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Propositions

accompanying the dissertation

WHEEL-RAIL INTERACTION:
ENHANCED EXPLICIT FINITE ELEMENT MODELLING, VERIFICATION AND VALIDATION

by

Yuewei MA

1. The best way to understand the wheel-rail (W/R) contact is to measure it.

2. The rapid development of numerical simulations of W/R interaction mirrors the increasing
demand of well-established experimental techniques.

3. Using the finite element method, detailed modelling/analysis of the vehicle-track interac-
tion can be performed, as long as the computing power is sufficiently high.

4. Verifications & validations ensure that the model has a sufficient accuracy, instead of being
100% accurate.

5. For newly-built cities the elevated monorail will be preferred over the subway.

6. The imperfections of other people help you to become better.

7. Passion for work is as air/water for human life.

8. For teenagers the earlier the social responsibility is taken, the better they are prepared for
adult life.

9. Being critical on your past performance keeps you going upward.

10. Knowledge itself cannot create wealth, but making proper use of knowledge can.

These propositions are regarded as opposable and defendable, and have been approved as such
by the (co)promotors Prof. dr. ir. R.P.B.J. Dollevoet and Dr. ir. V.L. Markine.





SUMMARY

Nowadays, wheel-rail (W/R) interfaces are suffering from the practical problems (e.g.
wear, rolling contact defects) with the increase of train speed and traffic density. For ac-
curate prediction of wear and/or growth of rolling contact defects, rapid determination
of detailed contact responses (i.e. contact stresses & strains) using numerical methods,
is necessary.

As one of the numerical methods, the explicit finite element (FE) method has been
increasingly used due to its striking versatility (i.e., the consideration of dynamic effects,
material and geometrical non-linearities). But there are still several FE modelling chal-
lenges to be addressed. First, the calculation accuracy & efficiency of the FE method can
not be automatically guaranteed. Second, the default values of the interface parame-
ters provided in the commercial FE packages are not always suitable for the modelling
of W/R rolling contact. Third, the detailed verification & validation methods/procedures
for the FE model of W/R interaction are still in demand.

It is thus motivated to perform an in-depth study on the performance (i.e. accuracy
and efficiency) of the explicit FE method applied to the analysis of the dynamic W/R
frictional rolling contact behaviour. Through this study, it is aimed to enrich the detailed
knowledge of W/R interaction, and help the researchers in the field of railway engineer-
ing to judge the benefits and drawbacks of explicit FE simulations. The dissertation is
divided into four parts, in which four research problems are addressed.

The first part presents an explicit model of a wheel rolling over a rail developed in
LS-DYNA and a study on how to improve the accuracy and efficiency of such a model.
To begin with, a novel modelling strategy is devised. According to this strategy, a 2D
geometrical W/R contact model is used for improving the performance of 3D FE W/R
contact model by (1) adjusting the two contact bodies to the “just-in-contact” position,
(2) detecting the potential contact areas wherein the FE mesh refinement to be applied,
(3) determining the actual rolling radius of the wheel based on which the right amount
of traction is calculated and applied to the wheel. The results of the 3D simulations
performed showed that the use of such strategy can lead to: (1) almost 100% success
rate of the FE simulations by decreasing the “gaps or penetrations” to the order of a mi-
crometre or even less, (2) a significant reduction (2∼3 times) of the calculation time as
compared to the regular mesh by using the adaptive mesh refinement procedure, (3) ef-
ficient (within a short travelling distance of 50 mm) steady-state tangential solutions by
applying the appropriate amount of traction.

The second part concentrates on how the choice of the four important interface
parameters such as the penalty scale factor, mesh uniformity, mesh density and con-
tact damping, affects the accuracy of the explicit FE-based contact solutions. The phe-
nomenon of “contact instability”, which is associated with the unrealistic oscillated con-
tact responses, can be observed, when the interface parameters are selected improperly:
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(1) too small (e.g. 0.1 by default) or too large (e.g. 200) penalty scale factor, (2) non-
uniform and coarse mesh (size of 2.0 mm or even larger), (3) over-critical contact damp-
ing (e.g. increased by a factor of 1.8). To maintain the contact stability, guidelines for
selecting the proper interface parameters are formulated. Following these guidelines, a
set of the interface parameters (i.e. penalty scale factor 12.8, mesh size 1.0 mm, default
damping factor of 0.8), suitable for studied W/R contact problem has been determined
and used in the simulations. The results of the numerical simulations have shown that
the suggested interface parameters provide stable and accurate solution of the rolling
contact problem, which indicates that the proposed guidelines may increase the use of
explicit FE method for analysing the W/R contact problems.

The third part focuses on how to carry out the verification of a FE model of W/R inter-
action. Given the fact that the realistic W/R profiles are used in the FE model developed
here, attention is focused specifically on the non-Hertzian and non-planar contact prob-
lems. For such problems, the verification of the FE models has not been performed ad-
equately so far. A detailed procedure of the model verification via comparison of shear
stresses, slip-adhesion areas, etc., with the results of CONTACT programme (based on
Kalker’s exact theory) has been developed. The good agreement of the FE results with
those of CONTACT indicates that the FE-based contact solutions are accurate. There-
fore, the model developed here can be used as a basis for prediction of wear and rolling
contact fatigue life wherein the detailed contact responses are necessary. The effect of
varying operational patterns such as friction, traction, lateral shift of wheelset, on the
surface/subsurface material responses is also investigated using the developed model.
The results have confirmed that stress concentrations in the rail move towards the rail-
head surfaces with the increase of friction and/or traction, which can be helpful for de-
vising proper lubrication strategies so as to mitigate the interface degradation (i.e., wear,
rolling contact defects).

The fourth part demonstrates how to extend/upgrade the FE model of W/R inter-
action developed in this study to a new level for analysing the wheel-crossing (W/C)
interaction, and how to validate this model experimentally. It was shown that using the
novel modelling strategy developed here about 94% calculation time of explicit FE simu-
lations of W/C impact can be saved. At the impact moment, the FE results show that the
surface normal pressure can be 4 times higher than the material yield strength, and the
subsurface stress is concentrated in a small volume of material. The results of this model
give more insights on the causes of rapid degradation of railway crossings. The validity
of the FE model is assessed by comparing the FE simulated results to the field observed
running bands of W/C contact and to the measured acceleration of the crossing nose.
The good agreement of the FE results with the field measurements confirms that the FE
model enhanced by the proposed modelling strategy can represent the reality well and
is an accurate tool to be used for further design or optimisation of railway crossings.

To summarise, the four research problems in the explicit FE modelling of the W/R
interaction have been addressed here, and it was demonstrated that the novel modelling
strategy proposed can strongly push forward the boundaries of what the explicit FE mod-
els can do. The acquired knowledge of W/R interaction will be useful for future scientific
and industrial research activities.



SAMENVATTING

Tegenwoordig, wiel-rail (W/R) interfaces lijden onder praktische problemen zoals slij-
tage en rollende contactdefecten, met de toenemende snelheden van de treinen en de
toenemende verkeersintensiteit. Voor een nauwkeurige voorspelling van de slijtage en/of
de groei van de rollende contactdefecten, is een snelle bepaling van de gedetailleerde
contactreactie (d.w.z. spanningen & rekken) met gebruik van numerieke methoden nood-
zakelijk.

Als één van de numerieke methoden, de expliciete eindige elementen (EEM) me-
thode wordt steeds frequenter gebruikt vanwege haar veelzijdigheid (d.w.z. de beschou-
wing van de dynamische effecten, materiaal en geometrische niet-lineariteiten). Ten
eerste, de nauwkeurigheid van de berekening & efficiëntie van de EEM kan niet auto-
matisch worden gegarandeerd. Ten tweede, de standaardwaarden van de interfacepa-
rameters gegeven in de commerciële EEM pakketten zijn niet altijd geschikt voor het
modelleren van W/R rollend contact. Ten derde, de gedetailleerde verificatie & validatie
methoden/procedures voor de EEM model van W/R interactie zijn nog nodig.

Dit motiveert de uitvoering van een diepgaand onderzoek van de prestaties (dat wil
zeggen de nauwkeurigheid en de efficiëntie) van deze expliciete methode toegepast op
het rollend contactgedrag van wiel en rail. Dit onderzoek is er op gericht om gedetail-
leerde kennis van W/R interactie te verrijken, en om de onderzoekers in het vakgebied
van railbouwkunde te helpen om voor- en nadelen van expliciete EEM simulaties af te
wegen. Het proefschrift is verdeeld in vier delen, waarin vier onderzoeksproblemen wor-
den aangepakt.

Het eerste deel presenteert een expliciet model van een wiel, ontwikkeld in LS-DYNA
en een onderzoek naar de manier om de nauwkeurigheid te verbeteren. Om te beginnen,
is een nieuwe modelleringsstrategie bedacht. Volgens deze strategie wordt een twee-
dimensionaal (2D) geometrisch wiel-rail contactmodel gebruikt om de prestaties van
het driedimensionale (3D) eindige elementen wiel-rail contactmodel te verbeteren door
middel van (1) het aanpassen van de twee contactlichamen aan de “just-in-contact” po-
sitie, (2) detectie van de potentiële contactgebieden waarin de EEM raster verfijning
moet worden toegepast, (3) bepaling van de werkelijke rolradius van het wiel op basis
waarvan de juiste hoeveelheid tractie wordt berekend en aangebracht op het wiel. De
resultaten van de uitgevoerde 3D-simulaties laten zien dat het gebruik van een derge-
lijke strategie kan leiden tot: (1) bijna 100% slagingspercentage van de EEM simulaties
door het terugbrengen van de “gaps of penetrations” tot de orde van een micrometer
of zelfs minder, (2) een aanzienlijke verkorting van de rekentijd (2 tot 3 keer) in ver-
gelijking met het gebruikelijke raster door gebruik te maken van de aangepaste raster-
verfijningsprocedure, (3) efficiënte (binnen een ‘short travelling distance’ van 50 mm)
steady-state tangentiële oplossingen door de juiste hoeveelheid tractie toe te passen.

Het tweede deel onderzoekt hoe de keuze van de vier belangrijke interfaceparame-
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ters, zoals de schaalfactor, rasteruniformiteit, rasterdichtheid en contactdemping, van
invloed is op de nauwkeurigheid van de op expliciete EEM gebaseerde contactoplos-
singen. Het fenomeen “contactinstabiliteit”, dat gerelateerd is aan onrealistisch oscil-
lerende contactreacties, treedt op wanneer de interfaceparameters onjuist worden ge-
kozen: (1) een te kleine (bijvoorbeeld standaard 0,1) of een te grote (bijvoorbeeld 200)
penaltyschaalfactor, (2) een niet-gelijkmatig en te grof raster (2,0 mm of zelfs groter), (3)
en over-kritische contactdemping (bijvoorbeeld verhoogd met een factor 1,8). Om de
contactstabiliteit te behouden, zijn richtlijnen voor het selecteren van de juiste interfa-
ceparameters geformuleerd. Op grond van deze richtlijnen is een set van interfacepara-
meters bepaald die geschikt is voor het hier bestudeerde wiel-rail contactprobleem EEM
(een penaltyschaalfactor van 12,8; een maaswijdte van 1,0 mm en een standaard dem-
pingsfactor van 0,8). Met deze set zijn de simulaties uitgevoerd. De resultaten van de
numerieke simulaties hebben aangetoond dat de voorgestelde interfaceparameters een
stabiele en nauwkeurige oplossing bieden voor het rolcontactprobleem EEM. Dit geeft
aan dat de voorgestelde richtlijnen de toepassing van de expliciete EEM methode voor
het analyseren van de wiel-rail contactproblemen kunnen bevorderen.

Het derde deel richt zich op de vraag hoe een verificatie van een EE -model m.b.t.
W/R -interactie tot stand kan komen. Gezien het feit dat realistische W/R-profielen
worden gebruikt in het ontwikkelde EE-model, is de aandacht specifiek gericht op de
niet-Hertziaanse en niet-planaire contactproblemen. Voor dergelijke problemen is tot
nu toe geen adequate verificatie van EE-modellen uitgevoerd. Een gedetailleerde proce-
dure van de modelverificatie is ontwikkeld. Dit is bereikt door vergelijking van schuif-
spanningen, slip-adhesiegebieden, enz., met de resultaten afkomstig uit het CONTACT-
programma (gebaseerd op de exacte theorie van Kalker). De goede overeenstemming
van resultaten vanuit de EEM en die vanuit CONTACT indiceren dat de EE-gebaseerde
contactoplossingen accuraat zijn. Vandaar kan het ontwikkelde model worden gebruikt
als basis voor het voorspellen van slijtage en vermoeiing door een rollend contact, waar-
bij nauwkeurig de reacties in het contact bekend moeten zijn. Het effect van variërende
operationele patronen, zoals wrijving, tractie, laterale verschuiving van wielstellen, op
materiaalreacties aan het oppervlak en ondergrond wordt tevens onderzocht met be-
hulp van het ontwikkelde model. De resultaten hebben bevestigd dat spanningscon-
centraties in de rails naar de railkopoppervlakken toe bewegen wanneer wrijving en/of
tractie toeneemt. Dit kan nuttig kan zijn bij het ontwikkelen van goede smeerstrategieën
om de interfacedegradatie (dat wil zeggen slijtage, rollende contactgebreken) te vermin-
deren.

Het vierde deel laat zien hoe het EE-model m.b.t. W/R-interactie, dat in deze studie
is ontwikkeld, kan worden uitgebreid/verbeterd naar een niveau geschikt voor het ana-
lyseren van de wiel-wissel interactie (W/W) en hoe dit model experimenteel kan worden
gevalideerd. Er is aangetoond dat met behulp van de nieuw ontwikkelde modellerings-
strategie ongeveer 94% van de rekentijd van expliciete EE-simulaties van W/W-impact
bespaard kan worden. Op het moment van impact laten de resultaten vanuit EEM zien
dat de oppervlaktespanning 4 keer hoger kan zijn dan de treksterkte van het materiaal
en dat de ondergrondse spanning geconcentreerd is in een klein volume materiaal. De
resultaten van dit model geven meer inzicht in de oorzaken van snelle degradatie van
spoorwegovergangen. De validiteit van het EE-model wordt beoordeeld door de resulta-
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ten vanuit de EE simulaties te vergelijken met de waargenomen veldmetingen van W/W-
contact en de gemeten versnelling van het puntstuk. De goede overeenstemming tussen
de EE-resultaten met de veldmetingen bevestigt dat het EE-model aangepast en verbe-
terd met de voorgestelde modelleringsstrategie de realiteit goed kan weergeven en een
nauwkeurig hulpmiddel is om te worden gebruikt voor verdere ontwerpverbeteringen of
optimalisatie van spoorwegovergangen.

Samenvattend, de vier onderzoeksproblemen in de expliciete EE-modellering van
W/R-interactie zijn hier besproken en er is aangetoond dat de voorgestelde modelle-
ringsstrategie de grenzen van wat expliciete EE-modellen kunnen sterk naar voren schuift.
De opgedane kennis wat betreft W/R-interactie zal nuttig zijn voor toekomstige weten-
schappelijke en industriële onderzoeksactiviteiten.
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1
INTRODUCTION

This chapter first introduces the background of this work, including the vehicle-track sys-
tems, the deterioration of wheel-rail interfaces, the solutions of rolling contact problems.
Following that, the research problems, approaches as well as the outlines of this disserta-
tion are presented.

1
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1.1 VEHICLE-TRACK SYSTEM
Railway provides one of the most important means of transferring passengers, raw mate-
rials, fuels, etc. Despite of certain limitations (e.g. huge capital investment for construc-
tion, reduced flexibility of time and routine, etc.), railway transport retains many distinct
advantages, such as safe & dependable, energy-saving and large capacity, as compared
to other modes of transport (e.g. road, air, waterway, etc.).

Figure 1.1a shows a typical example of railway passenger transportation, where the
passing vehicle is supported and guided by the track fixed on the ground (also called
vehicle-track system).

Car-body

Bogie

Wheelset

Sleeper

Ballast

Subgrade

Railpad

Fastening system

Clamps

Wheel

Wheel/rail interface

Rail

Contact

(a)

(b)

Figure 1.1: Railway transportation: (a) Vehicle and track (photo taken from the field); (b) Schematic graph of
the components of vehicle-track interaction.

For the simplicity of notation, the vehicle-track system (See Figure 1.1b) is cate-
gorised as:

• The vehicle: including carbody, bogie and wheelset;

• Wheel/rail contact: referring to the interaction between W/R interfaces;

• The track: including the rail, the fastening system (i.e. the clamps and the rail
pads), the sleeper and the sleeper support (i.e. ballast and subgrade).

This study focuses on the wheel-rail interface of the vehicle-track system.
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1.2 WHEEL-RAIL INTERFACE
Nowadays, the ever-increasing train speed and axle loads lead to the excessive use and
overloading of both the railway vehicles and the tracks. As a consequence, the rail dam-
age problems, such as the wear, rolling contact defects (i.e. corrugation, head check,
spalling, squats, etc.), are commonly seen on the wheel-rail (W/R) interfaces. Figure 1.2
shows the typical damage problems.

(a)

Falling debris Corrugation

SpallingHead checks

Worn rail gauge

(c)

(b)

(d)

Figure 1.2: Damage of W/R interface: (a) Wear; (b) Corrugation; (c) Head checking; (d) Spalling at crossing rail.

W/R interface is thus widely recognised as one of the most sensitive elements of
vehicle-track system. To gain deep insight into the mechanism of the damage phenom-
ena, extensive studies have been carried out by a number of researchers and engineers
during the last decades. Usually, three approaches, namely, experimental, numerical, or
the combination of both, are used.

Detailed information about the recent advances of the experimental methods can be
found in Appendix A. Although the experimental studies are important, they share the
same kind of disadvantages such as being time-consuming and expensive.

Numerical methods: state-of-the-art Alternatively, numerical methods are used to
study the dynamic performance of the vehicle-track system and wheel-rail interaction.

For instance, using the multi-body system (MBS) dynamics method, the dynamic re-
sponses of the vehicle-track system such as displacements, accelerations and forces can
be assessed and obtained [1, 2, 32, 75, 78]. Yet, in the MBS simulations, all the compo-
nents of the vehicle-track system are usually assumed to be rigid. The contact models
used therein are often based on the assumptions of elastic (no material plasticity con-
sidered) half-space [40]. Thus, the detailed contact solutions (i.e. stress/strain results in
the W/R interfaces) are not available.

The (explicit) FE method [100, 101, 107], as opposed to the MBS method, is more
frequently used due to its striking versatility (i.e., the consideration of dynamic effects,
material and geometrical non-linearities) [60, 61, 95, 98, 99, 104]. However, such FEM
simulations usually demand more computational expense/power than that of MBS be-
cause of the large number of elements discretised. Also, it is difficult to be used in the
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analyses, where the multiple simulations are necessary e.g. in the design improvement
and optimisation [51]. It should be noted that for a fast analysis of W/R interaction, a
2-D FE model can be used as well [59].

The aforementioned numerical methods provide the great flexibility to analyse the
effect of varying material properties [48, 66, 97], local contact geometries [19, 33, 34, 55]
and W/R kinematics [9, 21–23, 31], on the performance of vehicle-track system at lower
computational and financial costs as compared to the experimental methods. Also, the
contact responses such as the size and shape of contact areas, the normal & shear con-
tact stresses [40, 104], which are still difficult to measure directly with the current avail-
able experimental techniques [50], can be determined.

Moreover, using the engineering models such as Archard’s law [5], Whole life rail
model [11, 13], Dang van criterion [84], Ekberg’s model [20], Paris’ law [65], etc., the evo-
lution of W/R profiles through wear [4, 7, 12, 49, 82], and/or the growth of RCF defects
[8, 17, 18, 24, 35, 52, 72] can be predicted.

Aiming to the compromise between wear and RCF, the optimal design of contact pro-
files [42, 44, 58, 63, 64, 77, 80, 94, 96], material microstructures [14, 41, 57, 70], as well as
maintenance procedures [25, 54, 73] could be found.

From the literature review presented above, it can be learned that numerical meth-
ods have been increasingly used to deal with the practical problems (e.g. wear, RCF dam-
age) of vehicle-track interaction. The results of numerical simulations tend to enrich the
knowledge of the formation & evolution mechanisms of wear and RCF damage. Also,
using the knowledge acquired, appropriate strategies of maintenance such as grinding,
welding, lubrication, etc., can be made and implemented. This will ultimately contribute
to a long service life of both the wheels and the rails.

However, regarding the validity of these simulation results, the solution of rolling
contact problem always plays an important role, since the resulting contact responses
are used as inputs for the numerical simulations [88]. Thus, a detailed literature study
on the solution of rolling contact problems is presented in the next section.

1.3 SOLUTION OF ROLLING CONTACT PROBLEM
Usually, the rolling contact problem is divided into two subproblems [40], namely:

• Normal contact: to determine the area of contact patches and to predict the dis-
tribution of normal pressure.

• Tangential contact: to explore the relationship between creepage and creep force,
and to estimate the distribution of tangential shear stress.

To tackle the problem of normal contact, the classical Hertz theory, in which the con-
tact patch is considered to be elliptical and the normal surface pressure is assumed to
be semi-ellipsoidal, was developed [27]. But this theory is limited to the study on the
straight track [75], in which the Hertzian assumptions are applicable. For the study on
the curved track or turnouts, non-Hertzian theories (i.e. multi-Hertzian [67, 68], semi-
Hertzian [6]) can be used alternatively. These normal contact theories have been incor-
porated with the commercial MBS computer codes (e.g. CONPOL, DYNARIL, VAMPIRE,
etc. [75]).
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Regarding the problem of tangential contact, significant contributions were made by
Prof. J.J. Kalker, as one of the key contributors [45], to describe the relationship between
creepages and creep forces [74, 103]. A series of representative theories (See Ref.[103])
such as linear theory [36], simplified theory [37], etc., were developed. For instance,
linear theory [36], which uses the well known “Kalker coefficients”, is shown to be quite
effective in the cases of small creepages and spin [93]. For large creepages, the non-
linear creepage-force relations of Vermeulen-Johnson [86] and Shen-Hedrick-Elkins [76]
are suggested according to [93].

In general, those contact methods can be divided into three categories [88]: (1) Sim-
plified/approximate methods, (2) boundary element method, and (3) finite element method.
The latter two are the advanced numerical methods [79]. A general overview on the three
classes of contact methods is given next.

Simplified/approximate methods The simplified theory [37] is based on approximat-
ing the relation between the surface traction and the surface displacement by using com-
pliance (flexibility) parameters [103]. Nowadays, the simplified theory is still commonly
used for predicting the creep forces [103].

Based on the simplified theory, the computational programme of FASTSIM was de-
veloped [92]. This programme has been further incorporated with the commercial MBS
computer packages [75].

However, the simplified theory introduce errors in the tangential forces in the range
of 5–10% as compared to that of CONTACT (based on Kalker’s exact theory) [93] de-
scribed below.

Boundary element method As opposed to the simplified theory, the complete/exact
three-dimensional rolling contact theory [38] is derived from the principle of comple-
mentary virtual work. Using this principle, the solution of the rolling contact problem,
which is a strictly convex minimisation problem with linear equality and inequality con-
straints [39], is determined by maximising the complementary energy over all admissible
functions that satisfy those constraints [40, 89].

This theory is implemented in the well-known program CONTACT [40, 90] using the
boundary element (BE) method. The exact theory is also called BEM(boundary element
method)-based theory/method [79].

As one distinct feature of the BEM-based method ([40, 90]), only the surfaces of two
contact bodies need to be discretised. Thus, a much smaller amount of elements would
be generated than that of finite element (FE) method, where both the surfaces and the
interior of contact bodies are divided into a finite number of non-overlapping regions
[40]. On the other hand, the use of half-space assumptions [103] in this theory allows
for the prompt determination of influence functions, through which the deformations
of the surface in contact are related to the tractions [89]. All of these prominent features
contribute to a much better calculation efficiency than FE method.

Moreover, CONTACT [90] is able to deal with arbitrary surfaces of the two contacting
bodies, which result in the non-elliptic contact patches. It is widely used for detailed
investigating the effect of rail irregularities and noise [89] and for the modelling of the
relation between creep and creep forces [91].



1

6 1. INTRODUCTION

However, due to the assumption of elastic half-space, CONTACT used to be not ca-
pable of taking the plastic deformation into account [46]. More recently, preliminary at-
tempts [85] have been made to model the local plasticity and study the effect of material
plasticity on the wheel-rail friction.

Finite element method As another advanced numerical method, FE method is generic,
flexible [79, 88] for addressing the contact problems [106]. This is because it accounts for
the material and geometrical non-linearities [107].

