 

downwards displacement is larger than the one in MBS. Therefore, at the moment when 

wheelset starts rolling in FE model, the height difference of the wing rail and crossing is 

smaller than the defined geometric height difference at the beginning of the simulation. 

Compared with MBS model, the height difference when wheelset starts rolling (position -

376mm) is also smaller. As discussed above, the height difference determines the transition 

zone, smaller height difference results in earlier contact on the crossing. Therefore the 

difference in transition zone can be explained.  

The other reason may be that the primary suspension in FE model is missing, which makes 

the wheelset too stiff. Therefore, the movement of the wheelset in vertical direction is not 

as flexible as in the MBS model. The bouncing of the wheelset towards the car body is 

relatively small in FE model, which brings the contact between wheelset and crossing more 

earlier. 

The impact location which is defined as location with the maximum normal contact force is 

also compared. The results of the two models are both behind the transition zone, which 

leads to the conclusion that the impact occurs not at the moment when the wheelset has the 

contact with crossing, but after the wheelset leaves the wing rail. It is also observed in the 
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field observation that the location with large plastic deformation occurs after the transition 

zone. 

3.3.2   Wheelset displacement 

The vertical and lateral displacements of the wheelset represent the trajectory of the 

wheelset when passing the crossing and give the indication of difference in the two models. 

Figure 6 plots the vertical displacement of the wheelset at crossing nose side. It can be seen 

that in MBS model, the initial (376mm before the nose point) wheelset vertical 

displacement is -0.348mm, however in FE simulation the displacement is -1.59mm. The 

reason is that the wheelset in FE model undergoes the preload stage, that is at the end of the 

preload stage the wheelset is stabilized on the wing rail. In this stage the wheelset has a 

vertical displacement of -1.59mm. The initial displacement, maximum displacement and 

the vertical moving distance of the wheelset are shown in Table E-6. 
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Figure E-6. Vertical displacement of the wheelset 

Table E-6. Vertical displacement of the wheelset 

 
MBS 

model 

FE 

model 

Initial displacement (mm) -0.348 -1.590 

Maximum displacement (mm) -2.726 -3.370 

Position of the max displacement (distance from the nose 

point (mm) 
424.35 466.66 

Vertical moving distance (mm) 2.378 1.780 

It can be seen that the vertical moving distance of the wheelset in FE model is smaller than 

MBS, even though in the plot it shows that the maximum vertical displacement in FE 

model is larger. It can be explained by the applied preload stage in FE model and the 

different contact algorithm as discussed above. The position of the maximum displacement 

is comparable.  
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The lateral displacements of the wheelsets are plotted in Figure E-7, which are relatively 

comparable. The positive direction is to the outer side of the crossing nose. It can be seen 

that the wheelset has a lateral displacement when passing the crossing because of the 

discontinuities in geometry.  
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Figure E-7. Lateral displacement of the wheelset 

3.3.3   Contact force and contact pressure 

Normal contact force (MBS) and vertical contact force (FEM) are plotted in Figure E-8. 

The maximum value of both models are in the range of 400mm to 700m, which indicates 

the location of the impact. The transition zone is shown in FE results by the intersection 

area within the red and blue lines. Regarding to the value of contact force, FE model has a 

smaller value compared the MBS results. The reason can be that the contact on the crossing 

nose initiates earlier and the transition zone is longer. The difference in the value of the 

contact forces can be reduced by further tuning the parameters such as the stiffness 

properties. It should be noted that in FE results the contact force value reduced to almost 

zero after the impact, however it is not observed in MBS results. It can be explained by the 

absence of primary suspension in FE model so that the wheelset bounces on the crossing 

due to the impact. 
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Figure E-8. Comparison of the normal/vertical contact force 

Figure E-9 shows the contact pressure of both models. Similar to the results of contact 

forces, the contact pressure is significantly increased in the area of 400 to 700mm from 

both models. However, the value of contact pressure from FE modelling is smaller than the 

one in MBS simulation. The difference can be due to the different contact algorithm. Since 

for the normal contact problem Hertz theory is adopted for a given ellipse with undeformed 

penetration, contact pressure calculated by Hertz contact theory is also used here to 

compare with MBS simulation results, which is shown in Table E-7. It can be seen that for 

the maximum contact pressure, MBS mode and Hertz theory has a good correlation. The 

difference in MBS model and FE model results can be adjusted by tuning model parameter 

settings, as the discussion with respect to contact forces. 
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Figure E-9. Comparison of contact pressure 
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Table E-7. Comparison of contact pressure from FE model, MBS model and Hertz theory. 

Contact pressure Maximum value (MPa) Location of max pressure 

(mm, distance from the nose point) 

MBS 3900 486.57 

FEM 1470 515.27 

Hertz theory 3560 - 

4 Conclusion 

The dynamic response of the wheelset and crossing interaction conducted by multi-body 

system model and finite element model is compared. The parameter settings, initial 

conditions and simulation results are compared and discussed. The parameters such as 

railpads and ballast stiffness, damping parameters, axle load and velocity are set to the 

similar values. Initial conditions of both models at the position where the wheelset starts 

rolling in FE model are checked to make sure that no big difference exists at the beginning 

of the simulation. The results such as impact location including transition zone, wheelset 

displacement and contact forces and pressure are compared.  

It is found that in general the results are comparable, however some deviations still exist. 

The deviation in impact location can be explained by the preload stage and the absence of 

primary suspension in FE model. Difference in contact forces and pressure is closely 

related to stiffness and damping parameters which can be tuned in further calculations.   

The main reasons of these differences can be categorised as: 

- Stiffness 

- Damping  

- Contact algorithm 

- Absence of suspensions in FE model  

- Analysis parameters, e.g. time integration step 

- Mesh size in FE model on wheel and rail surfaces 

Since some factors such as contact algorithm cannot be changed, stiffness and damping 

parameters should be tuned to obtain more comparable results. Some other parameters such 

as time step and mesh size (FE model) should be properly selected in order to eliminate the 

possible difference generated by them.   

In conclusion, the results from both models are similar, however further tuning of both 

models should be performed in order to achieve more comparable results. If the results are 

comparable, simulations such as variation of the initial conditions can be conducted by both 

models. 
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