Nowadays, it becomes a popular tool used in the field of railway engineering. A va-
riety of models have been created for different engineering purposes [10, 16, 56, 71, 72,
83, 87, 99, 99, 104].

Generally, based on the different solving procedures, the FE methods are classified
into two main categorises: namely [26, 81], implicit and explicit.

In implicit FE method, the dynamic equilibrium equation is solved iteratively (e.g.
Newton-Raphson iterations), until the convergence criteria are satisfied. As one draw-
back of this method, the calculation of the inverse stiffness matrix, which is compu-
tationally expensive [81], is needed. Moreover, due to the inaccurate modelling of the
dynamic effects [26, 81], the implicit FE method [10, 56, 71, 72, 83, 99] is no longer able
to meet the increasing expectations of higher degree of realism.

As opposed to the implicit method, the explicit method finds the new state directly
based on information of previous states [15, 26, 100, 101]. The equation of motion for
the body is solved using the central difference method [81]. Using this method, there is
no need to invert the stiffness matrix [3, 26, 29, 81]. This enables the explicit FE method
to avoid certain difficulties of non-linear programming that the implicit method usually
has [102]. Moreover, the contact constraints are relatively easy to implement by using the
penalty method [106], and the dynamic effects are fully considered. However, as one of
the disadvantages, the explicit FE method is computationally expensive due to the small
time integration steps.

From the overview of the solutions of rolling contact problems, it can be learned
that all the three kind of methods have their own strengths and weaknesses. Thus, every
model should be made useful based on its advantages. For instance, simplified/approximate
methods can be used, if a quick calculation of forces is needed. BE method (CONTACT)
should be used, when the contact stresses are needed for multiple loading scenarios. FE
method can be used, if it is necessary to study the single cases in full detail.

In the present work, only the latter two, namely BE and FE methods, are used. Among
them, BEM (i.e. CONTACT See Chapter 4) is used as a reference for the purpose of FE
model verification, while the explicit FE method is adopted to model the W/R interaction
and is discussed all throughout this dissertation.

1.4 RESEARCH PROBLEMS
Although the explicit FE method, nowadays, is a preferable choice due to its striking ver-
satility (i.e. the consideration of dynamic effects, material and geometrical non-linearities)
for the analysis of rolling contact problems, there are still several challenges of FE-based
contact modelling to be addressed. These challenges involve:
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– Accuracy & efficiency of FE models: The calculation accuracy & efficiency of the
FE method applied for determining the detailed contact responses of W/R inter-
action, can not be automatically guaranteed [102]. For instance, the initial “gap or
penetration” between contact bodies would trigger the problems of divergence in
the implicit FE analyses [3] or the failure of the explicit FE analyses [102]. Here, the
“gap or penetration” are induced by a-priori unknown contact area. Also, redun-
dant, insufficient or mismatched mesh refinements in that area can lead to either
prohibitive calculation expenses or inaccurate implicit/explicit FE solutions [3].

– Rules/guidelines for the choice of interface parameters: Program-default values
of interface parameters (i.e. contact stiffness/damping) are not always suitable for
the analysis of W/R interaction. The improper choice of interface parameters will
lead to the unrealistic contact responses [102]. Also, there are no rules/guidelines
for making the choice of interface parameters that are universally applicable [28,
30, 47, 105, 106]. Regarding the specific problem of W/R frictional rolling contact,
more research attention on the effect and the selection of interface parameters
should be drawn.

– Procedures of FE model verification: The detailed methods/procedures of FE model
verification are still in demand. The verification of FE models, which focus on the
Hertzian contact problems [16, 104], has been performed successfully through the
comparison of FE results of normal pressure, shear stress and slip-adhesion areas
with that of CONTACT. In contrast to the Hertzian contact problems, the accu-
racy of the FE models, which are developed to analyse the non-Hertzian contact
problems (the realistic W/R profiles are used [87, 99]), has been assessed mainly
through the comparison of contact forces and/or normal pressure. The other re-
sponses of shear stress, slip-adhesion area, are excluded. Thus, for the problems
of non-Hertzian contact, the verification of FE models has not been performed
adequately. Consequently, the model without being verified may generate subtle
inaccuracy in the simulation results that being unnoticed can lead to wrong deci-
sions [102].

– Flexibility of FE model & Procedures of experimental validation: The lack of model
flexibility often costs much time/efforts to analyse different scenarios. Here, the
flexibility refers to whether the FE model is capable of easily adjusting from one
scenario to another. To examine the flexibility of the developed FE model of W/R
interaction, it should be extended/upgraded first and further applied for analysing
the dynamic behaviour of wheel-crossing (W/C) interaction.

Also, to assess the validity of the FE model of W/C interaction, well-demonstrated
experimental validations are necessary. Here, the validation is defined as the as-
sessment of the computational accuracy of the numerical simulations by com-
paring it with the experimental data [62]. The major difference between valida-
tion and verification lies in whether the real world results (experimental data) are
used. Nowadays, there are no well-accepted experimental methods available that
can directly measure the intangible local stresses within the contact patches [104].
For this reason, the accuracy of the FE models has to be assessed indirectly [53]
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through the comparison of the acquired real-time strains and/or accelerations
with that of FE results. However, these experimental validations are mostly fo-
cused on the single selected measurement instead of validating from the statis-
tical/stochastic perspectives [43, 69]. In short, the problem of the experimental
validations in terms of the FE-based contact models is still open to be addressed.

Learning from the modelling challenges listed above, four research questions are for-
mulated as follows.

Q1: What kind of measures should be taken to guarantee and to improve the calculation
accuracy and efficiency of the FE model for the analysis of W/R interaction?

Q2: What is the effect of the interface parameters (penalty scale factor, mesh density,
mesh uniformity, contact damping) on the performance of the explicit FE model of
W/R interaction? How to make the choice of interface parameters, that are suitable
for the analysis of W/R interaction?

Q3: How to carry out the verification of the FE models that use realistic W/R profiles?

Q4: Is it possible to extend/upgrade the FE model of W/R interaction to a new level for
analysing the W/C impact behaviour? How to validate the accuracy of this model
experimentally?

In this dissertation, all these four research questions, which are novel and have not
been resolved before, are to be dealt with.

1.5 RESEARCH APPROACH
To address the research problems listed above, both numerical and experimental stud-
ies are carried out. The research approach, which is based on the following numerical
models and field measurements, is briefly described here.

3D finite element model The 3D FE models of wheel and rail is developed in ANSYS
LS-DYNA. By using the FE model, among others the following contact properties can be
obtained:

• Surface responses: including the contact pressure, shear stress, stick-slip areas,
etc.

• Subsurface responses: including the Von-Mises stresses, plastic deformations, etc.

2D geometrical contact model The 2D geometrical contact model is developed in MAT-
LAB to determine the contact properties such as,

• ‘Just-in-contact’ point: a contact positioning between wheel and rail, where the
two rigid contact bodies touch each other without or with a tolerable contact gap
or penetration.
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• Potential contact area: the region with high susceptibility for the contact to occur.
Usually, the size of the potential contact area should be prescribed to fully encom-
pass the real contact area to guarantee the accuracy of the contact solutions.

• Local wheel rolling radius: the vertical distance from the ‘Just-in-contact’ point to
the wheel axle centre.

These contact properties are used as an input for the FE model to apply the mesh refine-
ment.

CONTACT model CONTACT is a rigorous model, of which the correctness and ac-
curacy have been proven [93]. In this study, it is used to assess the accuracy of the
developed FE model of W/R interaction via comparing the resulting shear stress, slip-
adhesion area, etc.

Field measurements The following measurements were used for the validation of W/C
model.

– 3D acceleration measurements of crossings were also performed using ESAH-M
(i.e. Elektronische System Analyse Herzstijckbereich – Mobil, a track-side acceler-
ation measurement device), by which the magnitude and position of the impact
can be recorded.

– The wheel transition regions (i.e. the length of collateral running bands on the
crossing rail) are measured on the track using rulers.

1.6 THESIS OUTLINE
Following the approach described above, the structure of this dissertation is organised
below.

First, an explicit FE model of a wheel rolling over a rail is developed and presented. To
improve the performance of the FE model, a novel modelling strategy, in which the 2D-
geometrical contact model is employed, is devised and implemented. The effectiveness
of such a modelling strategy is demonstrated. These are described in Chapter 2.

Second, the effect of interface parameters on the explicit FE-based contact solutions
of W/R interaction is studied. Also, the guidelines for selecting suitable W/R interface
parameters are formulated in Chapter 3.

Third, the verification of explicit FE model of W/R interaction against the CONTACT
model is performed. The detailed procedure of FE model verification is developed. The
results of the model verification are shown in Chapter 4.

Fourth, the FE-based modelling study of W/C impact and experimental validation
of that model is carried out. The details of the modelling study and validations are pre-
sented in Chapter 5.

Finally, the main conclusions are summarised, and recommendations for future work
are made in Chapter 6.
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2
ENHANCED EXPLICIT FE MODEL

OF W/R INTERACTION

To improve the performance of FE simulations on W/R interaction, a novel modelling
strategy is proposed. In this strategy, the 3D explicit FE analysis is coupled with the 2D
geometrical contact analysis seamlessly. The contact properties in the 3D-FE analyses,
such as the initial “Just-in-contact” point, the exact wheel local rolling radius, etc., that
are usually a-priori unknown, are determined using the 2D geometrical contact model.

As a part of the coupling strategy, a technique of adaptive mesh refinement is developed.
The mesh and mesh density of W/R FE models change adaptively depending on the exact
location of contact areas and the local geometry of contact bodies. By this means, a good
balance between the calculation efficiency and accuracy can be achieved. The last, but
not least, advantage of the coupling strategy has been demonstrated in the study of the
relationship between initial slips and the steady frictional rolling state. Finally, the results
of simulations are presented and discussed.

Parts of this chapter have been published in the Proceedings of the Institution of Mechanical Engineers, Part
F: Journal of rail and rapid transit, (2017) [20].
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Chapter 2 presents an explicit model of a wheel rolling over a rail developed in ANSYS
LS-DYNA. Also, a study on how to improve the accuracy and efficiency of such a model
is performed. It is aimed to answer the research question Q1 presented in Chapter 1.

The outline of this chapter is as follows. First, a brief introduction of the research
background of Chapter 2 is presented in Section 2.1. In Section 2.2, full attention is fo-
cused on the general descriptions of the 3D-FE model. Also, the details of FE modelling
challenges, that prohibit the analysts from attaining accurate contact solutions, are pre-
sented. The strategy (referred to as ‘enhanced explicit FE-based coupling strategy’, ab-
breviated as ‘eFE-CS’, hereinafter), which couples the 2D-Geo model together with that
of 3D-FE model, is described in Section 2.3. Following that, the effectiveness and advan-
tages of ‘eFE-CS’ strategy are demonstrated in Section 2.4. Finally, concluding remarks
are drawn.

2.1 INTRODUCTION
Rolling frictional contact between wheel and rail (W/R) is a highly non-linear prob-
lem involving large deformation, large rotation, material plasticity, contact, friction, etc.
With the development of modern computing techniques and the availability of super-
computers, advances in the field of numerical simulations on such complex problems
have been strongly boosted. Among the various numerical methods proposed [4, 5, 12,
36], the finite element (FE) method is getting more widely used, by virtue of its strik-
ing versatility (i.e. accounting for arbitrary contact geometries, material plasticity, etc.).
In general, based on the different features of solution procedures, the FE methods are
classified into two main categorises [11, 32]: namely, implicit and explicit.

Regarding the implicit FE method, a variety of models/tools have been created for
different engineering purposes [3, 23, 29, 30, 33, 41]. For instance, Wiest et al. [41] per-
formed implicit FE analyses to predict the normal pressure of W/R impact at a crossing
nose. Telliskivi and Olofsson [33] developed an implicit FE model for understanding
the complex behaviour of W/R interaction. In [29], the ratcheting performance of rail
steels was evaluated by Pun et al. The problem of normal contact was resolved using
a quasi-static FE simulation, while the tangential shear stress distributions were calcu-
lated according to Carter’s theory [4]. In [3], the effect of wheel motions on the distri-
bution of residual stresses was studied by Bijak et al. In [23], Mandal presented a novel
sub-modelling approach for investigating the ratcheting failure of insulated rail joints.
Based on the detailed stress/strain responses obtained from FE simulations, attempts
were made by Ringsberg et al.[30] to predict the fatigue life of crack initiation on the rail
surface. In [17], Ma et al. introduced an implicit FE tool for qualitatively evaluating the
performance of different rail pre-grinding strategies. However, due to the difficulties of
convergence and the inaccurate modelling of dynamic effects [11, 32], these implicit FE
approaches were no longer able to meet the increasing expectations of FE-based contact
models possessing higher degree of realism and better accuracy.

As an alternative problem-solving procedure (opposed to the implicit FE method),
the explicit FE simulation proceeds without solving a large set of simultaneous equations
at each time step and inverting the large matrix [1, 11, 13, 32]. This enables the explicit FE
method to avoid certain difficulties of non-linear programming that the implicit method
usually has[42]. Owning to such intrinsic advantages, explicit FE approach is getting
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increasingly popular for combatting the associated problems of W/R interaction. More
recently, a series of representative three-dimensional (3D) explicit FE models [28, 35, 40,
44] have been presented. In [44], Zhao et al. developed a 3D explicit FE model of W/R
interaction. The model was successfully verified against CONTACT. In [40], an explicit FE
tool was created to simulate the W/R contact-impact at rail insulated joint by Wen et al.
It was found that the variation of axle load had stronger effects on the impact event than
other operational parameters. In [28], Pletz et al. presented a dynamic wheel/crossing
FE model to investigate the influence of operational parameters, such as axle loads, train
speeds, material properties, etc., on the impact phenomena. In [35], the stress states and
material responses under different levels of adhesions were analysed by Vo et al. It was
anticipated that the rail was highly prone to the damage resulting from the ratcheting
fatigue of the material.

In summary, significant progress in the field of FE simulations on W/R interaction,
from which a number of valuable insights are gained, has been made. Yet, there is still
much work to be done. For example, the “gaps or penetrations” between wheel and rail
interfaces cause the problems of divergence in the implicit analyses [1, 42] or even an un-
expected failure in the explicit FE analyses [9]. Also, due to a-priori unknown of contact
location, the general experience- or visualization- based discretization on the potential
contact area could always lead to a redundant, insufficient or mismatched FE mesh. As a
consequence, the efficiency and accuracy of FE simulations would be adversely affected.

To address these modelling challenges (explained later in detail) and improve the
performance of FE simulations, a novel coupling strategy, that couples the two-dimensional
geometrical (2D-Geo) contact analysis and the three-dimensional explicit finite element
(3D-FE) analysis, has been proposed. The idea of this strategy is inspired by the ap-
proach used in CONTACT (i.e. a well-established computational programme developed
by Professor Kalker[15] and powered by VORtech Computing [36]). Prior to the 3D-FE
analysis, the 2D-Geo contact analysis is functioning effectively as an adaptive guidance
for the identification and discretization of the potential area in contact. The challenge of
the coupling strategy lies in the programming efforts on how to build up the 2D-Geo and
3D-FE models as well as how to make the interface of two models work effectively. Based
on the simulation results, it has been noticed that the computational problems, such as
gaps/penetrations, mesh refinement, unexpected initial slips, etc., have been resolved
successfully. The goal of improving the performance of FE simulations has thus been
achieved with the aid of this coupling strategy.

2.2 W/R 3D-FE MODEL
In this section the FE model for the analysis of W/R interaction is presented. The two
counterparts investigated here are the standard S1002 profile of the wheel [7] (EN13715-
S1002/h28/e32.5/6.7%) with a nominal rolling radius of 460 mm and the standard (UIC)
54E1 rail. Here, ‘h28’ refers to the flange height of 28 mm; ‘e32.5’ means the flange
thickness of 32.5 mm; ‘6.7%’ is the reverse slope. The drawing of wheel cross section
is adopted from [14]. The inner gauge of the wheel-set is 1360 mm and the axle length is
2200 mm. The track gauge is 1435 mm. Also, the cant angle of 1/40 is considered in the
model. Note that the model can easily be adjusted to account for other W/R profiles (e.g.
measured worn profiles, 60E1, 75E1, etc.).
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2.2.1 DISCRETIZED FE MODEL
A half W/R FE model shown in Figure 2.1a-b, where the rail is modelled with restriction
to an overall length of 1.8m, is adopted by taking advantage of the symmetrical charac-
teristic of the track and the wheel-set. Here, the “a half W/R FE model” used here and
after in this thesis means that only a half of the wheel-set and the track is accounted
for. Such a W/R FE model is similar with and inspired by the ones described in [28, 40].
The wheel is set to roll from the origin of the global coordinate system O − X Y Z over a
short travelling distance d on the rail (See Figure 2.1a). The global coordinate system is
defined as: the X -axis is parallel to the longitudinal direction along which the wheel-set
travels, the Z -axis is the vertical pointing upwards, and the Y -axis is perpendicular to
both X and Z directions, forming a right-handed Cartesian coordinate system.

The two ends of rail are constrained in the longitudinal and lateral directions. The
bottom surface of rail is completely fixed (i.e. a rigid foundation as inspired by [44]). The
reason of defining such boundary conditions is to minimize the vibration of the structure
excited by the rolling of a wheel over a rail. By this means, the comparability of FE results
to those of CONTACT, which focuses on the cases of steady-state contact [15, 37], can be
ensured for the purpose of verification [19, 44]. The results of FE model verification with
realistic W/R profiles considered are to be presented in Chapter 4.

In the FE model, the wheel and rail contact bodies are discretized with 3D 8-node
structural solid elements (SOLID164). Only the regions where the wheel travels are dis-
cretized with dense mesh, leaving the remaining regions with coarse mesh (See Fig-
ure 2.1a-b). A solution area is introduced and positioned in the middle of the dense
meshed area. Here, the solution area is defined as a region to extract and analyse the
contact properties, such as the contact patch, normal pressure, shear stress, etc. For the
FE model shown in Figure 2.1, the mesh size in the solution area is 1 mm, while that
in the dense meshed area is 2 mm. The wheel model has 141,312 solid elements and
154,711 nodes, whereas the rail model has 117,598 solid elements and 132,177 nodes.
Such a mesh refinement is to fulfil the continuity requirement of Lagrangian formulation
[2, 9, 10], which is the theoretical basis of explicit FE method (See Section 3.2) in ANSYS
LS-DYNA. Thus, the number of elements & nodes generated is much larger than that of
FE model (only about 5000 elements of wheel model [25, 34]) using Eulerian approach.
More discussion on the difference between Lagrangian and Eulerian approaches can be
found in [8].

To take the primary suspension into account, a group of sprung mass blocks are
lumped over the spring-damper system. Figure 2.7b shows 8 spring-dampers created,
which attempt to avoid the high stress concentrations on the elements of wheel axle
centre. The errors of negative volumes can thus be minimised/eliminated, which will fa-
cilitate the success of explicit FE simulations. The mass blocks that represent the weight
of the loaded car body, are 10 tons. The corresponding parameters of the springs and
dampers are listed in Table 2.1. Linear elastic material model is used to describe the
constitutive relation of W/R components.

To better simulate the process of W/R dynamic contact, an implicit-to-explicit se-
quential solving procedure [9] is adopted. In this procedure, the implicit solver (ANSYS
Mechanical [1]) and explicit solver (ANSYS LS-DYNA [9]) work in pairs. First, the equilib-
rium state of the preloaded structure (e.g. under the axle-load of 100 kN) is determined
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Figure 2.1: FE model of W/R interaction: (a) Schematic graph; (b) Front view; (c) Refined mesh at rail
potential contact area; (d) Refined mesh at wheel potential contact area.

with ANSYS Mechanical. The displacement results of the implicit analysis are used to do
a stress initialization for the subsequent transient analysis. Then, the processes of rolling
frictional contact begin at time zero with a stable preloaded structure [1]. The responses
of dynamic contact are further simulated with ANSYS LS-DYNA following the scheme of
central difference time integration [9].

For such a typical FE analysis of dynamic contact, the basic process consists of three
tasks: 1) Build the model, including prescribing the initial location of W/R, defining cor-
rect boundary conditions, preforming mesh refinement, etc. 2) Apply the loads & run
the simulations, involving traction application, contact definition and determination of
calculation time step size; 3) Review the results, referring to the visualisation of con-
tact properties, such as surface normal pressure, shear stresses within the actual contact
patches, subsurface stress/strain responses, etc.

All the explicit FE simulations are performed on a workstation with an Intel(R) Xeon(R)
@ 3.10 GHz 16 cores CPU and 32GB RAM. Also, the shared memory parallel processing
capability of ANSYS LS-DYNA (High Performance Computation module) for 8 proces-
sors is used. Each simulation takes around 9 hours. The result file is approximately 45
GB.
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.
Table 2.1: Material properties and mechanical parameters.

Properties Values

Wheel/rail material
Young modulus(GPa) 210
Possion ratio 0.3
Density (kg/m3) 7900

Primary
suspension

Stiffness (MN/m) 1.15
Damping (Ns/m) 2500

Operational
parameters

Friction coefficient a 0.5
Traction coefficient b 0.25
Train velocities (km/h) 140
Lateral displacement (mm) 0.0

a : Friction is the force resisting the relative motion (i.e,
slip) of contact surfaces. Coefficient of friction = Friction
force/Normal force. b : Traction is the force applied to
generate motion between a body and a tangential surface.
The tangential traction appears only if the friction is as-
sumed. Coefficient of traction = Traction/Normal force.

2.2.2 CHALLENGES OF FE ANALYSIS
As contact always occurs at a-priori unknown area, a series of obstacles will thus be en-
countered when performing FE-based contact simulations. In this section, the details of
those obstacles are presented and discussed.

GEOMETRICAL GAPS OR PENETRATIONS

Figure 2.2 shows the ‘gaps/penetrations’ between the contacting bodies of W/R. Both the
gaps and penetrations are undesired. For example, in the implicit FE analyses, too large
gap may lead to the wrong identification of contact pairs, while prominent penetrations
may cause the overestimation of contact forces. Consequently, it causes an unexpected
failure (usually the error of divergence) of the FE simulation. For the case of explicit
FE analyses, no penetrations are allowed and the gaps can increase the calculation cost
significantly for eliminating the effect of initial disturbances.

(a) (b) (c)

Wheel profile Rail profile

Z

O

Y

“Penetration” “Gap” “Just-in-contact”

Figure 2.2: Schematic of initial contact gap and penetration.

Although there are several options (tuning the real constants and key options of con-
tact elements independently or in combination) suggested in ANSYS to adjust the initial
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contact conditions, they do not work well when the values of gaps/penetrations are large
(e.g. in the order of millimetre or even larger). Also, it is challenging to manually bring
the two W/R contacting bodies into the positions of “Just-in-contact” as shown in Fig-
ure 2.2c. Here the term of “Just-in-contact” refers to a contact positioning between wheel
and rail, where the two bodies touch each other without or with a tolerable contact gap
or penetration. Moreover, due to the complexity of W/R realistic contact geometry, it is
getting even more difficult to determine where the first point of contact will occur. Thus,
the gaps/penetrations appear to be inevitable and troubling.

PRELOAD APPLICATION

As shown in Figure 2.3, the wheel is prescribed to travel over the rail from the initial
condition of pure rolling state to the steady state of partial slip. Here, the steady state
[15] means that the slip-adhesion phenomenon is independent of time. To achieve the
initial state of pure rolling without slip, the velocity VC P of the contact point C P , should
be zero. The initial translational velocity V0 and the initial angular velocity ω0 are thus
related by

V0 = Rwω0 (2.1)

For the reason that the “Just-in-contact” point is a-priori unknown, the real local wheel
rolling radius Rw at the point of contact C P would be difficult to predict. In case that
it is wrongly predicted as R∗

w , the initial angular velocity will be derived as ω∗
0 = V0/R∗

w
and then improperly applied on the wheel. Thus, an unexpected initial slip ε0, which is
defined as [6].

ε0 = (V0 −ω∗
0 Rw )/V0 = (1−Rw /R∗

w ) 6= 0 (2.2)

will be introduced and exerted onto the system of W/R dynamic contact.

V
0C
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ω
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ε
0 
= 0

T
q

R
w

Q

Nf

Figure 2.3: Schematic of wheel kinematics: (Note: “C” denotes the wheel centre-of-mass).

In addition, to reproduce the local phenomenon of partial slip numerically, the ap-
propriate traction torque Tq is derived from the viewpoint of classical mechanics [38],

Tq = Jc +mR2
w

mRw
f (2.3)

where, f is the frictional force, m represents the mass of the wheel and Jc is the moment
of the inertia of the wheel. It is obvious that any wrong estimation of the local wheel
radius Rw may lead to the inaccurate application of the traction Tq .
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MESH REFINEMENT

Given that the refined element size inside the contact patch should be as small as 1000
times over the dimension of W/R components, an economic, adaptive and reliable mesh
generation has always been a challenge for the analysts.

(a) (b) (c)

“Insufficient” “Mismatched”“Redundant”

(d)

“Ideal”

Rail Wheel

Actual contact area; Rail refined potential contact area; 

Wheel refined potential contact area.

Figure 2.4: Schematic of mesh refinement at potential contact area.

However, there are no clear rules proposed for determining the size of the refined po-
tential contact area up to now. The most commonly adopted approach is the trial-and-
error method mainly depending on the researchers’ experience or visualization. Using
this method, the refined potential contact area can be easily overestimated or underesti-
mated (See Figure 2.4a-b). In particular cases, the refined potential contact areas might
be mismatched or deviated from each other (See Figure 2.4c). Thus, the trial-and-error
method is highly prone to the inaccurate or undesired contact solutions of W/R interac-
tion.

In addition, if the relative contact locations between the wheel and the rail vary along
the track, the corresponding mesh refinement is in demand to be altered spontaneously.
This brings about an even higher requirement on the flexibility of the mesh refinement
approach.

As one of the main objectives of this chapter, all the three aforementioned challenges
of FE-based contact modelling/analyses are to be addressed in the following sections.

2.3 COUPLING STRATEGY
To deal with the aforementioned challenges of FE analyses, a novel coupling strategy,
that combines 2D-Geo contact analysis and 3D-FE analysis, is developed (See Figure 2.5).
The purpose of the 2D-Geo simulation is to detect and determine the initial “Just-in-
contact” location (CP), the contact clearance and the corresponding local wheel rolling
radius at the point of contact. The obtained contact information is used as the adaptive
guidance for the 3D-FE analysis (See Section 2.2).

To implement this coupling strategy, the data exchange between 2D-Geo and 3D-FE
models is performed by a small external routine written in the MATLAB environment.
Once the processes of 3D-FE modelling and preloading are accomplished, the dynamic
simulation is performed to study the behaviour of W/R contact. The details of the 2D-
Geo analysis and the interfacing scheme of the two models are briefly described in this
section.
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Figure 2.5: Working mechanism of coupling strategy.

2.3.1 2D-GEO ANALYSIS
In order to better illustrate the 2D-Geo contact model, a rigid wheel-set is positioned
over a rigid track shown in Figure 2.6a. The global coordinate system O − X Y Z is com-
plementary to the one shown in Figure 2.1. Ot − X t Y t Z t and Ow − X w Y w Z w refer to
the wheel-set- and track-based coordinate systems, respectively. Since the model is 2D,
only the roll motion θ and the lateral shifts δy of a wheel-set as shown in Figure 2.6a are
considered.
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Figure 2.6: (a) W/R 3D coordinate systems; (b) “Just-in-contact” equilibrium condition of wheel-rail at lateral
displacement of -10 mm.

The current 2D-Geo contact model is further developed on the basis of the previous
work [17]. The initial contact points, where the two particles on the un-deformed wheel
and rail coincide with each other, are determined under a given lateral displacement of
the wheel-set. The solution procedure of 2D-Geo model has been improved/extended
to be non-iterative by taking advantage of efficient matrix operations in MATLAB, which
means that no inner and/or outer loop iterations (e.g. ‘for’ or ‘while’ loops used in [17])
of exploring the “Just-in-contact” equilibrium conditions are performed. By this means,
a significant increase in the calculation efficiency (around 10 seconds) is accomplished,
as opposed to the conventional iterative fashion (e.g. 2∼3 minutes in [17]). More infor-
mation about the contact searching schemes is given in [17, 18, 22]. Figure 2.6b shows a
typical example of the 2D-Geo contact analysis, in which the wheel-set is located at the
“Just-in-contact” equilibrium position with a lateral displacement of -10 mm.
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2.3.2 COUPLED INTERFACE
Using the 2D-Geo model described above, the interface and outcome of the ‘eFE-CS’
strategy are presented below.

“ZERO” GAPS/PENETRATIONS & OBTAINED Rw

Figure 2.7a shows the results of the 2D-Geo contact analysis, through which the 2D
wheel-set is positioned on the “Just-in-contact” point of the track. Depending on the
lateral displacement and roll angle of the wheel-set determined by the 2D-Geo analysis,
the wheel position in the 3D W/R FE model (See Figure 2.7b) has been properly adjusted.
The resulting gaps or penetrations between wheel and rail can be reduced into the order
of micrometer or even less. This ensures a successful FE simulation of W/R interaction
by taking advantage of the suggested options in ANSYS (See Section 2.2.2).

Besides, the actual rolling radius Rw corresponding to the given lateral displace-
ments of the wheel-set can be obtained. For example, at the lateral shift of 0 mm, the
exact local wheel rolling radius Rw is 460.43 mm, which is denoted by a cyan arrow as
shown in Figure 2.7a.
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Figure 2.7: (a) “Just-in-contact” equilibrium location derived from 2D-Geo contact analysis; (b) W/R dynamic
contact FE model – cross sectional view.

NEW ADAPTIVE MESH REFINEMENT

Considering that the refined potential contact area should completely encompass the
actual contact area [15, 36] (See Figure 2.8b), the calculated contact clearance from 2D-
Geo analysis is used as the adaptive guideline for the mesh refinement of W/R inter-
face. Here, the term of “Contact clearance” δz used here and after in this thesis (See
Figure 2.8a) is defined by the vertical distance between the wheel and rail for the un-
deformed contact geometry. The value of the contact clearance defines the region with
high susceptibility for contact to occur (also called the potential contact area). It is as-
sumed that the most stressed point inside the contact patch coincides with the initial
contact point (‘CP’ in Figure 2.8a). The origin of the mesh refinement is designated to
the initial CP. The width of the refined region ∆y is gradually arising with the increase of
the contact clearance (See Figure 2.8c-d).

For the sake of identifying the best contact clearance, it is expected to follow a guide-
line as follows:
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Figure 2.8: Schematic representation of novel adaptive refining approach: (a) Global view of contact
clearance; (b) Schematic graph of potential and actual contact areas; (c) Close-up view on variation of contact

clearance at the vicinity of initial contact points; (d) Close-up view of refined potential contact region.

(i) The contact clearanceδz should be small enough to constrain the size of the model
and thus maintain the calculation expenses into a low level;

(ii) The refined potential contact area determined by the contact clearance δz should
be sufficient to encompass the resulting real contact patch obtained from the FE
analysis.

Based on the selected value of the contact clearance, the mesh refinement process in
these regions will be initiated. Using the proposed Nested Transition Mapped (NTM)
mesh refining approach [16], the elements in the solution area are able to be refined as
small as 1.0 mm×1.0 mm×1.0 mm (as shown in Figure 2.8d and Figure 2.10), while for
the remaining out-of-contact region (Coarse mesh area), less attentions will be paid.

FLEXIBILITY OF THE NOVEL MESH REFINING APPROACH

To automate the common tasks and implement the coupling strategy more efficiently,
both the 2D-Geo and 3D-FE models have been all coupled and parametrised using the
scripting language of MATLAB and Parametric Design Language of ANSYS (APDL). The
scripted and later packaged ‘eFE-CS’ modelling strategy offers great convenience and
flexibility for the day-to-day analyses.

One added important feature of this adaptive mesh refining method is shown in Fig-
ure 2.9, where the patterns of these local mesh refinements change flexibly with respect
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Figure 2.9: Flexibility of novel mesh refining approach w.r.t. different lateral displacements: (a) 5.5 mm; (b) 2.0
mm; (c) -3.5 mm; (d) -5.5 mm.

to different lateral displacements of the wheel-set (e.g. ranging from -5.5 mm to 5.5 mm).
This means that in each simulation the position of the geometric contact point (and
hence the mesh) is fixed. Owning to ‘eFE-CS’ modelling strategy created, running differ-
ent simulations of different relative wheel-rail positions will cost much less or even no
manual work to adapt the mesh.

For the cases of non-zero lateral displacements, the rails remain symmetric in re-
lation to the track centre, while only the wheel and contact conditions vary. The vari-
ations of geometrical contact properties associated (i.e. locations and dimensions of
refined potential contact areas) are predicted by a-priori 2D-Geo contact analysis (See
Figure 2.6b). Once the FE models (with half W/R considered) are created, they are used
to study the dynamic behaviour of W/R interaction. Here, the applicability of this half
W/R FE modelling approach (as shown in Figure 2.1) to the cases of different lateral dis-
placements are explained as:

(i) A complete wheel-set and two rails are considered in the 2D-Geo contact model
(See Figure 2.6). The roll angles of the wheel resulting from the variation of lateral
displacements have been explicitly taken into account.

(ii) A range of lateral displacements (i.e. [-5.5 - 5.5] mm) cover most sections of railway
track (e.g. tangent, large radius curves, etc.) [31], where the yaw angles (also called
attack angle) are usually small (less than 2 degrees [43]). Moreover, being aware
that the wheel travels over a relatively short distance of 0.52m, which is rather short
in comparison to the wavelength of yaw/Klingel motion (i.e, usually in the order
of 10 to 100 meters), the variation of yaw angle would be relatively small. It is
thus assumed that the neglect of yaw motion in the model presented might be
acceptable.

(iii) A comprehensive model verification against CONTACT [36] has been performed
by the authors recently [19]. For the cases of different lateral displacements (i.e.
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[-5.5 - 5.5] mm), the model verification shows that the half W/R FE model can pro-
duce as good results as CONTACT.

In summary, the half W/R FE model enhanced with 2D-Geo contact analysis is flexible
enough to be used in the cases of different lateral displacements. However, regarding the
further applicability of half W/R FE model to the sharp curves (i.e. curve radius smaller
than 500m [26]), in which the yaw angle is indispensable and plays an important role, it
will be explained later in Section 2.4.

RESULTING CONTACT PAIRS

Figure 2.10a-b shows a contact pair, consisting of two master and slave segments for
explicit FE analysis (TARGET 170 and CONTACT 173 elements for implicit FE analysis).
It can be seen that the size of the potential contact area is controlled by the magnitude
of the refined width ∆y in the lateral direction (See Figure 2.8) and the refined length ∆x
in the longitudinal direction (See Figure 2.1). Here, potential contact areas are defined
by the two curved rectangles on the outer layers of the W/R interfaces.
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Figure 2.10: Resulting contact pair: (a) Isometric view; (b) Side view.

It has been reported in [2, 9] that contact analysis will add a significant computa-
tional cost for the overall solution, even when the ratio between the number of contact
points and the number of elements is small. To limit the level of calculation expense as
low as possible, the smallest and localised contacting zones are always desired to main-
tain the most efficient solution. Also, as discussed before, the refined potential contact
areas should be large enough to encompass all the necessary contacts to maintain the
accuracy of the solution. According to the coupling strategy, the refined width ∆y is
defined in the 2D-Geo analysis in terms of the contact clearance δz, while the refined
length ∆x is defined in terms of the travelling distance d . In the following section, the
effects of corresponding geometrical parameters on the performance of FE simulations
are studied.

2.4 FE RESULTS AND DISCUSSIONS
To demonstrate the effectiveness of the ‘eFE-CS’ strategy, a series of the FE simulations
have been performed. The influence of the size of potential contact areas and the lo-
cal wheel rolling radius on performance of ‘eFE-CS’ strategy are to be analysed. As the
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wrongly estimated rolling radius R∗
w will result in an initial slip ε0 (See Equation 2.2), the

investigation on the effect of local wheel rolling radius Rw is replaced here by the initial
slip ε0.

2.4.1 CONTACT CLEARANCE
Figure 2.11 shows the effect of contact clearances (δz) on the FE models. Here, the con-
tact clearance δz varies from 0.08 mm to 0.50 mm, while the other two parameters of
travelling distance d and initial slip ε0 keep constant (See Table 2.2).

For the reason that the actual contact areas would not vary much (the same axle
load is applied in both implicit and explicit FE analyses), the effect of varying contact
clearances δz on the performance of FE models would only be analysed by the implicit
FE codes (no explicit analyses are performed).

.
Table 2.2: Comparison of FE models w.r.t. three different refined

widths.

Cases Variables Implicit FE simulation
δz/mm d/mm ε0 N a T b/hour

I 0.50
660 0

382543 4.73
II 0.17 323879 2.9
III 0.08 286700 2.5

a : Number of elements in FE model;
b : Calculation expense;

Figure 2.12 shows the variation of normal pressure corresponding to different con-
tact clearances. A noticeable discrepancy of the maximum contact pressure is observed
between case I (1216 MPa) and II (1041 MPa). Such a discrepancy is explainable, since
the mesh sizes of FE models at the origin of wheel rotation (not the solution area, See
Figure 2.1) are relatively large (around 2 mm). Also, considering that W/R contact oc-
curs at a highly stressed area (as small as 150 mm2, See [21]), these large mesh sizes are
hardly possible to capture the stress/strain gradients accurately. It can thus readily trig-
ger the tolerable discrepancies of the maximum contact pressure. (Notation: the contact
responses extracted from the solution area, where the mesh size is as small as 1 mm, are
preferred.)

With respect to case III (δz = 0.08 mm, Figure 2.12c), it can be observed that the
refined potential contact area can not fully cover the one simulated by the model any
more. It indicates that the accuracy of contact solution might not be guaranteed, which
is attributed to the underestimation of the size of refined potential contact area.

Moreover, it can be observed from Table 2.2 that the amount of the discretized el-
ements as well as the calculation expense reduce significantly with the decrease of the
contact clearance δz. Taking both the calculation expenses and the accuracy into ac-
count, the contact clearance of 0.17 mm appears to be a good choice for the operational
conditions as described in Section 2.3.1.

To assess the applicability of the selected contact clearance (0.17 mm) to varying axle
loads, two more case studies with axle load of 120 kN and 140 kN have been performed.
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Figure 2.11: Variation of refined widths w.r.t. different contact clearances: (a) Relations between contact
clearance δz and refined width ∆y ; (b) Case I: δz = 0.5 mm, ∆y = 39.88 mm; (c) Case II: δz = 0.17 mm, ∆y =

29.65 mm; (d) Case III: δz = 0.08 mm, ∆y = 23.40 mm.

Figure 2.13 shows the comparison of actual contact patches with respect to different
axle loads. It can be seen that there is a steady increase in both the maximum contact
pressure and the actual contact area in relation to the increasing axle loads. The width of
refined potential contact areas determined by the contact clearance of 0.17 mm is robust
enough to encompass all the real contact areas, which are resulting from the applied axle
loads up to 40% (140 kN) higher than the normal one (100 kN).

Similarly, the applicability of the selected contact clearance of 0.17 mm to the varying
lateral shifts of the wheel-set (See Figure 2.9) has been evaluated. The results are shown
in Figure 2.14a-c. It can be seen that although the contact clearance of 0.17 mm can
satisfy the case with the lateral shift of 5.5 mm (Figure 2.14c), it is insufficient for the case
of -5.5 mm (Figure 2.14a), where the real contact patch tends to fall out of the refined
potential contact area. Given a larger contact clearance δz of 0.35 mm, it is observed
from Figure 2.14d that the refined potential contact area is able to better encompass the
real contact area.

In summary, a contact clearance of 0.17 mm performs well at zero lateral displace-
ment of the wheel-set. It is robust enough to apply in the cases of higher axle loads. One
can further affirm that such a contact clearance is applicable to the case of different op-
erational conditions (i.e. train velocities, friction coefficients, traction coefficients, etc.),
since their influences on the size of real contact patches are insignificant in compari-
son to the increased axle loads. The applicability of contact clearance 0.17 mm to these
varying operational patterns has been verified in the authors’ recent work [19, 21].
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Figure 2.13: Comparison of actual contact patches and contact pressure at different axle loads: (a) 100 kN; (b)
120 kN; (c) 140 kN.

However, with respect to the cases of large (e.g. δy = -5.5 mm, contact occurs be-
tween rail gauge corner and wheel flange root) lateral displacements of the wheel-set,
this contact clearance of 0.17 mm is no longer suitable. A contact clearance of 0.35 mm
is thus suggested based on the simulation results. It is more robust than that of 0.17 mm,
which implies that the contact clearance of 0.35 mm has wider applicability to different
geometrical, loading, operational conditions of W/R interaction.

In extreme cases (e.g. severe worn contact geometries), if the suggested contact
clearance (either 0.17 mm or 0.35 mm) cannot guarantee accurate results, it is recom-
mended to follow the above presented parametric study procedure to make a proper
decision. Normally within two (maximally three) times of targeted parametric examina-
tions of contact clearances, the best refined width of the potential contact area can be
found.

2.4.2 TRAVELLING DISTANCE
Apart from the contact clearance δz, the dimensions of the potential contact area can be
changed by adjusting another important parameter: travelling distance d . The dynamic
behaviour of W/R interaction is studied from an initial travelling distance of 660 mm.
Note that the interface parameters (such as, contact stiffness and damping) are chosen
as default.
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.
Table 2.3: Comparison of FE models w.r.t. different travelling distances.

Cases Variables FE models a

δz /mm d/mm ε0 N b T c/hour

I

0.17(Best)

800

0

373511 25.3
II 660 323879 19.6
III 520 275043 12.5
IV 380 225033 7.7
V 240 176205 4.7

a : Implicit-to-explicit sequential solution.
b : Number of elements; c : Calculation expense;

Figure 2.15a shows the results of contact forces obtained from implicit-to-explicit
FE analyses. It can be observed that the W/R mutual reactions are equal in magnitude
and opposite in direction. Such observations are complementary to the classical contact
theory as demonstrated in [27].

The solid lines represent the contact response in the dense meshed area, while the
diamond dotted lines denotes that inside the solution area. It is observed that the ver-
tical contact forces NM as and NSl a vary around the prescribed axle load (100 kN). Here,
the subscripts “M as” and “Sl a” are the abbreviations of “M aster ” and “Sl ave”, which
refer to the resulting contact forces on the master and slave contact interfaces, respec-
tively. The “saw-toothed” oscillations of NM as and NSl a (as denoted by the grey elliptical
box) gradually decay at the first 150 mm from the starting point. These noticeable oscil-
lations are mainly caused by the initial conditions (i.e. the applied initial train velocities,
accelerations, etc.) according to the authors’ earlier research [21]. With the increase of
initial velocities, the oscillation amplitudes will increase correspondingly.

In addition, the longitudinal frictional forces of f Lon
M as and f Lon

Sl a grow gradually to its
saturation value 25 kN, which is in line with the applied traction. Due to the constrained
lateral motion of the wheel-set and small contact angle between the resultant W/R con-
tact geometries at the lateral shift of 0 mm, the lateral force component f Lat

M as and f Lat
Sl a

seems to make minor contribution (varying around 0 kN). Here, the subscripts “Lon”
and “Lat” are the abbreviations of “Long i tudi nal ” and “Later al”.

In comparison with the dense meshed region (See Figure 2.15a), all the force compo-
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Figure 2.15: (a) Responses of W/R contact forces with a travelling distance (d) of 660 mm; (b) Schematic graph
of W/R interaction; (c) Close-up view on the reactions at contact point C P .

nents exhibit a “sudden perturbation”, as the wheel rolls and approaches the vicinity of
the solution area (80 mm). The causes of these “sudden perturbations” have been stud-
ied extensively and found [21] to be the difference of the associated mesh sizes, which
vary from 2 mm (the dense meshed area) to 1 mm (the solution area). For this reason,
the magnitude of nodal contact stiffness kmaster (sl ave), which is expressed as [9]

kmaster (sl ave) = α ·K · A2

V
(2.4)

, is thus strongly affected. Here,αdenotes the penalty scale factor, K is the bulk modulus,
V and A represent the volume and face area of a contact element, respectively.

Accordingly, the change of contact stiffness manifests itself in the variation of contact
forces f , which are then calculated on the basis of penalty method [9],

f = kmaster (sl ave) · l (2.5)

Here, l is the amount of penetrations between master and slave segments.
To sum up, the variation of mesh sizes implies the “sudden perturbations” of contact

forces as shown in Figure 2.15a. Also, it has been reported in [21] that the problems of
“sudden perturbations” can be addressed using an optimal penalty scale factor α (i.e.
α= 12.8), which is determined according to the criteria of contact stability [9, 21].

To investigate the sensitivity of contact solutions to the travelling distance d , five
cases of travelling distance varying from 240 mm to 800 mm are selected and anal-
ysed.The information about the obtained FE models is listed in Table 2.3.
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Figure 2.16a shows three of the five representative refined FE models with the trav-
elling distance of 240, 520 and 800 mm. A close-up view on the performance of these
varying travelling distances is taken by a supplemental and independent check on the
resulting contact forces (as suggested by [27]). The results shown in Figure 2.16b indicate
that all the resulting vertical forces are varying around the axle load (100 kN) exerted on
the wheel axle. It is clear that the oscillations of contact forces (“sudden perturbations”
as depicted with diamond dotted lines) occur for all the five cases of different travelling
distances.

(a)

(b)

Case I: Case III: Case V:
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Figure 2.16: Influence of varying travelling distances on W/R dynamic contact responses: (a) Representative
FE models of different travelling distances; (b) Vertical contact force w.r.t different travelling distances.

Similarly, the “saw-toothed” force oscillations, which has been explained previously,
are observed in Figure 2.16b. Also, it can be seen that all the FE models take around 150
mm to completely get rid of the initial contact disturbances under the specified opera-
tional conditions as shown in Table 2.1.

Figure 2.17 shows the normal contact pressure that is extracted at the instant when
the wheel travels over the middle of the solution area. It can be seen that both the mag-
nitude and the distribution of the contact pressure vary slightly with respect to different
travelling distances.

In view of the increasing calculation expense (as listed in Table 2.3) as well as the
varying contact forces and pressures, it is practically necessary to build up a guideline/criterion
to select the best travelling distance. Aiming to maintain the good compromise between
the calculation efficiency and accuracy, the guideline is formulated as a recommenda-
tion:

(i) The overall travelling distance should be kept short enough to save the calculation
expenses;

(ii) A distance of 150 mm before the solution area should be reserved for damping out
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Case I: 800 mm

702 708 675 675 715

II : 660 mm III : 520 mm IV : 380 mm V: 240 mm

Unit:MPa

Figure 2.17: Effect of varying travelling distances on contact pressure.

the “saw-toothed oscillations”.

Following the guideline aforementioned, the most suitable travelling distance of 520 mm
is suggested. This suggested travelling distance d would be used for W/R contact analysis
in the rest of this chapter.

2.4.3 INITIAL SLIP
To study the influence of initial slips ε0 on the dynamic performance of W/R interaction,
a series of FE simulations have been performed. The contact clearance δz (0.35 mm)
and travelling distance d (0.52m) suggested are used, while the initial slips ε0 vary from
-0.04 to 0.13.

Figure 2.18 shows the variation of longitudinal traction forces with respect to differ-
ent initial slips ε0. Figure 2.19 shows the effect of varying initial slips on the distribution
of shear stresses. It is clear that both the traction forces and the shear stresses change
significantly with respect to the initial slips, which implies the unexpected initial slip ε0

has a significant influence on the tangential solutions of W/R interaction.
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Figure 2.18: Variation of frictional forces w.r.t. different initial slips.

With the increase of initial slips ε0 from -0.04 to -0.002 (i.e. the first three cases),
the magnitude of longitudinal traction forces tends to drop from 50 kN to 25 kN (See
Figure 2.18). Accordingly, the distribution of shear stresses changes. For cases I (ε0 =
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−0.04) & II (ε0 =−0.014), the shear stress is distributed parabolically all over the contact
patch. Regarding case III (ε0 = −0.002), the “hot area” of shear stress is significantly
reduced. Here, “hot area” is referred to as an area, where the amplitude of the shear stress
is larger than 250 MPa. Such a "hot area" is positioned at the rear part of the contact
patch.

Similar patterns of shear stress distribution occur in the other two cases of IV (ε0 =
0.0) & V (ε0 = 0.04). The reduced “hot area” of shear stress manifests itself in the small
value (25 kN) of longitudinal traction forces (See, cases III, IV, V in Figure 2.18).

When the value of ε0 becomes positive (i.e. case V (ε0 = 0.04) & VI (ε0 = 0.13)), neg-
ative longitudinal forces (-50 kN) are observed. These negative traction forces hold con-
stant for a certain travelling distance or time span (i.e. the calculation time). After that, it
steeply increases and then reaches a steady state, getting saturated with a positive trac-
tion force of 25 kN. The distance/time, that the negative traction forces hold, is highly
related to the magnitude of initial slips. More specifically, the larger the value of |ε0| is,
the longer distance/time the wheel has to travel so as to accomplish such conversions of
traction forces (See Figure 2.18).

Case I: -0.04 II: -0.014 III: -0.002 IV: 0.0 V: 0.04 VI: 0.13

Unit: MPa 489 504 479 475 473 -492 -1

Figure 2.19: Effect of varying initial slips on surface shear stress.

Such phenomena could be explained by the wheel kinematics as shown in Figure 2.20,
which depicts the relationship between the frictional forces and the slip velocities. It can
be seen that the directions of frictional forces are in opposite to the ones of slip velocities.
This explains the conversions of traction forces from negative to position in the cases of
V and VI, where the signs of initial slips are reversed in comparison to the other cases.

Figure 2.20c schematically shows the traction curve [6]. It is observed that when the
magnitude of the slip (also interpreted as creepage) exceeds certain level, the regime of
full slip is entered. The frictional force thus reaches its saturation value (i.e. traction
bound of 50 kN). Here, the traction bound, which amounts to the product of frictional
coefficient µ and the normal load N , is determined by Coulomb’s friction law. This in-
dicates the trend in the results of traction forces shown in Figure 2.18, where all the six
cases tend to converge over travelling distance/time towards a steady state of partial slip.
It also implies that for the cases of non-zero initial slips, the contact statuses first fall into
full slip and then approach the equilibrium state of partial slip. This state, in which the
expected traction forces is equal to the applied one of 25 kN (See Equation 2.3), can only
be reached until the effect of the unexpected initial slip has been completely damped
out.
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Figure 2.20: Schematic of wheel kinematics: (a) Negative initial slip ε0 < 0; (b) Positive initial slip ε0 >0; (c)
Traction curve adapted from [6].

For the case of initial slip ε0 = 0 (i.e. Case IV: initial velocities applied appropriately),
the accurate tangential contact solution can be obtained within a rather short travelling
distance of 50 mm. If the absolute value of initial slip is small (e.g. Case III and V), extra
calculation time and travelling distances will be taken to ensure the correct solution.
However, in the cases of large initial slips (e.g. I, II, VI), the results of shear stress extracted
from the solution area (80 mm), are inaccurate, which may lead to wrong decisions.

To summarise, using the proposed ‘eFE-CS’ approach, the local wheel rolling radius
Rw can be correctly estimated. No unexpected initial slips will be introduced into the
FE model. Accordingly, accurate and steady tangential solutions of W/R rolling contact
problems can be guaranteed. It is, thus recommended to address the issues of initial slip
with the aid of this ‘eFE-CS’ strategy.

2.4.4 DISCUSSION: PROS OF ‘EFE-CS’ MODEL OF W/R INTERACTION
From the results of FE simulations presented, it can be noticed that the proposed ‘eFE-
CS’ strategy is promising enough for improving the performance of FE simulations on
W/R interaction. The advantages it holds can be categorised into four groups:

– All the modelling challenges (See Section 2.2.2), from which most of 3D-FE mod-
els often suffer, can be readily addressed. Also, a good compromise between the
calculation accuracy and efficiency is maintained;

– More detailed normal & tangential contact solutions than those of 2D W/R contact
analysis [24, 39] are generated. These stress/strain responses are expected to con-
tribute positively on other advanced applications (e.g. prediction of wear/rolling
contact fatigue (RCF), profile design/optimisation, etc.);

– The dynamic effects, which are often neglected in the static or quasi-static 3D FE
models [17] (contact constrains are enforced with Lagrange Multiplier method,
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Augmented Lagrangian method, etc.), are taken into account in the present model
(Penalty method). A high degree of realism is attained;

– The strategy shows good applicability to the problem of W/R interaction. As there
are no special restrictions imposed upon its use, it is recommended to use for ad-
dressing other contact/impact problems (e.g. gear, bearing, metal forming, etc.)
that have complex contact geometries.

2.5 CONCLUSIONS
Aiming to improve the performance of finite element analysis on the wheel-rail interac-
tion, a novel ‘eFE-CS’ strategy, that couples the three-dimensional finite element (3D-
FE) model and the two-dimensional geometrical (2D-Geo) contact model, has been pre-
sented. Prior to the 3D-FE simulations, the 2D-Geo contact analysis is performed to
better define the contact properties that are in demand for FE analyses. The advantages
of developed ‘eFE-CS’ model have been discussed. Based on the simulation results and
discussions, the following conclusions are drawn:

(i) Following the coupling procedure, the convergence problems or even a failure of
the FE simulations in the presence of gaps or penetrations have been addressed by
correctly placing the wheel onto a position of “Just-in-contact” over the rail;

(ii) In order to avoid the issues of the redundant, insufficient or mismatched mesh
refinement in the vicinity of the contact region, which will lead to either the pro-
hibitive calculation expense or the inaccurate solution, an adaptive mesh refining
technique based on the contact clearance has been proposed. Using this tech-
nique, the solution of W/R rolling frictional contact is able to be maintained with
satisfactory accuracy and efficiency. The flexibility of this coupling approach has
also been demonstrated by solving the cases of different contact locations due to
various lateral shifts of the wheel-set;

(iii) An unexpected initial slip can be introduced by mismatching the angular and trans-
lational velocity of the wheel, owing to the wrongly estimated local wheel rolling
radius. Such an initial slip can cost unnecessary calculation effort to achieve the
steady frictional rolling state or even lead to wrong tangential solution of W/R in-
teraction in extreme cases. Using the coupling strategy, the value of undesired
initial slip can be easily minimised. Accordingly, the accurate and efficient finite
element solution can be guaranteed.

In conclusion, the proposed coupling strategy allows the proper prescription of the
contact properties, which can enhance the performance of the FE analyses of W/R in-
teraction significantly. Such a strategy is promising enough to promote the application
of the FE approaches on the contact problems with more complex and irregular contact
geometries (e.g. the mild or severe worn W/R interfaces, metal forming, gear, bearings,
etc.).
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3
EFFECT OF W/R INTERFACE

PARAMETERS ON CONTACT

STABILITY

It is widely recognised that the accuracy of explicit FE simulations is sensitive to the choice
of interface parameters (i.e., contact stiffness/damping, mesh generation, etc.) and time
step sizes. Yet, the effect of these interface parameters on the explicit FE-based solutions
of wheel-rail (W/R) interaction has not been discussed sufficiently in the literature. In
this chapter the relation between interface parameters and the accuracy of contact solu-
tions is studied. It shows that the wrong choice of these parameters, such as too high/low
contact stiffness, coarse mesh or wrong combination of them, can negatively affect the so-
lution of W/R interaction that manifests itself in amplification of contact forces and/or
inaccurate contact responses (called here “contact instability”). The phenomena of “con-
tact (in)stabilities” are studied using an explicit FE model of a wheel rolling over a rail.
The accuracy of contact solutions is assessed by analysing the area of contact patches and
the distribution of normal pressure. Also, the guidelines for selections of optimum inter-
face parameters, that guarantee the contact stability and therefore provide an accurate
solution, are proposed. The effectiveness of selected interface parameters is demonstrated
through a series of simulations. The results of these simulations are presented and dis-
cussed.

Parts of this chapter have been published in the Proceedings of the Institution of Mechanical Engineers, Part
F: Journal of rail and rapid transit, (2017) [18]
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Chapter 3 concentrates on how the choice of the four important interface parameters
such as the penalty scale factor, mesh uniformity, mesh density and contact damping,
affects the accuracy of the explicit FE-based contact solutions, since the default values of
the interface parameters provided in the commercial FE packages are not always suitable
for the modelling of W/R rolling contact. This chapter is aimed to answer the research
question Q2 presented in Chapter 1.

To perform this study, the explicit FE model of a wheel rolling over a rail presented
in Chapter 2 will be used. Also, the parameters such as contact clearance (0.17 mm),
travelling distance (520 mm) suggested in Chapter 2, which ensure the satisfactory com-
promise between calculation accuracy and efficiency, will be used.

The outline of this chapter is as follows. First, a brief introduction of the research
background of Chapter 3 is presented in Section 3.1. After that, Section 3.2 is focused
on the theoretical background of the FE algorithms to better understand the physics of
contact problems before attempting to solve it. Also, the challenges and approaches for
maintaining contact stabilities are illustrated (See Section 3.3). The influence of inter-
face parameters on the computational accuracy and contact stabilities is studied and
discussed in Section 3.4. Finally, concluding remarks are drawn.

3.1 INTRODUCTION
When performing contact analysis, all contact forces have to be distributed over a-priori
unknown area in contact. The contact pressure is another primary unknown in such a
problem that has to be determined. To estimate these unknowns accurately, extensive
research efforts have been made in the field of contact mechanics since the pioneering
work of Hertz [8]. A number of analytical and/or semi-analytical contact solutions, such
as Hertzian [8], non-Hertzian [26, 30], multi-Hertzian contact models [25], etc., have
been developed and reported [12, 14, 23]. These approaches have been verified and/or
validated to be effective and efficient enough for addressing the problems of wheel-rail
(W/R) contact in elasticity as well as in the cases of quasi-static and/or low frequency
dynamic[3, 20–22, 26, 33]. Regarding the complex problems with both realistic contact
geometries and material plasticity considered, finite element (FE) method, as opposed
to the aforementioned approaches, appears to be much preferable and powerful to en-
sure the desired solutions.

Generally, two basic methods are used in FE programmes to enforce the contact
constraints, namely the Lagrange multiplier method [9, 10] and the penalty method
[6, 7, 11, 13]. Due to the easy implementation, the penalty method has been always the
first choice to be integrated in the explicit FE software (e.g. ANSYS LS-DYNA [6]), where
the central difference method is commonly used to perform the time integration.

With the rapid development of computer power and computing techniques, many
representative three-dimensional (3D) explicit FE models [27, 29, 34, 35] have been cre-
ated to fulfil different engineering purposes. For instance, in [34], an explicit FE model
was developed by Zhao & Li to study the behaviour of W/R frictional rolling contact. The
results of verification against CONTACT [12, 30] showed that the FE model presented was
a promising tool to be used in the future work. For example, as a further application of
that model [34], Zhao et al. [35] assessed the performance of W/R frictional rolling con-
tact in the presence of rail contaminants. It was reported that contact surface damages
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such as wheel flats and rail burns might be caused by the presence of contaminants. In
[29], the stress/strain responses of W/R interaction under high and low adhesion levels
were assessed by Vo et al. It was found that the adhesion conditions were highly related
to the level of damages (RCF damage, corrugation, etc.) on the rail surface. In [27], Pletz
et al. introduced a dynamic wheel/crossing FE model to quantify the influence of opera-
tional parameters such as axle loads, train speeds, etc., on the impact phenomena. It was
found that the contact pressure and the micro-slip were critical variables responsible for
the surface damage of crossing rail. More recent modelling advances of W/R interaction,
including the development of implicit FE models [20, 22, 31](i.e., not referenced but of
equal importance as those explicit FE models), can be found in [17, 23].

To summarise, significant progress in the analyses of W/R interaction using explicit
FE tools has been made. However, the issue of selecting suitable interface parameters
[11], as the essence of penalty-type methods [36], has not been studied sufficiently. Also,
the resulting phenomena of “contact instabilities” from the improperly chosen interface
parameters have not been discussed adequately. Here, the phenomenon of “contact in-
stability” is referred to as a numerical problem of dynamic contact stability and has no
physical correspondence. Detailed explanations of “contact (in)stability” are given in
the later sections. The term of “interface parameters” is referred to as the key variables
such as contact stiffness and damping that, if changed or varied, influence the entire
operation of W/R dynamic interaction system. “Optimum” refers to the “interface pa-
rameters” employed that result in acceptable interface compatibility and maintains nu-
merical contact stability [15].

Up to now only a few general guidelines [1, 5, 6, 11, 24] are available for making the
choice of suitable interface parameters. For example, in [11], Huněk proposed that an
appropriate value of contact stiffness (also called penalty stiffness) can be made consid-
ering the penalty stiffness comparable to the normal stiffness of the interface elements.
Similarly, in [5, 6], Goudreau and Hallquist suggested the contact stiffness to be of ap-
proximately the same order of magnitude as the stiffness of the elements normal to the
contact interface. In [1], Belytschko and Neal presented the upper bounds on the contact
force in explicit calculations and showed the effect of the contact stiffness on the stable
time step [11]. In [24], a coefficient of contact damping was introduced by Pifko et al. to
suppress the high frequency oscillations.

Although those general guidelines are relatively helpful for identifying suitable inter-
face parameters, it is widely recognised [9, 11, 15, 36, 37] that there are no universally
applicable rules/guidelines for particular problems considered. Regarding the specific
problem of W/R rolling contact, more research attention to the importance of interface
parameters has to be drawn. The motivation of this study is thus summarised as follows:

(i) To ensure accurate solutions of W/R interaction: Considering that the penalty
methods enforce contact constraints approximately, the solution accuracy depends
strongly on the interface parameters selected [9]. A set of arbitrary chosen inter-
face parameters on the risk of being underestimated or overestimated may easily
cause an unexpected or inaccurate solution from FE simulations.

(ii) To formulate clear guidelines for suitable W/R interface parameters: The choice
of interface parameters can affect not only the accuracy of contact solutions, but
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also the stability of explicit FE time integration (i.e. central difference method is
conditionally stable) [15, 36]. Thus, well-demonstrated guidelines are in high de-
mand to address the problems of contact instabilities and to maintain the solution
accuracy.

3.2 RECAP EXPLICIT FE THEORY
In this section, the corresponding explicit FE theories, which are highly related to the
background of contact stability, are recapitulated. More generally, a solution of the un-
known vector of the displacements ũ is to be found through the process of FE analysis.
Using the Galerkin approximation method [38], the discretized equation of motion is
given as [32]

M ¨̃u = Ma = F (3.1)

where M is the mass matrix and F is the force vector. a is the nodal acceleration
vector.

3.2.1 STABILITY OF CENTRAL DIFFERENCE METHOD
By taking advantage of the central difference method [6, 32, 37], the iterative scheme of
the explicit time integration varying from the instant tn to tn+1 becomes [6]

an = M−1Fn

V n+1
2

= V n−1
2

+an∆tn

un+1 = un +V n+1
2
∆t n+1

2

(3.2)

where ∆t n+1
2

= (∆tn+∆tn+1)
2 . V is the global nodal velocity vector, n indicates the num-

ber of time steps. Due to the conditionally stable characteristic of the central difference
method, the integration time step∆tcalc (also called calculation time step) must be small
enough to maintain the numerical stability of the solution. The exact stability criterion
is expressed as [6, 37]

∆tcalc <∆tcr i t = 2/ωmax (3.3)

where ωmax denotes the maximum eigenfrequency in the FE model. To satisfy this
stability criteria, the explicit FE solver needs to find the maximum eigenfrequency of the
whole FE dynamic system. As reported in [6, 32] that this is not practical, not only due
to the computational cost but also the lack of Eigen-solver in the explicit FE programme.
The alternative of Equation 3.3 is the Courant-Friedrichs-Lewy stability criterion (also
called Courant criterion) [4], which states

∆tcalc = mi n{∆t1,∆t2,∆t3, ...,∆tN } (3.4)

From Courant criterion, it can be seen that the global calculated time step ∆tcalc is
determined on the basis of the smallest critical time step value of all the elements within
the FE model. Here, N refers to the maximum number of the element in the FE model.
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3.2.2 PENALTY METHOD
The penalty method [7, 37] is one of the most commonly used approaches to enforce
the contact constrains in the explicit FE programmes, where a list of invisible “interface
spring” elements are placed between the penetrating slave nodes and the master seg-
ments (as depicted in Figure 3.1a-c). The restoring interface force vector fs [7] is aligned
with the normal of the master segment ni and linearly dependent on the penetration
depth l :

I f l < 0, fs =−l ·k ·n (3.5)

Slave segment

Master segment

Springs

(a)

A

(b)

l
C

d

kslave(master)

mslave

mmaster

Master segment

Slave segment

(d)(c)

Figure 3.1: Schematic graph of penalty method: (a) Close-up view of FE model; (b) Cross-sectional view of
contact segments; (c) Master-slave segments; (d) Schematic of “invisible” spring-damper-mass system.

CONTACT STIFFNESS

The penalty stiffness k for these “springs” is prescribed as follows [6]

k = α ·K · A2

V
=α ·K ·Cd (3.6)

where α denotes the penalty scale factor. K is the bulk modulus, V and A represent
the volume and face area of a contact element respectively, Cd is the side length of this
element. An example of such a contact element is shown in Figure 3.1a.

Friction in LS-DYNA is based on the Coulomb formulation [2, 6]. To predict the fric-
tional force f n+1 at next time step tn+1, a trail force f ∗ calculated based on the frictional
force f n at the present time step tn is introduced in the friction algorithm [2, 6]:

f ∗ = f n −k∆e (3.7)

where ∆e is the relative displacement increment. The next frictional force f n+1 is given
as:

f n+1 =
{

f ∗, if | f ∗| ≤ Fyi eld
Fyi eld f ∗

| f ∗| , if | f ∗| > Fyi eld
(3.8)
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where Fyi eld refers to the maximum possible friction force µ|f|. As the simulation starts,
the explicit FE programme predicts the frictional force iteratively using the central dif-
ference method [6].

CONTACT DAMPING

In order to avoid undesirable oscillations in contact, a certain amount of viscous damp-
ing perpendicular to the contact surfaces is automatically included in the explicit FE
software (e.g. LS-DYNA). For simplicity, a damping coefficient ξ is introduced as [6]

ξ= V DC

100
ξcr i t (3.9)

where ξ is given in percent of critical damping coefficient ξcr i t for explicit contact.
V DC is the abbreviation of “viscous damping coefficient in percent of critical”. By de-
fault [6], the magnitude of V DC is 80, which means the applied damping coefficient ξ is
as large as 80% of the critical damping coefficient ξcr i t . V DC is a control parameter that
can be tuned to fit particular contact-related problems.

3.2.3 CONTACT STABILITY

Together with the related nodal mass mmaster and msl ave , the “closed” contact segment
(See Figure 3.1) becomes a “invisible” spring-damper-mass system. Here, the contact
segments are the components of nodes on the outmost surface layer of the two wheel-
rail contact bodies (See Figure 3.1c). mmaster and msl ave are referred to as the master
and slave nodal mass, respectively.

The interface spring stiffness k used in the contact algorithms [6] is based on the
minimum value of the slave segment stiffness k sl ave or master segment stiffness kmaster .
Accordingly, there are two time step sizes obtained according to the two contact stiffness
(master and slave) for these invisible spring-damper contact elements. One is the con-
tact time step size of master segment, the other is that of slave segment.

CONTACT SURFACE TIME STEPS

Two critical time steps for the master segments ∆t master
cont and the slave segments ∆t sl ave

cont
are defined individually as [6]

∆t master
cont = 2

ωmax
= 2

√
mmaster

kmaster

∆t sl ave
cont = 2

ωmax
= 2

√
msl ave

k sl ave

(3.10)

Taking the contact damping coefficient ξ into account, the critical time step size of
contact elements ∆t master

cont and ∆t sl ave
cont will be reduced as [6]

∆t master (sl ave)
cont = 2

√
mmaster (sl ave)

kmaster (sl ave)
(
√

1+ξ2 −ξ) (3.11)
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CONTACT STABILITY CRITERIA

The calculation time step ∆tcalc used in explicit FE software (e.g. LS-DYNA) is not al-
lowed to be larger than the critical contact surface time step sizes [6], i.e.

∆tcalc < mi n(∆t master
cont ,∆t sl ave

cont ) (3.12)

Otherwise, the contact stability could not be guaranteed.

3.3 UNDERLYING CHALLENGES AND POSSIBLE SOLUTIONS
As it has been presented in Section 3.2, the FE theoretical background is rather com-
plicated. There are several interface parameters involved in both the contact modelling
and solving procedures. Thus, a number of challenges are encountered and need to be
addressed.

3.3.1 INTERFACE PARAMETERS
To properly capture the highly non-linear contact characteristics of W/R interaction, a
very dense mesh in the potential contact area is always desired. However, it is not always
the case that the very dense mesh can be used in the model due to the large and complex
contact geometries as well as the limited computer capability. Therefore, a non-uniform
mesh (See Figure 2.1c) is introduced by making the solution area much denser than other
contact regions.

It is clear that the two parameters (mesh density and mesh uniformity) shown in
Figure 2.1c are to be adjusted and evaluated. By decreasing the length d0 of solution
area into zero, the non-uniform mesh refinement becomes a uniform one. Similarly, the
mesh density could be changed by increasing or decreasing the mesh size E si ze of the
element. Here, “mesh density” refers to the number of elements per unit area in the
dense meshed area (not that in the solution area).

Besides, there are no standard routines on how to prescribe the magnitude of the
penalty scale factor α and the contact damping factor V DC embedded in Equation 3.6
and Equation 3.9. Their effects on the contact stability have not been sufficiently dis-
cussed especially in the field of FE-based simulations on W/R rolling frictional contact.

To sum up, the main challenges associated are exploring the relation between the
dynamic responses of W/R interaction and the four key interface parameters: namely, 1)
Penalty scale factor α; 2) Mesh uniformity d0; 3) Mesh size E si ze; 4) Contact damping
factor V DC .

3.3.2 APPROACHES FOR ADDRESSING CHALLENGES
To address the aforementioned challenges, the approach of parametric study is adopted.
In this section, the details of this approach are given first. Following that, the scheme on
how to integrate such an approach with the FE analysis is presented.

PARAMETRIC STUDY

According to the general rule of a parametric study, the dynamic behaviour of the W/R
interaction has to be studied by iteratively varying the values of certain interface parame-
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ters, while the other parameters are fixed. Based on the parametric studies, the following
questions are expected to be answered:

(i) How does the contact instability look like? Are there any effective measures for
maintaining the contact stability (if contact instability happens)?

(ii) What are the effects of the interface parameters on the performance of the contact
stability as well as on the dynamic contact responses?

(iii) Is there a set of interface parameters that is the most suitable one for the analysis
of W/R interaction ?

INTEGRATION WITH FE MODEL

To perform the parametric study, it has to be properly integrated with the 3D-FE model.
Its basic working mechanism is shown in Figure 3.2.

Implicit-to-explicit

sequential simulation

3D-FE model
Check the 

stability, accuracy 

and efficiency

Prescribe initial parameters

Criteria fulfilled?

Yes

No

Update new parameters

Obtain good parameters 

START END

Figure 3.2: Flow chart of parametric study with 3D-FE model.

Firstly, an initial set of the interface parameters is prescribed in the 3D-FE model.
Once the explicit FE simulations are completed, the statuses of the contact stability, cal-
culation efficiency and accuracy have to be examined. The criteria are the satisfactory
compromise among the contact stability, calculation efficiency and accuracy. When the
criteria are fulfilled, the set of good/appropriate interface parameters is identified. If not,
new parameters will be updated and tested against the 3D-FE simulations iteratively un-
til such a compromise is reached.

3.4 RESULTS AND DISCUSSIONS
Following the flow chart shown in Figure 3.2, a series of explicit FE simulations are per-
formed so as to examine the effect of the four interface parameters on the performance
of W/R interaction. These interface parameters vary within certain given ranges:

(i) Penalty scale factor α (from 0.05 to 409.6);

(ii) Mesh uniformity d0 (from 0 mm to 120 mm);

(iii) Mesh size E si ze (from 1.5 mm to 4.0 mm);

(iv) Damping factor V DC (from 10 to 180).
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It is worth noting that all these interface parameters are studied in the case of zero
lateral shift of the wheel-set. To increase the calculation efficiency of this parametric
study, the FE modelling procedure has been parametrised using MATLAB scripts and
ANSYS Parametric Design Language (APDL) [17].

3.4.1 CONTACT STIFFNESS
Nine cases of penalty scale factor are selected to analyse varying from 0.05 to 102.4, while
the other parameters keep constant. Due to the inversely proportional relation between
the contact time steps ∆t sl ave(master )

cont and the square root of the penalty scale factor α
(Equation 3.6 and Equation 3.10), the increase of penalty scale factor α will lead to the
decrease of contact time step∆t sl ave(master )

cont . The values of penalty scale factors are thus
set to be the product of its “default” (0.1) and the mth power of 2 (i.e. α= 0.1×2m), which
is to maintain the variation of∆t master

cont and∆t sl ave
cont to be approximately linear. m is cho-

sen in the range of [-1, 10]. Here, the term of “default” means the programme suggested
settings in explicit FE software LS-DYNA. By this means, the influence of penalty scale
factors on the contact stability (Equation 3.12) is able to be effectively investigated.

Figure 3.3a shows the variation of vertical contact forces corresponding to different
penalty scale factors α. It can be seen that a “saw-toothed” force oscillation is generated
and located at a distance of 150 mm from the origin. As the wheel rolls further along
the rail and approaches the vicinity of the solution area (d0 = 80mm), a “sudden per-
turbation” of the contact force gets noticeable for the cases of α = 204.8 and α =409.6
(extremely high contact stiffness) as well as those of α = 0.05 and α = 0.1 (extremely low
contact stiffness).
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Figure 3.3: (a) Variation of vertical contact forces w.r.t. different penalty scale factors α; (b) Variation of three
typical time steps.

The observed “saw-toothed oscillations” and “sudden perturbations” of the contact
forces could all be interpreted as the indicators of “contact instability”. In contrast, a
continuous and smooth dynamic response from the explicit FE simulations is perceived
as a prognosis of the “contact stability”.

A comparison (See Figure 3.3b) of the contact time steps ∆t master
cont ,∆t sl ave

cont with the
calculation time step ∆tcalc has been performed for all the studied cases. It shows that
the two critical contact time-step sizes ∆t master

cont and ∆t sl ave
cont decrease significantly with
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the increase of the penalty scale factor α. At the region denoted by the blue block, where
the penalty scale factor α is larger than 100, the calculation time step ∆tcalc starts to
exceed the thresholds of the critical contact time steps ∆t master

cont and ∆t sl ave
cont . According

to Equation 3.12, such a violation of the time step inequality could be hypothesised to
be the main cause of the “sudden perturbation” at the solution area for the cases of α=
204.8 and α = 409.6. With regard to the “saw-toothed oscillations”, it is hypothesised to
be caused by the initial conditions (i.e. the vibration of the structure excited by the initial
train velocities) of the explicit FE analysis.
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Figure 3.4: (a) Variation of vertical contact forces w.r.t. different train velocities V0; (b) Variation of vertical
contact forces corresponding to reduced calculation time step sizes ∆tcalc .

In order to verify the hypothesis of initial conditions, four FE simulations with differ-
ent initial train velocities V0 ranging from 90km/h to 250km/h are performed. Here, the
penalty scale factor α of 12.8 is adopted. Figure 3.4a shows the variation of vertical con-
tact forces with respect to different initial train velocities V0. At the higher train speed
levels, it can be seen that the “saw-toothed” dynamic force oscillations are getting more
noticeable.

Besides, two more FE simulations for the cases of α= 204.8 and α= 409.6 have been
performed, where their calculation time step sizes ∆tcalc have been scaled down with
a factor of 0.5 and 0.15, respectively. The corresponding variation of vertical contact
forces is shown in Figure 3.4b. It can be clearly seen that the “sudden perturbations” at
the vicinity of the solution area have disappeared. Thus, the two hypotheses of the time
steps violations and initial conditions have been verified.

However, the calculation expenses for the tuned cases of α = 204.8 and α = 409.6,
which grow from 8.8 hours to 15.91 hours and 50.32 hours, have been significantly in-
creased because of the reduced calculation time step size. As a consequence, the calcu-
lation efficiency is negatively affected. Moreover, it is observed from Figure 3.4b that the
variation of vertical contact forces is getting converged with the increase of the penalty
scale factor α.

Figure 3.5 shows the distributions of normal contact pressure, which are extracted at
the instant when the wheel travels over the middle of the solution area. It can be seen
that both the magnitude and distribution of the contact pressure tend to converge at
higher levels of penalty scale factor. Such an observation agrees well with the classical
penalty theory [6, 7, 37, 38] that the larger the contact stiffness is, the more realistic the
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results would be.

α = 0.05 0.1(Default) 1.6 12.8 51.2

Unit:MPa

409.6

534 664 974 1041 1054 1052

Figure 3.5: Effect of contact stiffness on contact pressure distribution.

It can be concluded from the simulation results that the default parameters (such
as the default penalty scale factor α = 0.1 ) in LS-DYNA cannot accurately simulate the
dynamic behaviour of the W/R interaction well, and the values of these parameters used
in the analysis have to be justified. The guideline for selecting a suitable penalty scale
factor α could be formulated as follows:

(i) To ensure a proper accuracy of the contact solution, the contact stiffness should
be as large as possible, which can be achieved by increasing the penalty scale fac-
tor α. For the chosen value of the penalty scale factor, the calculation time step
∆tcalc should be smaller than the contact time step sizes ∆t sl ave(master )

cont so as to
guarantee the contact stability as explained in Figure 3.3. The time step sizes of
∆t sl ave(master )

cont are available in the output of LS-DYNA;

(ii) Once the calculation time step ∆tcalc exceeds the thresholds of contact time steps
∆t sl ave(master )

cont , a reduced calculation time step is demanded to retrieve the stable
dynamic contact response and get rid of the sudden perturbations (if it happens),
but with a sacrifice of the calculation efficiency.

Based on the aforementioned guideline, a penalty scale factor α of 12.8 that can
maintain the good compromise of the accurate contact performance and calculation
efficiency is suggested.

3.4.2 MESH UNIFORMITY
Figure 3.6a-b shows the FE models corresponding to different mesh uniformities. The
case of d0 equal to 0 mm means the uniform mesh (See Figure 3.6d). d0 is prescribed to
vary from 0 mm to 120 mm. When the length of the solution area changes from 40 mm
to 120 mm, the number of the solid elements in the solution area increases from 472 to
1382.

To study the influence of the mesh uniformity on the dynamic performance of W/R
interaction, the default penalty scale factor α of 0.1 is chosen to be studied first, while
the other parameters (except the mesh uniformity d0) are fixed.

Figure 3.7a shows the dynamic responses with the default penalty scale factor of α=
0.1. It can be noticed that the “sudden perturbations” happen again nearby the solution
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(a)

(c) (d)

80mm120mm

0mm40mm

(b)

Figure 3.6: Variation of non-uniform mesh to uniform mesh: (a) 120 mm; (b) 80 mm; (c) 40 mm; (d) 0 mm -
uniform mesh.

area. Taking the case of d0 = 0mm (uniform mesh refinement) as a reference, it can
be seen that the location of the starting and ending points of the perturbation is highly
related to the exact position and the dimension d0 of the solution area. Moreover, it can
be observed that the curves of vertical contact forces are overlapped before the wheel
entering into the solution area, while the difference is getting more pronounced after it
passing over the solution area. Presumably, it is the default penalty scale factor α = 0.1
that is too low to compensate the drastic contact stiffness difference between the dense
meshed region and the solution area of the contact bodies as shown in Figure 3.7a.

To verify the presumption of the contact stiffness difference, another four cases of FE
simulations corresponding to different mesh uniformities have been performed anal-
ysed using the suggested best penalty scale factor of 12.8. The variation of vertical con-
tact forces has been shown in Figure 3.7b. It can be seen that the “sudden perturbations”
of the contact instability inside the solution area, which occur at the default penalty scale
factor of 0.1 as shown in Figure 3.7a, die out. All the responses of the contact forces seem
to converge into a common curve. This implies that the “sudden perturbations” intro-
duced by mesh non-uniformity at low contact stiffness could be arrested and eliminated
by specifying a high enough penalty scale factor (i.e. 12.8). In other words, the high
penalty scale factor can minimise the contact stiffness difference and maintain the con-
tact stability.

Figure 3.8 shows the variation of time step sizes corresponding to different mesh uni-
formities. It is clear that the calculation time step size ∆tcalc decreases significantly,
when the mesh pattern changes from uniform to non-uniform. For this reason, the
calculation expense of the non-uniform mesh increases from 8 hours (that of uniform
mesh) to more than 20 hours. Besides, it is observed that, at higher penalty scale factor
of α= 12.8, the gap between calculation and contact time step sizes reduces much more
than that of low penalty scale factor (α = 0.1). This is complementary to the relation
between contact stiffness and the time step size as derived from Equation 3.10.

It is observed from Figure 3.9 that both the magnitude & distribution of the contact
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Figure 3.7: Variation of vertical contact forces w.r.t. different mesh uniformities: (a) Default penalty scale
factor α= 0.1; (b) Optimal penalty scale factor α= 12.8.
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Figure 3.8: Variation of time step sizes w.r.t. different mesh uniformities: (a) Default penalty scale factor
α= 0.1; (b) Optimal penalty scale factor α= 12.8.

pressure obtained from the uniformly meshed FE model are quite different from those
of FE simulations having non-uniform mesh patterns. The reason for that is attributed
to the difference of FE mesh patterns in the solution area, where the uniformly meshed
FE model is too coarse to capture the high stress gradients within the contact patch. It
further demonstrates the importance of mesh non-uniformities to the contact solutions,
which means the mesh non-uniformity is one necessary feature for the analysis of W/R
interaction.

Despite the fact that the mesh non-uniformity can introduce a high (more than 20
hours) calculation expense compared with the uniformed mesh (8 hours), detailed con-
tact properties are obtained. Considering that the longer the refined solution area is, the
greater the amount of the elements will be created, it makes sense to adopt the length
d0 = 80mm of the solution area to make a satisfactory compromise between the calcu-
lation efficiency and accuracy. Although the mesh non-uniformity introduces contact
instability, using proper (e.g. α = 12.8) contact stiffness this effect can be eliminated.
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Figure 3.9: Effect of mesh uniformity on contact pressure distribution.

3.4.3 MESH DENSITY
In order to study the effect of mesh density on the performance of W/R interaction, six
cases of mesh size varying from 1.5 to 4.0 mm are studied. The other parameters are
fixed.
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Figure 3.10: Variation of vertical contact forces w.r.t. different mesh sizes: (a) Default penalty scale factor
α= 0.1; (b) Optimal penalty scale factor α= 12.8.

Figure 3.10a shows the variation of vertical contact forces corresponding to differ-
ent mesh sizes. It should be noted that the penalty scale factor α = 0.1 is in default for
the present studied cases. It can be seen that the amplitude of “sudden perturbations”
inside the solution area is gradually reducing with the decrease of the mesh size. It im-
plies that the mesh density would be an alternative parameter of preventing the “sudden
perturbations” in addition to the penalty scale factor α.

To further evaluate the influence of mesh density at high level of contact stiffness,
another six cases of varying mesh sizes are studied by increasing the penalty scale factor
to the optimal one ofα= 12.8. Figure 3.10b shows the variation of vertical contact forces
with respect to different mesh sizes. The prior insistent statement that an increased
penalty scale factor could eliminate the contact instability (“sudden perturbation”), has
been further verified.

The reason of this phenomenon can be attributed to the reduced element size, which
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decreases from Cd to λCd in the solution area. Here, λ is a scale factor, 0 < λ< 1. Given
a constant penetration depth l , it derives from Equation 3.5 and Equation 3.6 that,

λ ·λ · fs =−l ·α ·K ·λ ·Cd ·n (3.13)
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Figure 3.11: Schematic graph of mesh size variation: (a) Brick element with side length of Cd (also shown in
Figure 3.1a); (b) Refined small element with side length of λCd .

From Equation 3.5 and Equation 3.13, it finds that the nodal contact stiffness k con-
tributed by the smaller elements (λCd ) only decreases by a factor of λ in comparison
with that of large elements (Cd ). But the overall contact stiffness (i.e. the summation of
nodal contact stiffness

∑
k) increases 1

λ times. For instance, if λ is 1
4 , the overall contact

stiffness will increase 4 times.
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Figure 3.12: Variation of time step sizes w.r.t. different mesh sizes: (a) Default penalty scale factor α = 0.1; (b)
Optimal penalty scale factor α = 12.8.

Figure 3.12a-b shows the variation of time step sizes with respect to different mesh
sizes. With the decrease of the element size, both the contact and calculation time step
sizes tend to drop.

Figure 3.13a shows the normal contact pressure as continuous contour plots for all
the nodes in contact. It can be seen that the distribution of the normal contact pressure
is getting converged towards the denser mesh, which also indicates that the denser the
mesh is, the better the contact solution would be ensured.
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Figure 3.13: Effect of mesh size on contact pressure distribution: (a) Nodal contour plot; (b) Element contour
plot.

Figure 3.13b shows the normal contact solution results as discontinuous element
contours. The discontinuity between contours of adjacent elements is an indicator of
the stress gradient across elements. These element contours are determined by linear
interpolation within each element, unaffected by surrounding elements (i.e. no nodal
averaging is performed). Following the method presented in [16], the contact statuses of
these elements are determined by the normal pressure σn as:

An element i s i n cont act : i f σn > 0 (3.14)

Table 3.1 lists the quantitative results in terms of the number of elements in contact and
the size of the resulting contact patches. The maximum number of element in contact is
379 for the case of E si ze = 1.5mm, whereas it is only 73 for E si ze = 4.0mm. With the de-
crease of the mesh size E si ze, the number of elements in contact increases significantly.
Also, the size of the contact patch is getting smaller in accordance with the mesh size.

As the calculation expense would increase drastically due to the huge amount of ele-
ments generated, it is hardly possible to run the simulations with extremely small mesh
size (e.g. 0.5 mm). The alternative is to run the simulation with a better selected param-
eter of mesh density, which could compromise between the calculation accuracy and
efficiency in accordance with the criteria stated in Section 3.3. It is found that when the
ratio of the contact area to the number of element in contact is around 1, the satisfactory
compromise between calculation efficiency and accuracy is reached. Thus, the appro-
priate mesh size at the dense meshed area is suggested to be 2.0 mm (Case V, highlighted
with light-grey colour, See Table 3.1), while the one in the solution area is 1.0 mm. It is
worth noting that the suggested mesh size in solution area (i.e. 1.0 mm) falls within the
range of 0.33 mm to 1.33 mm, which are recommended by Zhao & Li [34] to maintain
an accuracy comparable to that of CONTACT and to satisfy the accuracy of engineering
applications, respectively.

In summary, the mesh density can drastically influence the dynamic responses of
W/R interaction when the contact stiffness is small. With the increase of the penalty
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.
Table 3.1: Effect of mesh size on normal contact properties.

E si ze/mm Ac
a/mm2 N b Amean

c
c/ mm2

Case I 4.0 307.4 73 4.2
Case II 3.5 299.7 89 3.4
Case III 3.0 287.9 117 2.5
Case IV 2.5 277.0 154 1.8
Case V 2.0 265.8 218 1.2
Case VI 1.5 258.5 379 0.7
a : Real contact area, which is enclosed by the outmost con-
tour line of Figure 3.12a. Note that the mesh size in this area
is 1

2 E si ze instead of E si ze (definition See Section 3.3.1).
Approximately,Ac is equal to N times the square of 1

2 E si ze;
b : Number of elements in contact;
c : Average contact area per element, Amean

c = Ac /N .

stiffness, the dynamic response is getting less sensitive to the variation of mesh density.
The denser the FE mesh is, the better the FE results can represent the reality.

3.4.4 CONTACT DAMPING
As similar to the parametric cases studied previously, the contact damping factor V DC
varies from 10 to 180. The corresponding dynamic responses of W/R contact forces are
displayed in Figure 3.14. It can be seen that when the contact damping factor is getting
higher than 160, the resulting contact forces start to oscillate.
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Figure 3.14: Variation of vertical contact forces w.r.t. different contact damping factors V DC : (a) Default
calculation time step ∆tcalc ; (b) Reduced calculation time steps ∆tcalc .

According to Equation 3.11 and Equation 3.12, the “sudden perturbations” (nearby
the solution area) are assumed to be caused by the fact that the value of the calcula-
tion time step size exceeds the magnitude of the reduced critical contact time step size.
Attempts have been made to check the time step violations by comparing the contact
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time step sizes and the calculation time step sizes. It is found that the exported contact
time step size only follows Equation 3.10, which means that the influence of the contact
damping as indicated by Equation 3.11 is not considered for output. As a consequence,
all the contact time step size are remaining constant under different contact damping
factors. Therefore, the check of time step violations such as the ones shown in Figure 3.8
and Figure 3.12 are not presented in this section. But it is still assumed that the high
contact damping is the main cause of the “sudden perturbations”.

To check the validity of the assumption, the calculation time step sizes ∆tcalc for the
cases of V DC = 160 and V DC = 180 have been scaled down with two factors of 0.5 and
0.3, respectively. It is found that the variation of vertical contact forces is getting stable
again (See Figure 3.14b). This re-stabilization process of contact forces implies that the
contact damping would be another parameter, which can trigger the phenomenon of
contact instability. The approach of retrieving the contact stability (if the phenomenon
of contact instability happens) is always to reduce the calculation time step size, but with
a sacrifice of the calculation efficiency.

Figure 3.15 shows the variation of the contact pressure corresponding to different
contact damping factors. It can be seen that both the magnitude & distribution of the
contact pressure hold almost constant, which indicates that the influence of contact
damping factors on the contact pressure is insignificant. This agrees with the state-
ment made in [6] that contact damping tends to play an important role in the analysis of
impact-related problems.

In short, the contact damping is a parameter that is low sensitive to the analyses of
W/R interaction. The default damping factor V DC of 80 is good enough to fulfil the
criteria of contact stability.

VDC = 10 40 80 140 180

Unit: MPa 1047 1054 1044 1049 1048

Figure 3.15: Effect of contact damping on contact pressure distribution.

As reported in [28], the sources of contact damping are relatively complex in real-
ity, including the surface roughness, lubricant, liquid, etc. Although those over-critical
damping factors (i.e. V DC > 100) employed may not have a direct physical correspon-
dence, it is necessary to demonstrate the low sensitive effect of contact damping to the
contact instabilities. Further investigation on the modelling of contact damping with
high degree of realism is part of future work.
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3.4.5 DISCUSSION: APPLICABILITY OF SUGGESTED GUIDELINES & PARAM-
ETERS

Form the parametric results, it can be recognised that the proposed guidelines are suit-
able for identifying an appropriate set of interface parameters. Those guidelines are not
subjected to particular geometrical and/or technical restrictions (i.e. special contact ge-
ometries, hardware configurations, programming languages, etc.). Thus, it enables the
suggested guidelines to have broad applicability in the area of explicit FE-based con-
tact modelling, especially in which the contact constraints are enforced with penalty
method. It is recommended for further applications to other mechanical contact/impact
systems (e.g. gear, bearing, etc.) having complex local contact geometries.

With respect to the suggested interface parameters (i.e. penalty scale factor (α =
12.8), damping factor (V DC = 80), mesh size (E si ze = 2.0mm) & uniformity (d0 = 80mm)),
it has reduced applicability in comparison with those guidelines. The reason is that the
choice of interface parameters is strongly dependent on the level and form of the mesh
discretization, which determine the magnitude of calculation & contact time step sizes
and manifest themselves further in the phenomena of contact (in)stabilities.

To summarise, the applicability of the interface parameters suggested is classified as
two categories:

(i) Suggested/similar mesh patterns as shown in Figure 2.1: The interface parame-
ters suggested have wide applicability for the cases of different axle loads, train
speeds, W/R profiles, etc. This can be explained by the recapitulated explicit FE
theory, from which it finds that these varying operational patterns and geometri-
cal parameters have no direct relations with the criteria of contact stability.

Taking the varying axle loads (ranging from 80 kN to 140 kN) as an example (See
Figure 3.16), the interface parameters suggested are capable of suppressing the
oscillations of contact forces and thus maintain the contact stability effectively.
Also, with the increase of axle load, a steady growth of the area of contact patches
and the magnitude of contact pressure is observed.

It has also been demonstrated in [16, 19] that the interface parameters suggested
are suitable for the cases of varying operational patterns (i.e. varying friction and
traction) and contact geometries (e.g. crossing rail).

(ii) Different mesh patterns: When the form (uniformity) and level (density) of mesh
discretization change, the magnitudes of both the calculation ∆tcalc and contact
∆t sl ave(master )

cont time step sizes will be affected (See Figure 3.8 and Figure 3.12).
Thus, the suitable interface parameters determined based on Equation 3.12 might
differ from those suggested. In other words, the interface parameters suggested
need to be improved to fit the changing mesh pattern.

Taking the selection of suitable penalty scale factor αopti mal as an example, Fig-
ure 3.17a schematically shows the relation (i.e. adapted from Figure 3.3b) between
the calculation and contact time step sizes. As discussed previously, the optimal
penalty scale factor αopti mal is selected at the vicinity of the unstable area (i.e.

∆tcalc >∆t sl ave(master )
cont ).



3

62 3. EFFECT OF W/R INTERFACE PARAMETERS ON CONTACT STABILITY

0 100

80kN 100kN 120kN 140kN

200 300 400 500 600

(b)

(a)

Travelling distance / mm

0

50

80
100
120
140

V
er

t.
 c

o
n

ta
ct

 f
o

rc
es

 /
 k

N

1005Unit:MPa 1041 1050 1088

80kN 100kN

120kN 140kN

Figure 3.16: Applicability of interface parameters suggested to the cases of varying axle loads: (a) Vertical
contact forces; (b) Contact pressure.

For this reason, the change of optimal penalty scale factor, alongside the varying
mesh patterns, is divided into three groups:

(1) Variation of ∆tcalc (See Figure 3.17b): If the minimum side length of solid
element varies, the curve of calculation time step size ∆tcalc moves up and
down. Accordingly, the optimal penalty scale factors αopti mal selected have
to shift.

(2) Variation of ∆t sl ave(master )
cont (See Figure 3.17c): If the mesh size of contact ele-

ments varies, the curves of contact time step ∆t sl ave(master )
cont will offset later-

ally. This is complementary to the variation of contact time steps shown in
Figure 3.8. Similarly, the optimal penalty scale factors selected will change.

(3) Variation of both ∆tcalc and ∆t sl ave(master )
cont (See Figure 3.17d): In this case,

the optimal penalty scale factors will move both horizontally and vertically.

In summary, when the mesh patterns significantly different from that shown in
Figure 2.1, it is suggested to follow the general guidelines to find the suitable inter-
face parameters.

3.5 CONCLUSIONS
In this chapter the effect of W/R interface parameters on the contact stability in the ex-
plicit finite element (FE) analysis has been studied. The numerical phenomena called
“contact (in)stabilities” have been presented.

Based on the results of this study, it is concluded that the interface parameters (e.g.
contact stiffness, damping, mesh size etc.) strongly affect the accuracy of contact solu-
tions and must be selected carefully. The wrong choice of these parameters (such as too
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high/low contact stiffness and damping, course mesh or wrong combination of these
parameters) can result in an inaccurate solution of the contact problem that manifests
itself in amplification of the contact force or/and inaccurate contact responses (mainly
due to the contact instability). The choice of these parameters used in the explicit FE
analysis has to be justified.

The guideline for the selection of optimum interface parameters, which guarantee
the contact stability and therefore provide an accurate solution, is proposed. According
to this guideline, the time steps in the explicit analysis ∆tcalc and ∆t sl ave(master )

cont , which
are determined by the interface parameters, must be tuned as close as possible to each
other.

An appropriate set of interface parameters is suggested (i.e. penalty scale factor
(12.8), damping factor (80), mesh size (dense meshed area: 2.0 mm; solution area: 1.0mm)
& uniformity (80 mm)). In comparison with the general applicability of the proposed
guidelines (e.g, other mechanical contact/impact systems), the interface parameters sug-
gested have reduced applicability.

Further research on the contact instabilities excited physically by friction or surface
defects (i.e. wheel-flats, corrugation, squats, etc.) is part of future work.
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4
MODELLING VERIFICATION AND

EFFECT OF OPERATIONAL PATTERNS

ON CONTACT RESPONSES

Verification of the explicit finite element (FE) model with realistic wheel-rail profiles against
the CONTACT model, which has not been sufficiently discussed before, is performed by
comparing the resulting shear stress, slip-adhesion area, etc., obtained from the two mod-
els. The follow-up studies using the verified FE model on the influence of the varying op-
erational patterns (such as different friction, traction, etc.) on the surface and subsur-
face tribological responses of wheel-rail interaction are accomplished through a series of
simulations. It can be concluded that the results obtained from most of the explicit FE
simulations agree reasonably well with the ones from CONTACT. Also, the increase of the
friction and traction can bring the stress concentrations from the subsurface upwards to
the surface.

Parts of this chapter have been published in Tribology International, 114, 264-281 (2017) [21].
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4. MODELLING VERIFICATION AND EFFECT OF OPERATIONAL PATTERNS ON CONTACT

RESPONSES

Chapter 4 focuses on how to carry out the verification of a FE model of W/R inter-
action. Given the fact that the realistic W/R profiles are used in the FE model devel-
oped here, attention is focused specifically on the non-Hertzian and non-planar contact
problems. For such problems, the verification of the FE models has not been performed
adequately so far. The main objectives of this study are to verify that FE model against
CONTACT software and to explore the effect of the most influencing factors on the tribo-
logical behaviour of wheel-rail interaction through parametric studies using this model.
This chapter is aimed to answer the research question Q3 presented in Chapter 1.

The same explicit FE model of a wheel rolling over a rail presented in Chapter 2 will
be used. Also, all the geometrical/interface parameters such as contact clearance (0.17
mm), penalty scale factor (12.8 mm), mesh size (dense meshed area: 2.0 mm; solution
area: 1.0 mm), etc. suggested in Chapter 2 and Chapter 3, which ensure the satisfactory
compromise between calculation accuracy and efficiency, will be used.

This chapter is organized as follows. First, a brief introduction of the research back-
ground of Chapter 4 is presented in Section 4.1. The comparison between the results
obtained using the FE model and CONTACT is highlighted in Section 4.2. Following that,
the results of the parametric studies on the influence of the friction coefficient, traction
force, contact point, material properties, etc., on the dynamic responses of wheel-rail in-
teraction are presented in Section 4.3; The future work on the experimental validations
is discussed in Section 4.4; Finally, concluding remarks are drawn.

4.1 INTRODUCTION
With the growing power of modern computers, expectations of more accurate contact
models for the analysis of wheel-rail interaction have also been increased. Those mod-
els without validation or verification may generate subtle inaccuracy in the obtained re-
sults that being unnoticed, which can lead to wrong decisions [41]. Accordingly, it brings
the researchers a tough challenge to justify the obtained results. In order to critically
assess the confidence in the solution of a contact problem, the verified and validated
contact models/algorithms have always been in high demand. Usually, validation is de-
fined as the assessment of the computational accuracy of the numerical simulations by
comparing it with the experimental data [28], while verification is performed through
the comparison of the numerical results with a known solution obtained from other val-
idated/verified models. The major difference between verification and validation lies
in the relationship between the computational and the real world results (experimental
data).

During the last decades, the interest in verification and validation of numerical mod-
els in the railway community has been increased significantly [1, 2, 24, 26, 31, 34–36, 42].
Usually, the validation is more difficult to perform than the verification, as the exper-
imental methods [2, 26, 31, 34] are inherently more time consuming and expensive.
Moreover, there are no well-accepted experimental methods available that can directly
measure the intangible local stresses and micro-slips within the contact patches [42]. A
common way of verifying a contact model is to compare its results with those from more
rigorous models, of which the correctness and accuracy have been proven [39]. For ex-
ample, the Kalker’s exact theory implemented in his well-known computer programme
CONTACT is often used for this purpose. Zhao et al. [42] developed a three dimensional
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(3D) wheel-rail finite element model for the solution of rolling contact in elasticity and
plasticity. Both the resulting Hertzian normal and tangential solutions agree well with
the results from CONTACT. As Zhao’s model was intended for studying squats that are
usually found in the middle of rail top [15], it was reasonable to represent the wheel by a
cylinder. Deng et al. [1] made attempts to find the solution for spin-rolling contact with
a coned wheel tread. The obtained FE results were successfully verified against Kalker’s
exact theory (CONTACT). In [36], Vo et al. used both CONTACT [38] and Polach’s mod-
els [32, 33] to verify the accuracy of their FE model through the comparison of contact
forces. Both realistic rail and wheel profiles were considered in Vo’s FE model. The com-
parison of the contact properties such as normal pressure, shear stress, slip-adhesion
area, etc. with the ones of CONTACT was excluded. Wiest et al. [40] compared the
normal contact pressure obtained from their FE simulations on wheel-crossing inter-
action with the ones from CONTACT. A novel coupling procedure between multi-body
system software and FE programme was introduced. Using that procedure, the conven-
tional complete wheel-crossing dynamic FE model is able to be simplified into a static
sub-model with two small pieces (around 30mm thick) of the contact bodies considered.
The normal contact pressure in wheel-crossing contact is assessed and further verified
against CONTACT.

From this literature review it can be noticed that despite the significant progress in
the verification of FE-based contact models against CONTACT, verification of the mod-
els with realistic wheel and rail (W/R) profiles considered has not sufficiently been per-
formed. Therefore, the examination on the validity of FE contact models with realis-
tic contact geometries remains in high demand. Also, the follow-up parametric studies
on the influence of the operational patterns (such as the variation of friction coefficient
[16, 23, 29], traction force [13], contact point [12] etc.) on the tribological behaviour of
wheel-rail interaction are limited by the lack of reliable and justified FE models.

4.2 MODELLING VERIFICATION
To properly verify the results from the proposed FE model analysis against the ones of
CONTACT analysis, a physical understanding on the background of CONTACT is neces-
sary. Thus, some critical theoretical backbones of CONTACT are summarised first. Then,
the procedure to perform the verification that integrates the CONTACT model with the
developed FE model is demonstrated. Finally, the simulation results obtained using the
FE model are compared with the CONTACT results.

4.2.1 CONTACT MODEL
The CONTACT programme is developed by Professor J.J. Kalker [11] and powered by
VORtech Computing [38]. It is intended for treating the concentrated contact problems
between two deformable bodies, which are assumed to have contact at one point Oc in
the un-deformed state as shown in Figure 4.1. As one main function of CONTACT pro-
gramme, it is able to accurately estimate the actual contact area Ac , the resulting local
stresses and slips within the contact patch in the deformed state( i.e. when the wheel is
shifted downwards to the rail along the direction Oc Zc ).

CONTACT is based on the complementary energy principles of Fichera and Duvaut-
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Figure 4.1: Schematic diagram of wheel-rail interaction in CONTACT.

lions [4], which are implemented in a special algorithm by Kalker [10]. In addition, the
relations between the displacement u(x, t ) and the surface traction p(x

′
, t ) are defined as

[38]

u(x, t ) =
∫

x∈Ac

A(x,x
′
)p(x

′
, t )dS (4.1)

where A(x,x
′
) is the influence function. The influence function is used to assess the effect

of the surface traction p(x
′
, t ) applied on one particle positioned at x

′
on the displace-

ment u(x, t ) of another particle placed at x. In CONTACT, the following assumptions are
made [38]:

(1) The bodies are formed of linearly elastic materials and are homogeneous.

(2) The contact area is essentially flat and small with respect to the typical dimensions
of the bodies’ geometries.

(3) No sharp variations exist in the geometries of the bodies.

(4) Inertial effects are small with respect to the contact stresses and may be ignored.

These assumptions allow for the usage of the influence function method [11, 38] (also
known as half space approach). Due to the violations of the half-space assumptions, the
conformal contact used to be a difficult problem to work out in CONTACT. With some
FE-based adjustments on the influence function [14], the recent versions of CONTACT
[37] have the option of solving the problems of conformal contact. The accuracy of CON-
TACT solutions has been verified/validated in [11, 39].

4.2.2 INTEGRATION CONTACT WITH FE MODEL
Using CONTACT, a variety of contact problems, including the frictionless, frictional, sta-
tionary and non-stationary contact, can be addressed [38]. In order to perform the FE
modelling verification against CONTACT, the CONTACT simulation has been integrated
with the explicit FE analysis as shown in Figure 4.2. Such an integration is necessary to
ensure that both models describe the same wheel-rail interaction process. It is worth
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noting that the primary focus of this study is extending the FE model verification from
the Hertzian contact problems, which have been successfully studied in [1, 42], into the
common non-Hertzian contact problem due to the consideration of the realistic wheel-
rail contact profiles.

Also, it should be mentioned that the proposed integration procedure is inspired a lot
by the instructive analysing procedure of CONTACT [38] (i.e. the non-Hertzian contact
analysis method) and the pioneering research progress made in [1, 36, 40, 42].
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Figure 4.2: Integration procedure of CONTACT with FE model.

From Figure 4.2, it can be seen that there are three models involved in the verification
process, namely, 2D-Geo model, 3D-FE model and Exact-BE model (CONTACT). Here,
the abbreviation of “BE” refers to the “boundary element” method. The integration pro-
cedure consists of two parts, explicit FE analysis and CONTACT analysis. In the part
of explicit FE analysis, the 2D-Geo contact analysis is performed first to determine the
geometrical contact information such as the initial “Just-in-contact” location (CP), the
contact clearance and the corresponding local wheel rolling radius at the point of con-
tact. The obtained contact information is used as the adaptive guidance for the mesh
refining and dynamic loading application in the 3D-FE analysis. More information of
the explicit FE analysis coupled with 2D-Geo contact analysis can be found in [18–20].

In the other part of the integration procedure, there are three major steps involved in
the CONTACT analysis [38]:

(1) Pre-process: setting up the contact geometries and applying the prescribed loads;

(2) Solver: defining the analysis type/options and running the solving processor;

(3) Post-process: reviewing the CONTACT results with the plot routines integrated;

As the solver of CONTACT is well-established, only limited items such as defining the
analysis type/options are allowed to tune. For the Pre-process and Post-process, more
preparations are needed for accurately performing the CONTACT analysis.
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For instance, in the pre-process, the same input of the non-Hertzian contact geome-
tries that are defined in the coupled 2D geometrical contact analysis (a part of the FE
model) is used in both models (FEM and CONTACT) (See Section 4.2.1). The operational
conditions such as the contact loadings, train velocities, etc., in CONTACT are prescribed
by the ones of the FE outputs (See Section 4.2.2). The same linear elastic constitutive law
is used to describe the material behaviour of the two contact bodies of wheel and rail. By
this means, the consistency between the explicit FE analysis and CONTACT analysis can
be guaranteed. Also, the correctness of the verification procedure can be assured.

In the post-process, the outputs of normal contact pressure, shear stress and slip/adhesion
area, etc., exported from FE simulations are compared with the ones obtained from
CONTACT analysis. In the following two sub-sections, the approaches of the Pre-process
would be detailed. For the Post-process, it will be discussed in Section 4.2.3.

NON-HERTZIAN CONTACT GEOMETRY

According to the integration procedure displayed in Figure 4.2, the non-Hertzian contact
geometry has to be characterized first. The general operational steps [38] for such a
characterization is demonstrated in Figure 4.3.

(1) The calculation starts by defining the coordinate systems that are used. Figure 4.3a
shows the un-deformed state of the contact geometry in the track-based coordi-
nate system Ot −X t Y t Z t , which has its origin at the track centre-line in the plane
resting on top of the rails. Figure 4.3b presents a close-up view of W/R profiles at
the contact-based coordinate system in which Z -direction O

′
c Z

′
c is normal to the

contact plane. The origin O
′
c is positioned in the initial contact point and the Y

′
c

axis is parallel to the Yt -axis of the track-based coordinate system.

(2) It is seen from Figure 4.3a that the calculation of the initial contact points on left
and right wheels are accomplished based on the 2D-Geo contact model.

(3) Rotating the W/R profiles according to the resulting contact angle δ at the detected
initial contact point Oc ( See Figure 4.3b), the new W/R profiles will be obtained in
a tuned contact based coordinate system Oc −Xc Yc Zc .

(4) Interpolating the new rotated W/R profiles with respect to a common set of lateral
coordinates Y, and then assessing the un-deformed distance between wheel and
rail profiles. Here, the un-deformed distance is referred to as the contact clearance
δz. The obtained contact clearance shown in Figure 4.3c is one required contact
property for CONTACT. Using the obtained contact clearance, a potential contact
area that encompass the real contact area could thus be identified and further used
as an input for the CONTACT solving procedure.

It has to be mentioned that the integration of 2D-Geo model with CONTACT is seam-
lessly programmed. The W/R contact geometries (solid lines as shown in Figure 4.3a and
dash lines as shown in Figure 4.3b) have been substituted for the contact clearance curve
to prescribe the potential contact area.
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Figure 4.3: (a) Wheel-rail contact geometry at track-based coordinates Ot −X t Y t Z t ; (b) Close-up view of the

wheel-rail profiles at two contact based local coordinate systems Oc −Xc Yc Zc and O
′
c −X

′
c Y

′
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c ; (c) The

resulting normal clearance at lateral displacement δy = 0 mm (Notation: green solid circle refers to the initial
contact point).

PRESCRIBED OPERATIONAL CONDITIONS

To maintain the consistency between the FE simulations and CONTACT, the same elas-
tic material properties, friction coefficients and the track geometries are used for both
cases. They are shown in Table 2.1.

With respect to kinematic parameters, the prescribed total forces have to be specified
according to the results obtained from the dynamic FE analysis ( See Figure 4.4 ). The
resulting force components in the MidAc area, which are extracted at the moment when
the wheel passes through the middle of the solution area, are used as the prescribed
loading conditions in CONTACT.

4.2.3 VERIFICATION RESULTS
Following the Post-process of the CONTACT analysis as demonstrated in Section 4.2.2,
the FE results (such as the normal pressure, shear stress, the slip-stick area within the
contact patch etc.) are compared with the ones obtained from the CONTACT simula-
tions in this verification.

NORMAL PRESSURE

As indicated by the method presented in [42], the contact patches from both the FE and
CONTACT analyses are determined according to the normal contact pressure as follows:

A node is in contact , if |σn | > 0 (4.2)

where σn is the nodal pressure in the direction normal to the local contact surface.
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Figure 4.4: Variation of contact forces w.r.t. rolling distance.

Figure 4.5a-b shows the normal pressure distribution calculated from the FE pro-
gramme. In order to better demonstrate the resulting surface pressure distribution, the
compressive normal pressure here is treated as positive. The results obtained from CON-
TACT are shown in Figure 4.5c-d. All the resulting contact patches are non-elliptical. The
reason of the non-elliptical contact patch can be attributed to the changing radius of the
curvature of the realistic wheel/rail local contact geometries as well as to the rail inclina-
tion angle (1/40) considered in the model.

Also, it is observed that these contact areas are shorter in the rolling direction than
the length in the lateral direction. In addition, the contact patches are approximately
symmetrical with respect to the vertical-lateral plane. The peak of the contact pressure is
located at the vicinity of the initial contact point. The distribution of the contact pressure
has a similar pattern, i.e. the higher contact pressure is positioned at a region that is
much closer to the side of gauge corner (G.C.) than to the field side (F.S).

Table 4.1 lists the quantitative results in terms of the maximum normal pressure and
the contact patches. The maximum length of the contact patch in lateral direction is
22.91 mm in the FE solution, whereas in CONTACT it is 20.48 mm. That has resulted in
the relative difference between the area of the contact patch in both solutions of 28.23%
as it can be seen from Table 4.1 (256.5 mm2 in the FE solution and 200.02 mm2 in the
CONTACT solution). Besides, the maximum normal contact pressure, which amounts
to 1226 MPa, is obtained in CONTACT that is 13.95% higher than the FE solution.

It can be seen that although the percentage deviations of contact pressure exist, the
FE results agree reasonably well with the ones from CONTACT simulations. The sources
of these discrepancies can be categorised into three groups, namely, the different analy-
sis types, the FE penalty approximation and the tangent contact planes.

(1) Analysis types: CONTACT uses a quasi-static approach [38], while the FE analysis
type is transient. It can be observed from the FE simulation results (See Figure 4.4)
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Figure 4.5: Normal pressure distribution: (a) FE surface plot; (b) FE contour plot; (c) CONTACT surface plot;
(d) CONTACT contour plot. (Note: G.C. means the gauge corner, F.S. means the field side).

that both the vertical and longitudinal forces are varying with respect to travelling
distances. Since these varying resultant contact forces are composed of the nodal
resistive contact pressures/stresses, the transient behaviour of the explicit FE anal-
ysis would manifest itself in the discrepancies of the normal contact pressure and
the actual contact patch shown in Table 4.1.

(2) Penalty approximation: It is known that penalty method (See Section 4.2) is used
to satisfy the contact conditions approximately [8, 9] in the explicit FE analysis.
Moreover, the penalty method can also affect the stability of the explicit time inte-
gration procedure, since the central difference method is conditionally stable [43].
In the penalty method, the choice of the interface parameters (contact stiffness,
damping, etc.) should be made depending on the particular problems considered
in order to obtain the accurate results. Therefore, the study on the influence of the
wheel-rail interface parameters on the contact stability and accuracy of the results
had been done by the authors recently [22]. In this chapter, the optimal set of the
interface parameters as proposed in [22] has been used. But still, this approximate
contact constraint enforcement may influence the FE results and ultimately cause
the discrepancies between FE and CONTACT solutions.

(3) Tangent contact planes: It can be seen from Section 4.2.2 that the potential con-
tact area in CONTACT is prescribed on the basis of the contact clearance, which is
determined by the local tangent contact planes (involving the parameters such as
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.
Table 4.1: Comparison of the normal solutions of the two approaches.

Approach σmax
a/MPa

Contact patch
dl at

b/mm dlon
c/mm Area /mm2

CONTACT 1226 20.48 13.33 200.02
FE 1055 22.91 14.08 256.5
Difference w.r.t. CONTACT -13.95% 11.87% 5.63% 28.23%
a : Maximum normal pressure; b : Maximum length in lateral direction;
c : Maximum length in longitudinal direction.

the initial contact point, contact angle, etc.) obtained from the home-made 2D-
Geo contact simulation. These tangent contact planes are calculated under the
static, un-deformed state, which would be different from the ones at the dynamic,
deformed state in reality. Also, the choice of the input resulting contact clearance
curve would influence the actual contact patch and the pressure distribution ob-
tained using the CONTACT programme.

The detection of the potential contact area in the FE analysis is much different. Two
large enough potential master and salve contact segments are prescribed respectively
(See Figure 3.1). As it has been discussed in Section 2.2, the contact forces are predicted
iteratively using central difference method. No local tangent contact planes are needed
to be predefined in the FE simulation.

SURFACE SHEAR STRESS

Figure 4.6a-b shows the surface shear stress distribution calculated from FE programme,
while Figure 4.6c-d presents the one obtained from CONTACT programme.

It can be seen that the shear stress distribution of the FE solution is comparable with
the one of CONTACT solution. The major portion of the shear stress is located at the
rear part of the contact patch. The maximum surface shear stress of FE solution and
CONTACT solution amount to 459.8 MPa and 486.6 MPa respectively.

In order to create a cross-sectional view of the 3D surface shear stress, two orthogo-
nal sliced planes, namely “AA” and “BB”, are introduced as shown in Figure 4.6b & Fig-
ure 4.5d. “AA” is sliced at the initial contact point along a longitudinal-vertical plane,
while “BB” is cut at the same point but along a lateral-vertical plane.

Figure 4.7 displays 2D surface shear stress sliced at the “AA” plane. It is observed that
the shear stress is limited by a traction bound (denoted by solid red and blue curves),
which is the product of the normal pressure and the friction coefficient . Thus, the dif-
ference between the normal pressure as shown in Figure 4.5 also manifests itself in the
discrepancies between traction bounds as well as the shear stresses obtained from FE
and CONTACT analysis.

It is also observed that the shear stress curves from CONTACT are much smoother
and more disciplined than the ones obtained from FE simulations. Such a phenomenon
could be explained by the difference of the contact solving procedures between CON-
TACT and FEM. In CONTACT [11], the normal and tangential friction problems are solved
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Figure 4.6: Surface shear stress distribution: (a) FE surface plot; (b) FE contour plot; (c) CONTACT surface
plot; (d) CONTACT contour plot. (Notation: blue dash lines refer to the cutting planes, namely “A” and “BB”).

sequentially. The tangential traction are to be calculated until the normal pressure is
known.

For the case of explicit FE analysis, Coulomb formulation [6, 7] is used to predict
the tangential frictional force. The normal and tangential problems are calculated si-
multaneously for all the cases of contact problems. Using the central difference method
[6, 41, 43], all the nodal forces including both the tangential and normal ones are calcu-
lated iteratively from the present time step to the next one.

SLIP-ADHESION

Based on the calculated normal pressure and surface shear stress, the slip-adhesion phe-
nomenon can be further explored using the following equation adapted from [42]:

The node is in adhesion, if µ| fn_N |− | fn_T | > εT (4.3)

where fn_N is the nodal normal force, fn_T is the nodal tangential force in the longitudi-
nal direction, and εT is the tolerance for distinguishing the slip and stick areas. The mag-
nitude of εT is prescribed to be the 10% of the maximum traction bound force (µ| fn_N |).

It has to be mentioned that the tolerance used here is not as rigorous as the one in
[42], since the present tolerance is applied on the contact patches resulting from the
realistic wheel/rail contact geometries.

Figure 4.8a-b shows the slip-stick area distributions in the contact patches based on
the criteria stated in Equation 4.3. As it can be observed, the leading edge of all the con-
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Figure 4.7: 2D surface shear stress slice plot.

tact patches is in stick, whereas the trailing edge is in slip. Such an observation conforms
well with the classical rolling contact theory [11]. In addition, it can be seen from the FE
result (Figure 4.8a) that some of the “stick” grids seems to be misplaced inside the “slip”
zone, while the CONTACT result (Figure 4.8b) tends to be much disciplined and ordered.

From Equation 4.3, it is observed that the slip-stick area is strongly dependent on
the relationship between normal pressure and shear stress. The tolerable differences of
normal pressure and shear stress have been explained in the previous two sub-sections.
Also, the tolerance εT for identifying slip-stick area is much larger than the one in CON-
TACT (zero tolerance). Thus, it is reasonable to see the difference in the slip-stick areas
obtained from CONTACT and FE analysis.

From the results and discussions, it can be noticed that the developed FE model is
able to simulate the wheel-rail interaction effectively. The obtained FE results are com-
parable with the ones of CONTACT. The discrepancy between the results of CONTACT
and FEM simulations is reasonable enough for the developed FE model to be used in
the future research. However, as one major disadvantage of the FE analysis, it has to be
mentioned that the computational expenses of the FE simulation (around 9 hours) are
much higher than the ones of CONTACT simulation (2∼3 minutes).

4.3 PARAMETRIC STUDY
The knowledge on the influence of operation patterns on the tribological behaviour of
W/R interaction is always in high demand for formulating the appropriate operational
strategies (increasing/decreasing friction/traction, etc.) to improve the performance of
railway system. To enhance such knowledge, the following parameters are varied to con-
duct the parametric study starting from the reference case (See Table 2.1):

(1) the friction coefficient (changing from 0.0 to 0.8);
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Figure 4.8: Slip-stick area plot: (a) FE result; (b) CONTACT result.

(2) the traction forces (varying from braking to accelerating);

(3) the lateral position of the wheel (shifting from -5.5 mm to 5.5 mm);

(4) the material properties, by varying the yield strength limit from 280 MPa to 680
MPa.

It is worth noting that all the results of the parametric study are presented for the purpose
of model verification, and are obtained by considering a linear elastic constitutive law for
both the wheel and the rail, except for that presented in Section 4.3.4. The corresponding
results and discussions are presented below.

4.3.1 FRICTION COEFFICIENT
To study the resulting stress states and contact properties under different frictional lev-
els, nine sets of FE simulations have been performed with the friction coefficient ranging
from 0.0 to 0.8. In Figure 4.9, the dynamic response of the resulting longitudinal friction
forces with different friction coefficients are presented. From this figure, it can be seen
that the change of friction coefficient can bring about a dramatic influence on the varia-
tion of the longitudinal force.

At zero friction coefficient, no longitudinal forces are observed. When the friction
coefficient is increased, the resulting contact patches start to transfer the traction for
the wheel to accelerate. For the cases of friction coefficient varying from 0.1 to 0.3, the
stair-type growth trend of longitudinal force is observed. With the friction coefficient
increasing steadily over 0.3, the longitudinal friction forces reach to its saturated value
25kN and remain the same. This phenomenon is due to the fact that the applied traction
is determined (traction coefficient T =0.25) for all the cases of varying friction coefficient.
As a result, the higher the friction coefficient is, the larger the longitudinal friction force
within a upper bound of 25kN occurs. It can also be seen that all the resulted longitudinal
friction forces are varying with respect to the travelling distance. These variations are
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Figure 4.9: Resulting longitudinal friction forces from the variation of friction coefficient. (Note: the
intersecting point between the blue dashed line and the curves of the longitudinal forces indicates the

position in which the contact properties are extracted.)

getting more noticeable at high friction levels than the ones at low friction levels, even
the studied W/R interfaces are flat and have no defect. It is observed that the oscillation
of the longitudinal friction force is highly related to the magnitude of κ, which is the ratio
of the traction coefficient T to the friction coefficient µ. The smaller the magnitude of κ
is, the more noticeable the oscillations of the frictional forces are. Also, κ is an index to
assess the contact status:

The contact is in partial slip, if κ< 1 (4.4)

Thus, the noticeable oscillations at high friction levels means that the corresponding
contact statuses are partial slip. In other words, the friction forces in partial slip tend to
introduce more oscillations than the ones in full slip.

Figure 4.10 shows the influence of the oscillatory longitudinal forces on the shear
stress distributions at the friction coefficientµ of 0.8. Four time moments ranging from A
to D are selected from the curve of the oscillatory longitudinal force. The corresponding
shear stress distributions at selected moments are shown in Figure 4.10. It can be seen
that the local minimum longitudinal force located at “A” is approximately 24kN, whereas
at “D” the local maximum longitudinal force amounts to 30kN. This has resulted in the
relative difference of approximately 25% between the maximum shear stresses in both
“A” and “D”.

As the CONTACT calculations are made for the same time moment as FEM, the mag-
nitudes of the resulting longitudinal forces obtained from FE simulations are used as an
input in the CONTACT analysis. This makes the operational/loading conditions to be
consistent for both CONTACT and FEM simulations. Therefore, the influence of the os-
cillatory variation of the longitudinal force on the lateral verification process would be
insignificant.

The distributions of the surface shear stress are shown in Figure 4.11. These contact
properties are extracted at a distance of 260 mm from the starting point (See Figure 4.9).
It can be further seen that both the FE solution (Figure 4.11a) and the CONTACT solution
(Figure 4.11b) demonstrate the gradual change of the surface shear stress as the friction
coefficient is changing. Figure 4.12 shows the slice plot of the surface shear stress sliced
at the initial contact point along the longitudinal direction. It is observed that the shear
stress responses of both FE and CONTACT results exhibit the similar pattern.
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friction force at high friction level of µ = 0.8; (b) The corresponding shear stress variation at specified time

moment.

Figure 4.13 presents the slip-adhesion area variation for the different friction coeffi-
cients. It can be noticed that when the friction coefficient is lower than 0.3, saturation is
reached in which full slip condition covers almost the whole contact patch.

With the increase of friction coefficient from 0.3 to 0.8, the slip area is getting smaller
and smaller in comparison with the stick area. The slip-adhesion areas obtained from
FE solutions agree well with the ones from the CONTACT solutions.

Using the “AA” cutting plane as demonstrated in Figure 4.6, the variation of the sub-
surface stress response is presented. It is clearly seen from Figure 4.14a that the max-
imum Von-Mises stress is shifting from sub-surface to surface with the increase of the
friction coefficients, while for the shear stress distribution shown in Figure 4.14b, the
tensile stress moves upward as well.

The results correlate well with the surface shear stress distribution shown in Fig-
ure 4.11, in which the higher friction coefficient will lead to smaller slip area and higher
surface pressure causing that the higher shear and Von-Mises Stress (VMS) shift upward
to the surface. It has been confirmed by the research from [3] that when the friction
coefficient is larger than 0.45, surface damage such as head check is getting dominant.
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Figure 4.11: Shear stress distribution (Unit: MPa): (a) FE solution; (b) CONTACT solution.
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Figure 4.12: 2D Shear stress sliced plot: (a) FE solution. (b) CONTACT solution.

4.3.2 TRACTION FORCE
When the vehicle travels along the track, three typical operational conditions can oc-
cur, namely accelerating, free rolling and braking, which are schematically shown in Fig-
ure 4.15. For the case of free rolling, no traction forces will be applied and the transla-
tional velocity is proportional to the angular velocity, while for the braking and acceler-
ating operations the direction of the driving torques are in opposite.

In order to study the influence of the train operations on the contact properties, a
series of FE simulations has been performed. The corresponding results and interpreta-
tions would be reported in this section.

Figure 4.16 depicts the variation of the resulting longitudinal contact forces with dif-
ferent traction forces ranging from -50kN to 50kN. As it can be seen that, with the change
of the operational conditions from accelerating to braking, the resulting longitudinal
force starts to alternate its direction from positive to negative. The stair-type growth
trend of traction forces is getting even more pronounced than the cases shown in Fig-
ure 4.9, when the traction coefficient T is increasing from -0.5 (braking) to 0.5 (acceler-
ating).

It can also been seen that the force oscillations are being greatest at the medium
traction force transmission levels. As the ratio κ of traction coefficient (T = -0.5∼0.5)
to friction coefficient (µ = 0.5) is smaller than 1 at medium traction force transmission
levels (|T | = 0.25) , the corresponding contact status is partial slip. As a result, there are
more force oscillations observed.

Figure 4.17a-b shows the distribution of the resulting surface shear stress. For the
CONTACT solutions, when they are compared between the braking and accelerating op-
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Figure 4.13: Slip-adhesion plot. (a) FE solution; (b) CONTACT solution. (Note: © refers to slip, ■ denotes
stick).
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Figure 4.14: Sub-surface stress distribution (Unit: MPa): (a) Von Mises stress; (b) Shear stress.

erations with the same traction amplitude, the shear stresses exhibit the same ampli-
tudes but opposite signs. Also, it can be seen that the “focusing point” of the shear stress
is always located at the side close to the gauge corner (G.C.). Here, the “focusing point”
defined as the most stressed point.

Regarding the case of the FE solutions as shown in Figure 4.17a, the “focusing point”
of the shear stress is much concentrated on the field side (F.S.) when the wheels are at
braking (T = -0.125∼-0.25), while the accelerating operation (T = 0.125∼0.25) pushes the
“focusing point” of the shear stress towards the side of the gauge corner (G.C.). Generally,
the magnitude of the shear stress from FE solution is lower than the one from CONTACT
solution.

Such a movement of “focusing point” observed from FE results could be caused by
the special “conical” wheel contact geometry. As a result, the resulting tangent contact
plane has a inclined angle with the horizontal plane. This inclined tangent contact plane
would lead to the local wheel rolling radius difference between the two areas of field
side and gauge corner. When the wheel rolls over the rail under accelerating operations,
the large local wheel rolling radius would bring much local slip to the side of the gauge
corner. Yet, the small local wheel rolling radius would generate much local slip to the
side of the field side under braking operations.

As it has been discussed in Section 4.2.2 and Section 4.2.3, the tangent contact planes
are determined by the 2D-Geo contact analysis. Also, the choice of these tangent con-
tact planes may influence the imported contact clearance curve (non-Hertzian contact
geometry) and ultimately the CONTACT solution. To minimise such an influence, more
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Figure 4.15: Schematic graph of train operations: (a) accelerating; (b) free rolling; (c) braking.
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Figure 4.16: Resulting longitudinal contact forces from the variation of traction forces. (Note: the intersecting
point between the blue dashed line and the curves of the longitudinal forces indicates the position in which

the contact properties are extracted.)

research efforts are required to improve the functionality of the present 2D-Geo contact
model. By this means, the change of the local wheel rolling radius resulting the move-
ment of the “focusing point” is able to be considered in the improved 2D-Geo contact
model. This explains the difference of the CONTACT and FE simulations results under
accelerating and braking operations.

Figure 4.18 shows the 2D slice plots of the surface shear stress distribution at “AA”
cutting plane. The shear stress is almost equal to zero under free rolling, while for the
accelerating and braking operations, the shear stresses exhibit completely opposite be-
haviour, which further confirmed the afore observations. Also, a large spike is observed
at the traction coefficient of 0.125. This spike also manifest itself in the discontinuities of
the corresponding contour plot as shown in Figure 4.17a (T = 0.125). Since the traction
force is very small, the shear stresses are distributed at a rather narrow strip. The insuffi-
cient mesh grids within the strip may cause the spike oscillation. In the simulation with
refined mesh, the spike has been considerably reduced.

According to the shear stress distribution presented above, the distribution of the
slip-adhesion areas are presented in Figure 4.19a-b. It is apparent from Figure 4.19a that
much slips obtained from FE solutions are shifted to field side for braking operation and
to gauge corner for accelerating, respectively. The “focusing point” movement of the
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Figure 4.17: Surface shear stress distribution (Unit: MPa): (a) FE solution; (b) CONTACT solution.
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Figure 4.18: 2D surface shear stress sliced plot: (a) FE solution; (b) CONTACT solution.

shear stress as shown in Figure 4.17 also manifests itself in the slip-stick are distribution.
The pattern of the slip-adhesion distribution obtained from the FE solutions agrees rel-
atively well with the ones from CONTACT solutions.

Figure 4.20 shows the sliced plots of the sub-surface stress responses obtained from
FE simulations under three typical operational conditions at the “A-A” cutting plane. In
the free rolling processes, the shear stresses are distributed almost symmetrically to a
distinguishable axis. In the accelerating process, the VMS stress distribution on the sur-
face was extended to the right – ( in front of the wheel ) the positive shear stress was
dominant on the top rail surface. For the braking operation, the VMS stress distribution
on the surface was stretched to the left (behind the wheel ) and the negative shear stress
was dominant on the top rail surface.

It is obvious that the solutions of the contact properties obtained from these two
approaches are relatively well in accordance with each other, in spite of the occurrence
of the deviations, such as the change of “focusing point”, the variation of the shear stress
amplitudes, etc. From the parametric studies on traction forces, it can be concluded that
the developed FE tool can produce as good results as CONTACT.

4.3.3 CONTACT POINT
The contact point distribution under different wheelset lateral shifts was determined
using the 2D-Geo model. As it can be seen from Figure 2.9 the refined mesh region is
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automatically adjusted according to the location of the contact point. Based on the de-
veloped FE models, the influence of the contact point variation due to the various lateral
shifts of the wheel set (-5.5, -3.5, -2, -1, 0, 1, 2, 3.5, 5.5 mm ) on the wheel-rail contact
behaviour is analysed in this section.

Figure 4.21 shows the two solutions of the contact area evolvement as the wheel is
displaced over the rail with different lateral shifts. It can be seen that the non-elliptical
contact patches prevail again. The reason of that is attributed to the fact that the radii
of the curvature of both wheel and rail change significantly within the area of contact.
Moreover, it is observed from FE solution (Figure 4.21a) that the magnitudes of the max-
imum normal pressure are on a steady decline from the lateral displacement of -5.5 mm
(2311 MPa) to 0.0 mm (1518 MPa), while they switch into another trend of slight in-
crease for the rest cases varying from 1.0 mm (856 MPa) to 5.5 mm (1191 MPa). From
Figure 4.21b, it can also be seen that the trends of the CONTACT solution are similar to
that of the FE solution. Regarding the magnitude of the normal pressure, the CONTACT
results seem to have a higher value than the FE results in most cases.

For the lateral shift of -5.5 mm, contact between the wheel flange root and rail gauge
corner occurs (See Figure 2.9d), there is a drastic difference in terms of the resulting
contact area as well as the magnitude of the normal pressure between the two solutions.
It can be interpreted by the fact that the W/R contact geometries are getting much curved
and non-planar in this case. Thus, the identification of the potential contact area (i.e.
the contact clearance curve) and the accurate tangent contact plane using the 2D-Geo
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Figure 4.21: Normal pressure distribution (Unit: MPa): (a) FE solution; (b) CONTACT solution.

contact model would be influenced. As it has been mentioned in Section 4.3.2, more
research efforts are required to improve the functionality of the 2D-Geo contact model
so as to minimise the negative influence that it brings to the CONTACT solution.

Figure 4.22 shows the two solutions of the associated surface shear stress at different
lateral displacements. As the traction force is fixed, the distribution of the shear stress
is directly linked with the distribution of normal pressure as illustrated in Figure 4.21.
Similar contact patches as well as discrepancies of magnitude have been observed from
the two compared solutions.

Figure 4.23 shows the quiver plot of the surface shear stress at the lateral shift of -5.5
mm, in which the large shear stress components towards to the lateral direction is ob-
served. The reason is that the angle between the contact plane and the horizontal plane
in the contact point is large enough to introduce a large lateral force, and such a lat-
eral force component starts to play a much important role in the wheel-rail interaction.
The green boxes indicate the boundary of the actual contact area obtained from the two
approaches.

Furthermore, the distribution of the subsurface VMS stress and shear stress along
the “BB” cutting planes for the lateral shifts of 5.5, 2.0, 0.0, -2.0, -5.5 mm are presented in
Figure 4.24. If the stress distribution of the lateral shift 0.0 mm was used as a reference,
it can be noticed that the maximum shear and VMS stresses are shifting from field side
to the gauge corner with the decrease of δy from 5.5 mm to -5.5 mm. When the contact
occurs at the region of the gauge corner (-5.5 mm), both the magnitude of the VMS stress
and the shear stress exhibit a substantial increase of 1653 MPa and 393 MPa, respectively.
Such a highly-stressed subsurface cross-sectional observation from the FE simulations
also indicates a satisfactory agreement with the field observations, which states that the
high contact stresses at gauge corner make main contribution for the initiation of the
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Figure 4.22: Shear stress distribution (Unit: MPa): (a) FE solution; (b) CONTACT solution.

rail defects called head checks.
It can be further seen that both the surface and the subsurface stress responses,

namely the distributions and magnitudes, are drastically influenced with the change of
the contact points. These FE results can be used as a good basis for studying and in-
terpreting the phenomenon of the crack initiation or propagation at different contact
points. It can be concluded that the developed FE tool is flexible, effective and reliable
enough to simulate the cases of the contact point shifts.

4.3.4 MATERIAL PROPERTY
Four sets of numerical simulations have been carried out to study the effect of material
properties on the resulting contact properties. Among them, one set of simulations con-
sists of the elastic wheel-rail material with the Young modulus E and Possion ratio ν kept
constant at 210GPa and 0.3, respectively.

The other three sets consist of varying the material properties from the pure elastic to
elastic-to-plastic ones. The yield strength σy for the elastic-to-plastic material is varying
from 280 MPa to 680 MPa, whereas all the tangent modulus Et is 21GPa. Here, Young
modulus E represents the ratio of stress versus strain (slope) in the elastic range (See
Figure 4.25). The Tangent modulus Et refers to the slope of the stress-strain curve in the
plastic range, which quantifies the “softening” of material that occurs when it begins to
yield. The yield strength σy denotes the turning point in the stress-strain curve at which
the stress-strain curve levels off and plastic deformation starts to occur.

It should be noted that for all the FE simulations that consider a bi-linear elastic-
plastic material here and after in this thesis, the residual stresses resulted from previous
wheel passages are assumed to be zero at the start of the FE calculation. Thus, in the
future work, more attention needs to be paid on the effect of the accumulation of the
residual stresses on the dynamic responses of W/R interaction.
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Figure 4.23: Surface shear stress quiver plot at the lateral shift of -5.5 mm. (a) FE solution; (b) CONTACT
solution.
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Figure 4.24: Sub-surface stress distribution of FE solution in BB-plane (Unit: MPa): (a) Von Mises stress; (b)
Shear stress;

From the contour plots displayed in Figure 4.26a-d, it is observed that the pattern of
the contact patch is changing from symmetry to non-symmetry. Due to the redistribu-
tion of stresses over a larger contact area obviously when using plastic materials in the
case of the 280 MPa yield strength, the magnitude of the maximum normal pressure (720
MPa) is reduced up to 31.8% compared with the elastic materials (1056 MPa).

The surface shear stresses, which are transferring the traction forces over the contact
areas, are shown in the Figure 4.27. Also, it can be seen that the maximum shear stress
obtained from simulations with elastic-to-plastic materials in the case of the 280 MPa
yield strength (500 MPa) was 55% lower in comparison with the elastic case (225 MPa).

Figure 4.28 shows the residual VMS stress distribution along the path the wheel runs.
For the material with high yield strength (See Figure 4.28a-b), there is no residual stress
observed. However, when there were a lower yield strength limit adopted in the mate-
rial model such as the cases shown in Figure 4.28c-d, a noticeable band highlighted with
relatively high residual stress was observed. It can be observed that the remained run-
ning band is increasing from three or four millimetres in the case of the 480 MPa yield
strength to more than twenty millimetres with a yield strength of 280 MPa.

Figure 4.29 depicts the sliced plots at “AA” cutting planes, where the residual stresses
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Figure 4.26: Normal pressure variation (Unit: MPa): (a) infinite; (b) 680 MPa; (c) 480 MPa; (d) 280 MPa.

located on the sub-surface are witnessed. The depth of the stressed zone is increasing
from null at the case of elastic material to one or two millimetres when the yield limit
is reduced to 280 MPa. It should be noted that the plots are captured at the moment
when the wheel runs to the end of the refined potential contact area along the rail. The
regions with high stress concentration at the right side of each plot shown in Figure 4.28
and Figure 4.29 are the area, where the wheel is standing on the top of the rail.

It can be concluded from the results that the width and depth of the remained resid-
ual stress zone maintains a steady rise with the decrement of the yield strength. The
advantage of the FE approach, which can completely consider the plasticity of the ma-
terial response, has been further demonstrated by the parametric study on the material
properties.

4.4 DISCUSSIONS: EXPERIMENTAL VALIDATIONS
The verification of the FE model against CONTACT has been presented in the previous
sections. As there are no experimental validations reported, the future work on how to
validate the proposed approach is discussed in this section.

Due to the relatively small size of the contact patch (around 100 mm2) and extremely
high contact stresses, it is still a challenge to measure the contact properties experimen-
tally [42] and further validate the FE model.

To address such a challenge, considerable efforts have been made on devising new
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Figure 4.27: Surface shear stress distribution (Unit: MPa): (a) infinite; (b) 680 MPa; (c) 480 MPa; (d) 280 MPa.
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Figure 4.28: Top view of the rail running band variation (Unit: MPa): (a) Infinite; (b) 680 MPa; (c) 480 MPa; (d)
280 MPa.

methods/devices during the last decades. For instance, in [25, 30, 31], an ultrasonic non-
invasive method was successfully used to estimate the dimension of the contact patch
and the resulting normal pressure in the laboratory test. Also, several on-board [5, 26, 27]
and track-side [17] field measurement devices were developed to predict the wheel-rail
contact forces and/or the accelerations. These experimental devices were mounted onto
the wheel, bogie, axle box or rail to record the real-time signal as the wheel travelling over
the rail.

In future work, there are two ways of validating the proposed FE model experimen-
tally as inspired by the above-mentioned research progress, namely:

(1) Laboratory test: using the ultrasonic technique to validate the normal contact
properties (i.e. contact patch and pressure) obtained from FE simulations against
the measured ones;

(2) Field measurement: using the on-board and/or track-side measurement systems
to compare the dynamic contact forces and/or the accelerations [27] of the wheel/rail
with the ones obtained from FE simulations.
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RESPONSES

(a) (b)

(c) (d)

Figure 4.29: Sub-surface stress sliced plots at AA cutting plane (Unit: MPa): (a) Infinite; (b) 680 MPa; (c) 480
MPa; (d) 280 MPa.

4.5 CONCLUSIONS
In this chapter the accuracy of the developed explicit FE model has been verified. Also,
the effect of the operational patterns such as the friction coefficients, traction forces,
contact points, etc. on the tribological behaviour of the wheel-rail interaction has been
studied. The future work on the experimental validations has been discussed. Based on
the results and discussions of this study, the following conclusions have been drawn:

(1) The integrating procedure of FE modelling verification against CONTACT have
been introduced with application to the analysis of wheel-rail interaction. Us-
ing this procedure, the same conditions used in both FE and CONTACT simula-
tions can be assured. Also, the correctness of the verification can be guaranteed.
The usefulness and flexibility of such an integrating procedure have been demon-
strated in the parametric study with different operational patterns (such as friction
coefficient, traction force, contact point, etc.).

(2) The results obtained from the CONTACT and FE analysis, including the contact
pressure, shear stress, etc. agree well. Yet, tolerable discrepancies between these
results still exist. The sources of the discrepancies have been explained and cat-
egorised into different groups, such as the different analysis types, solving proce-
dures, etc. The main result of this verification is that the discrepancy between the
results of CONTACT and FEM is reasonable enough for the FEM to be used in the
future research. However, as one major disadvantage of FE analysis, it should be
mentioned that the computational expenses of the present FE simulation (around
10 hours) are much higher than the ones of CONTACT simulation (2∼3 minutes).
As for the cases of contact model verification (e.g. newly developed FE model or
other sophisticated models), the programme of CONTACT is recommended.

(3) The changes of the friction coefficient, the braking and accelerating operation as
well as the location of the contact point can bring about a significant influence on
the tribological response in the W/R interaction, such as the distribution of normal
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pressure, shear stress, slip-adhesion area as well as the subsurface stress. The ac-
curacy of the corresponding FE simulations under varying operational parameters
has been verified by comparing it with the one of CONTACT.

(4) As one of the most pronounced advantages of the FE method, the consideration
of plasticity in the material models will drastically reduce the magnitude of the
shear stress and contact pressure. Also, the residual stress zone is observed at the
distance of 1∼2 mm (friction coefficient µ = 0.5) under the surface along wheel
travelling path. The lower the material yield strength limit is, the wider and deeper
the residual stress zone will be.
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5
MODELLING AND EXPERIMENTAL

VALIDATION OF WHEEL-CROSSING

IMPACT

To improve the understanding of dynamic impact in 1:9 crossing panel, which is suffer-
ing from rapid surface degradation, detailed modelling and experimental studies are per-
formed. A three-dimensional explicit finite element (FE) model of a wheel rolling over a
crossing rail, that has an adaptive mesh refinement procedure coupled with two-dimensional
geometrical contact analyses, is developed. It is demonstrated that this modelling strategy
performs much better than the ‘conventional’ FE modelling approach. Also, the experi-
mental validations show that the FE results agree reasonably well with the field measure-
ments. Using the validated FE model, the tribological behaviour of contact surfaces is
studied. The results indicate that the proposed modelling strategy is a promising tool for
addressing the problems of wheel-crossing dynamic impact.

Parts of this chapter have been published in Tribology International 118, 208-226 (2018) [20].
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Chapter 5 demonstrates how to extend/upgrade the verified FE model of W/R in-
teraction presented in Chapter 2 and Chapter 4 to a new level for analysing the wheel-
crossing (W/C) interaction, and how to validate this model experimentally. It is aimed to
answer the research question Q4 presented in Chapter 1.

A new explicit FE model of a wheel rolling over a crossing rail is developed in this
study. Also, following the guidelines presented in Chapter 2 and Chapter 3, the geo-
metrical/interface parameters that are suitable for the analysis of W/C interaction are
selected.

The structure of this chapter is as follows. First, a brief introduction of the research
background of Chapter 4 is presented in Section 5.1. In Section 5.2, the attention is fo-
cused on the general description of 3D FE model. Also, the specific modelling difficulties
that prohibit an accurate solution of W/C dynamic impact are emphasized. The detailed
working mechanisms of the coupling strategy are presented. The effectiveness of ‘eFE-
CS’ model is assessed through a comparison with the ‘conventional’ FE model. In Sec-
tion 5.3, experimental studies are performed to validate the accuracy of the proposed
FE model. In Section 5.4, the results of surface and subsurface material responses ob-
tained from the FE analysis are presented. The future work and further applications of
the ‘eFE-CS’ model are discussed. Finally, concluding remarks are drawn.

5.1 INTRODUCTION
Switches & crossings (S&C, also called ‘turnouts’, See Figure 5.1) are key operating de-
vices on the railway network to manage the traffic flow effectively. As one of the three
major components (namely, switch, closure and crossing panels, See Figure 5.1a), the
crossing panel is specially designed to enable the wheel successfully travelling from the
wing rail to the nose rail or the other way around. By this means, the vehicles are capable
of safely switching from through/diverging routes in either facing or trailing directions
(See Figure 5.1a). However, due to the natural geometrical discontinuity of the rail and
the resulting gaps at the transition region (See Figure 5.1a and Figure 5.1c), highly con-
centrated impact loads on the crossing rail are induced and amplified from the passing
vehicles. These repeated high impact loads would lead to the rapid degradation of con-
tact interfaces (e.g. accumulated plastic deformations) and/or the initiation of micro-
cracks on the rail surface/subsurface. The small cracks might further deteriorate into
the spalling damage (See Figure 5.1d) or even lead to the sudden fracture of the cross-
ing rail. Nowadays, the Dutch railway network is severely suffering from these problems
according to [39], where it has been reported that a typical crossing (e.g. the one shown
in Figure 5.1b-d) needs to be repaired urgently every half year. Thus, the crossing panel
is being one of the most maintenance demanding components in the Dutch railway in-
frastructure.

During the last decades, extensive research resources [1, 4, 10, 14–16, 21, 23, 29, 30,
33, 38–40, 43, 45] have been devoted to the subject of dynamic impact at S&C for the pur-
pose of finding effective strategies to address the aforementioned impact-induced prob-
lems. Usually, these dynamic impact problems are studied experimentally [4, 15, 16, 21]
and/or numerically [1, 10, 23, 29, 30, 33, 38–40, 43, 45]. Both approaches are very helpful
to improve the understanding of the dynamic impact phenomena. However, experi-
mental studies are often time-consuming and considerably expensive [47]. As a conse-
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Figure 5.1: (a) Schematic of railway switches & crossings (adapted from [4], re-drawn by A. A. Mashal and then
presented firstly in [23]); (b) 1:9 crossing panel on Dutch railway network (photo taken by V. Markine); (c)

Close-up view of this crossing panel (photo taken by V. Markine); (d) Spalling damage on crossing nose (photo
taken by Y. Ma).

quence, the use of numerical simulations is much preferable, since it allows to repeat
“experiments” easily [36], thus to assess the effect of all/selected parameters (e.g. op-
erational, contact geometrical, track, vehicle parameters, etc.) on the performance of
wheel-crossing (W/C) interaction separately/integrally [2, 13, 14, 28, 38], even to im-
prove the local design of S&C contact geometry [26, 27, 39] or tune the elastic track
properties through optimisation [6, 22, 40]. Among the aforementioned numerical sim-
ulations, Hertzian [8], non-Hertzian[12], multi-Hertzian [3] contact theories are often
adopted for the calculation of normal contact forces, whereas fast and approximate fric-
tional contact algorithms, such as FASTSIM [12], FASTSIM2 [37], Polach’s method [31]
and table-lookup schemes [12] are commonly used to get the tangential contact forces.
These different types of normal/tangential contact models are well established and suc-
cessfully integrated with many MBS(Multi-body Dynamic System) software (e.g. Adams
VI-Rail, Vampire, Simpack, etc.). For the MBS simulations, all the components of vehi-
cle & track are simplified/modelled as rigid bodies. The associated contact models are
usually based on the assumptions of elastic (i.e. no material plasticity considered) half-
space [12].

With the increase of expectations on the contact models for higher degree of realism
and better accuracy, advanced computer programmes (such as CONTACT [12, 35], Fi-
nite Element (FE) method [44], etc.) are necessitated as alternatives for more detailed
studies on the dynamic contact-impact phenomena [36]. Among the advanced numer-
ical methods, the FE approach is more frequently used because of its striking versatility
(i.e. the use of sophisticated elasto- plastic material models as well as the consideration
of realistic/generic contact geometries). FE method, as opposed to the MBS method, is
known as a powerful tool to determine the stresses/strains at the regions of interest with
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the assumption that the bodies are deformable. Yet, the FEM simulations usually de-
mand more computational power than that of MBS due to the large number of elements
discretized. During the last decades, the growing computer power and the development
of computing techniques (i.e. parallel processing) significantly boost the FE modelling
studies on the W/C dynamic impact. Thus, a number of pioneering research progresses
[10, 23, 29, 30, 41–43, 45] have been made. For instance, Pletz et al. [29] were among the
first to simulate the dynamic impact between a wheel and a full-scale crossing rail us-
ing explicit FE method. The effects of operational parameters (such as, train velocities,
axle loads, etc.) on the behaviour of dynamic impact were studied thoroughly [29, 30].
The developed FE model was well verified against the MBS model. In [43], Wiest et al.
developed a novel coupling procedure between MBS and FE programmes. Using that
procedure, the full-scale W/C dynamic FE model was able to be simplified into a static
sub-model with two small pieces (around 30 mm thick) of the contact bodies consid-
ered. The contact pressure was assessed and further compared with that of CONTACT
analysis. In [45], Xin and Markine developed a complete FE model, in which both the
full-scale wheel-set and the complete crossing panel were modelled. The accuracy of
their model was evaluated through comparisons with the field measurements. Also, a
thorough parametric study on the effect of major operational parameters (such as, axle
loads, train velocities, etc.) on the dynamic impact phenomena was performed. In [41],
Wei et al. presented a similar complete FE model. The simulated dynamic response was
validated through comparisons with the in-situ measurements of axle box acceleration
(ABA). A good agreement between the measured and simulated acceleration signals was
found. The contact properties (e.g. normal pressure, shear stress, etc.) obtained were
further used as an input to simulate the plastic deformation and wear on the surface of
crossing rail. More recently, Wiedorn et al. [42] introduced a simplified finite element
model for studying the impact of a wheel on a crossing. It was intended to improve the
calculation efficiency of FE simulations by simplifying the contact geometries. The sim-
ulation results agreed reasonably well with the ones of full-scale FE model [29, 30].

In summary, the detailed knowledge on the W/C dynamic impact has been enhanced
significantly with these various and valuable FE-based numerical studies (and experi-
mental validations). Yet, there is still much work to be done to address the following
issues:

• Demanding research on 1:9 crossing: Most of the aforementioned studies are fo-
cused on the impact phenomena of 1:15 crossing panels [10, 29, 30, 42, 43, 45].
Only few research interests [41] are in 1:9 crossing panel, which is currently suffer-
ing from stronger impact and rapider degradation (as described in Figure 5.1) than
the one of 1:15, due to its bigger crossing angle (‘1:n’ is referred to as the crossing
angle of the turnout, ‘n’ is also called the crossing number) and the reduced tran-
sition distance (i.e. the length of collateral running bands on the crossing rail, See
Figure 5.1d). Also, the material (i.e. manganese steel) of 1:9 crossing rail is prone
to the issues of surface degradation.

• Contact/impact-modelling difficulties: a) General challenges: Contact/impact al-
ways occurs at a-priori unknown area until the problem is resolved. This un-
known can bring about many challenges for the general cases of FE-based con-
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tact/impact modelling [18], such as the geometrical “gaps or penetrations”, mis-
matched/insufficient mesh refinement, unexpected initial slips, etc. If these chal-
lenges are not addressed properly, the accuracy and efficiency of the correspond-
ing FE simulations will be adversely affected [18]; b) Specific challenges: Regard-
ing the modelling of W/C impact, the special modelling difficulties, such as, the
‘discontinuous’ mesh refinement, the prohibitive amount of elements & the low
calculation efficiency, etc., are further increased due to the much complex local
contact geometries at the crossing panel. More details about these modelling dif-
ficulties/challenges will be given later in Section 5.2.1.

• Well-established experimental validations: Due to the complexity of W/C interac-
tion and relatively small size of contact patches (around 150–200 mm2, See [23]), it
remains challenging to measure the local contact properties within the contact
patches [46]. Therefore, well-established experimental validations for the pre-
sented FE-based contact models are still in high demand. Usually, the experi-
mental devices (e.g. strain gauges, accelerometer, etc.) are instrumented onto the
wheel, bogie, axle box (train-borne/on-board) [24, 41] or rail (track-side/wayside)
[4, 16, 21, 23, 45]. The acquired real-time strain/acceleration signals are prepro-
cessed and then compared with the FE simulated results. By this means, the ac-
curacy of the presented FE contact models is assessed indirectly [17]. However,
these experimental validations are mostly focused on the single selected measure-
ment instead of validating from the statistical/stochastic perspectives [14, 30]. In
short, the problem of the experimental validations in terms of the FE-based con-
tact models are still open to be addressed.

• Detailed stress/strain solutions of dynamic impact problems at S&C: It has been
reported in [23, 29, 45] that the impact loadings will lead to the greatly increased
contact stresses, which are far beyond the yield strength of typical steels. In real-
ity, the accumulation of plastic deformation will manifest itself in the rather high
levels of surface/subsurface damage (i.e. wear, RCF, etc.). To accurately quantify
the wear/RCF resistance of typical materials and assess the long-term behaviour
of S&C components, the detailed stress/strain solutions for this dynamic impact
problem are, thus, practically needed. More discussion about the results of stress/strain
will be presented in Section 5.4.

In order to enrich the detailed knowledge of W/C dynamic impact at 1:9 crossing
panel, an explicit finite element model of a wheel rolling over a crossing rail is developed,
which includes an effective and efficient modelling procedure through the coupling with
two dimensional (2D) geometrical contact analyses [18]. Such a modelling strategy is
originated and further extended from the authors’ former work [17–19], which is focused
on the normal wheel-rail interaction. The strategy (referred to as ‘enhanced explicit FE-
based coupling strategy’, abbreviated as ‘eFE-CS’, hereinafter) has been described thor-
oughly in [17–19]. Its performance (refers to the accuracy, efficiency and flexibility) has
been demonstrated through a number of numerical simulations with varying interface
parameters and operational patterns [17, 19]. The effectiveness of this coupling strategy
on addressing the general modelling challenges (such as ‘gaps and/or penetrations’, tar-
geted mesh refinement, etc.) has been successfully proved. In this study, the approach
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on how to address both the general and specific modelling challenges of W/C dynamic
impact is presented. Also, the performance of this extended ‘eFE-CS’ model is exam-
ined through the comparison with the ‘conventional’ FE modelling approach. Here, the
‘conventional’ means that the coupling strategy is not used.

As it is motivated to make this ‘eFE-CS’ contact model reliable and useful based on
its own advantages, two procedures of experimental validations are introduced and de-
scribed in this chapter. The first procedure is based on the location of ‘transition region’
(See Figure 5.1d), which is referred to as the collateral zone of the two separate running
bands. At this region, the change of wheel motion directly contributes to the subsequent
impact responses according to [39]. The transition region has thus been suggested and
used as an indication of the potential damage locations on the crossing rail [38]. Con-
sidering the great importance of the transition region, it is inspired to compare the FE
predicted transition region with the field measured ones, through which the accuracy of
‘eFE-CS’ model can be assessed.

On the other hand, the crossing accelerations induced by the impact event are col-
lected by a real-time measuring system called ESAH-M (Elektronische System Analyse
Herzstijckbereich – Mobil). Such a measurement device has been successfully used to
monitor the structural health conditions of 1:15 crossing panel [21, 45]. For the studied
1:9 crossing panel, the measured accelerations are used to compare with those obtained
from the FE simulations. To address the aforementioned open challenges of the experi-
mental validations, the current validation is performed from a statistical perspective. A
great number of measured acceleration signals (recorded from 21 train passages, around
400 W/C impacts) are collected and compared with the FE acceleration signal statisti-
cally both in the time and frequency domains. It shows that the modelling results agree
reasonably well with the field measurements. Also, it implies that the presented ‘eFE-
CS’ model can represent the real system of W/C interaction reasonably and is reliable &
accurate enough to be used in the future work.

Using the validated ‘eFE-CS’ model, the corresponding FE results of the global dy-
namic contact forces as well as the detailed knowledge about the local surface contact
properties (i.e. sliding-adhesion area, normal/shear stresses, etc.) within the contact
patches are presented. At the same time, special research interests are focused on the
subsurface stress responses. The relations between greatly increased contact stresses
and the causes of rapid surface degradations are discussed.

5.2 MODELLING OF W/C IMPACT
In this section, the modelling approach/strategy for the analyses of W/C dynamic impact
is described. The two investigated counterparts are the standard S1002 wheel (EN13715
[5]) with a nominal rolling radius of 460mm and the 1:9 crossing rail (See Figure 5.1a-d
and Figure 5.2a-c) used on a monitoring site near Meppel in the Netherlands.

The drawing of wheel cross-section is adopted from [25]. The inner gauge of the
wheel-set is 1360 mm. The axle length is 2200 mm. The crossing rail is cast of man-
ganese steel and prefabricated as a single unit according to the standard drawing shown
in Figure 5.2a-c. There is a group of characteristic cross-sections, ranging from AA to GG,
specifically used to describe the whole crossing rail geometry. The overall length of this
1:9 crossing rail is 2950 mm. The nominal track gauge is 1435 mm.
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Figure 5.2: Drawing of crossing rail: (a) Global top view; (b)Vertical-longitudinal cross-sectional view; (c)
Vertical-lateral cross-sectional view.

It can be seen from Figure 5.2a and Figure 5.2c that the lateral width of the wing rail
head remains the same until CC cross-section. Then, it begins to shrink gradually in the
lateral direction and stops at end of the wing rail (GG cross-section). For the nose rail
(See Figure 5.2a-b), both the width (lateral) and height (vertical) of the rail head expand
remarkably along the longitudinal path from DD to GG. Following that, it splits into two
normal rails. At the two ends of the crossing rail, standard UIC54 normal rails(cross-
section AA) are secured by stainless welds.

5.2.1 3D W/C FE MODEL
As a major component of the coupling strategy, the 3D W/C FE model is described firstly.
Following that, the reasons (mainly due to the FE modelling challenges) of adopting the
‘eFE-CS’ modelling strategy are explained.

MODEL DESCRIPTIONS

A W/C FE model shown in Figure 5.3a-b is developed, where the crossing rail is modelled
with restriction to an overall length of 7.45m. This finite length has been examined and
confirmed in the previous research [23] that it is long enough to minimise the influence
of the boundary conditions (at the two ends of the crossing rail) on the dynamic impact.
The idea of constructing such a W/C FE model (single wheel considered) is inspired by
the models described in [30, 46].

Only the solution regions where the wheel travels are discretized with fine mesh,
leaving the remaining regions with coarse mesh. Here, the solution region (fine mesh
area) is an area to extract and analyse the contact properties, such as the resulting con-
tact patch, normal pressure, shear stress, etc. In this region, the mesh size is as small
as 1.0 mm (See Figure 5.3), which is prescribed for the purpose of capturing the accu-
rate and high stress/strain gradients inside the contact patch. This mesh size (1.0 mm) is
33% smaller than that of 1.33 mm, which can ensure the good accuracy of contact solu-
tions according to [46]. Moreover, the type of 3D 8-node brick (i.e. hexahedral) element
(SOLID164) with reduced (one point) integration is adopted so as to save the computa-
tional cost and enhance the robustness in cases of large deformations [7].
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.

Table 5.1: Material properties and mechanical parameters.

Properties Values

Wheel/rail material a

Young modulus(GPa) 210
Tangent modulus(GPa) 21
Yield strength (MPa) 480
Possion ratio 0.3
Density (kg/m3) 7900

Primary
suspension

Stiffness (MN/m) 1.15
Damping (Ns/m) 2500

Operational
parameters

Coefficient of friction 0.5
Coefficient of traction 0.25
Train velocities (km/h) 140
Lateral displacement (mm) 0.0

Sleeper Mass(kg) 244
Rail
pad

Stiffness (MN/m) 1300
Damping (kNs/m) 45

Ballast
Stiffness (MN/m) 45
Damping (kNs/m) 32

a : Bilinear (elasto- plastic) isotropic hardening law, more in-
formation about this model can be found in [17].

To take the primary suspension into account, a group of sprung mass blocks are
lumped over the spring-damper system. The mass blocks, which are used to represent
the weight of the loaded car body, are 10 tons. The substructures (i.e. rail-pad, ballast,
etc.) are modelled as spring and damping elements as well. The sleepers are simpli-
fied by mass elements. The wheel and crossing rail are of the same material, which is
considered to be bilinear isotropic hardening in ANSYS [9]. The values of the mate-
rial/mechanical parameters are listed in Table 5.1. The position of the sleepers (60cm
spacing) follows the schematic shown in Figure 5.3a.

Y

Rail pad

Lumped mass

Primary suspension

Wheel

Crossing rail

Sleeper
Ballast

O Z

M

M MMM

Fine mesh

60cm

Coarse mesh

(a) (b)

v

(c)

Figure 5.3: Explicit FE model of W/C dynamic impact: (a) Schematic of FE model; (b) FE model – global view;
(c) FE model – close-up view.

The wheel is set to roll on the crossing rail from the origin of the global coordinate
system O-XYZ over a short travelling distance of 1.2m (See Figure 5.3a), which is long
enough to ensure that the wheel can travel over the transition region completely. The
initial train speed is 140km/h. The rotations of the wheel around the Z-axis are disabled
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(i.e. turned off or prevented from occurring), since it is assumed that variations of the
wheel-set’s yaw angles are small over a short rolling distance (i.e. 1.2m).

To better simulate the W/C dynamic impact process, an implicit-to-explicit sequen-
tial solving procedure [7] is used. In this procedure, the implicit solver(ANSYS Mechan-
ical) and explicit solver (ANSYS LS-DYNA) work in pairs. First, the equilibrium state of
the preloaded structure (i.e. axle-load 100 kN applied) is determined with ANSYS Me-
chanical. The displacement results of the implicit analysis are adopted to do a stress
initialization for the subsequent transient analysis. Then, the dynamic impact processes
begin at time zero with a stable preloaded structure [9]. The impact responses are further
simulated with ANSYS LS-DYNA using the central difference time integration scheme [7].
Also, double precision LS-DYNA [7] is used so as to ensure good accuracy of the contact
solutions.

MODELLING CHALLENGES

When performing the contact/impact-related analyses, all contact forces have to be dis-
tributed over a-priori unknown contact area. Also, the distribution of contact forces is
another primary unknown to be determined. These unknowns bring about many FE
modelling difficulties. In this section, both the difficulties for the general FE-based con-
tact/impact models and the specific W/C model are discussed.

General modelling difficulties

(1) Unwelcome “gaps and/or penetrations”: Small geometrical “gaps and/or penetra-
tions” between the contact bodies are easy-induced and ‘unavoidable’ at the start
of the contact modelling, because of the unknown first point of contact, the mis-
aligned contact positions, the numerical round-off [9], etc. If these “gaps and/or
penetrations” are not treated appropriately, they can proactively trigger the prob-
lem of divergence in the implicit FE analyses as well as the undesired failure of the
explicit FE analyses [18];

(2) Lack of targeted mesh refinement: Usually, the undeformed contact bodies are dis-
cretized and further refined at the vicinity of the potential contact areas according
to the analysers’ experience or visualisation [19]. Thus, the sizes of these areas can
be easily overestimated or underestimated, which will lead to either prohibitive
computational expense or inaccurate contact solutions. Considering that the de-
sired mesh size within the potential contact area (no less than 1.3 mm to ensure
the engineering accuracy according to [46]) is 1000 times smaller than the typical
dimension of the wheel and rail components (usually in the meter-scale), an eco-
nomic (efficiency), adaptive (flexibility) and reliable (reliability) mesh refinement
has always been a strong challenge for researchers and engineers;

(3) Demand for effective mesh transition: The surface-based tie constraints (similar
as bonded contact, constraint equations, etc.[9]), which can bond together two re-
gions having dissimilar mesh patterns (See Figure 5.4b-c), are commonly used in
the contact/impact FE models. As the tie constraints might adversely affect the
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overall integrity/stiffness of the contact bodies and thus the accuracy of FE simu-
lations [19], the applicability of tie constraints is doubted if they are used without
careful examinations.

Specific modelling difficulties
Regarding the W/C model, special FE modelling difficulties (apart from the general

ones) will be encountered. These special challenges are mainly induced by the varying
contact geometries of the crossing rail, in which two separated running bands shaded
with the yellow and diagonal patterns can be observed (See Figure 5.4a). One of the run-
ning bands lies on the wing railhead, while the other one locates on the nose railhead.
To have a better insight on the specific modelling difficulties, they are collected and il-
lustrated as follows:

(1) To identify the potential contact areas: The best identified potential contact areas
should be slightly larger than the actual ones, which will enable the satisfactory
compromises between calculation accuracy and efficiency. In order to maintain
the compromises and further facilitate FE modelling process, the exact locations
of the potential contact areas (e.g. the starting and ending positions, the lateral
width of the area, etc., See Figure 5.4a) are practically necessary.

(2) To accomplish the ‘separate’ & ‘dependent’ mesh transitions: Here, ‘separate’ means
that the mesh refinements at the railhead (including both the wing and nose rail)
are to perform and function independently in the longitudinal direction (i.e. trav-
elling direction)(See Figure 5.4a). The meaning of ‘dependent’ are twofold: a)
In the vertical direction, the bonds between the coarse mesh at the rail-bottom
(namely, the rail web and rail foot) and the fine mesh at the railhead are to be
secured by a group of solid elements (the mesh sizes are in a descending order)
instead of the artificial tie constraints (See Figure 5.4b); b) In the lateral direction,
the rail-bottom mesh refinements on the wing and nose rails have to match with
each other (See Figure 5.4c).

In summary, both the wing and nose rails need to be modelled carefully and fur-
ther discretized properly so as to fully encompass the double points of contact in the
transition region. More information of addressing these modelling (i.e. mesh refining)
challenges are given in Section 5.2.2.

5.2.2 COUPLING STRATEGY
To address the aforementioned FE modelling challenges of W/C dynamic impact anal-
ysis, a coupling strategy that combines the two dimensional geometrical (2D-Geo) con-
tact analyses and 3D-FE analyses, is used.

The basic working mechanism of this strategy is shown in Figure 2.5 (See Chapter 2).
The 2D-Geo simulation is performed first to detect the initial “Just-in-contact” point
(CP) and the “Contact clearance” δz. Here, the term “Contact clearance (δz)” is referred
to as the vertical distance between the un-deformed contact geometries of wheel and
crossing rail (See Figure 5.6a1-a2). The contact information obtained is used as a helpful
guidance to identify the single point and double points of contact, which are then used in
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Figure 5.4: Schematic of mesh refining difficulties: (a) Top view of mesh transition (Notation: regions shaded
with yellow colour & diagonal pattern indicate potential contact areas); (b) Mesh transition at ‘BB’

cross-section; (c) Mesh transition at ‘DD-180’ cross-section.

the FE mesh refinement. To make this strategy perform well, the data exchange between
2D-Geo and 3D-FE models is accomplished through an external MATLAB routine. Once
the 3D-FE modelling and preloading processes are accomplished with the aid of the 2D-
Geo model, the implicit-to-explicit sequential FE simulations are performed to analyse
the contact behaviour of W/C dynamic impact. The details of the 2D-Geo analyses and
the interfacing schemes of the coupling strategy are described in the later sections.

2D-GEO CONTACT MODEL

To better illustrate the 2D-Geo model, a 3D rigid wheel-set is given and positioned over
a 3D solid crossing panel as shown in Figure 5.5a. The global coordinate system O-XYZ
is consistent with the one shown in Figure 5.3.

The initial contact points, where the two particles on the un-deformed wheel and
crossing rail coincide with each other, are determined under given lateral displacements
(δy) of the wheel-set. The contact searching procedure is non-iterative (i.e. no ‘for/while’
loops used) by taking advantage of efficient matrix operations in MATLAB. Figure 5.5b
shows an example of the 2D-Geo contact analyses, in which the wheel-set is located at
the “Just-in-contact” point with a lateral wheel displacement (δy) of -10 mm.

COUPLED INTERFACE & OUTCOME

Based on the 2D-Geo model and 3D-FEM model described above, the interface and out-
come of the coupling strategy are presented below.

Refined area identification
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Figure 5.5: (a) 3D coordinate systems of W/C interaction; (b) “Just-in-contact” equilibrium condition of wheel
and DD-180 cross-section at a lateral displacement of -10 mm.

Taking the cross-section DD-180 as an example, which is subject to a zero lateral dis-
placement of the wheel-set (See Figure 5.6a1), the resulting contact clearance is shown
in Figure 5.6a2.

Figure 5.6a1–a2 shows the double point contact, where the value of the contact clear-
ances at the point of contact is almost zero. In order to implement the adaptive mesh
refining technique, it is assumed that the most stressed area coincides with the initial
contact point (CP). Moreover, the refined region on the contact bodies as indicated by
the green highlights (See Figure 5.6b1–b3), is defined to start from the initial CP and ex-
pand to the two ends with a specified contact clearance, e.g. 2 mm.

Following the same working procedure as the case of cross-section DD-180, the re-
fined regions of the other characteristic crossing profiles (See Figure 5.7a) are identified.
The varying contact clearances, ranging from 0.5 mm to 2.0 mm, are prescribed on the
basis of local contact geometries. The reason of selecting different contact clearances
is to make the size of the potential contact areas wide enough to encompass the actual
contact areas, which are strongly influenced by the varying local contact geometries and
the amplified impact forces.

Figure 5.7b shows the 3D potential contact areas, which are located on the top of the
crossing rail surface. The known relative position between the potential contact area and
the crossing rail surface will lead to several separated solid volumes, which are further
discretized by sweeping the mesh from adjacent areas through the volume as shown in
Figure 5.7c. Figure 5.7d shows the cross-sectional view of the refined contact regions.

Regarding the mesh refinement on the wheel, it can be observed from Figure 5.8a
that the regions on the 2D wheel profiles are varying correspondingly from the field side
to the flange root, when the wheel is travelling from the characteristic cross-section BB
to GG. Using the present FE modelling and meshing techniques, it is still challenging to
generate a flexible 3D mesh refinement along the circumferential path of the wheel ac-
cording to the varying refined regions. Thus, it is simplified into a uniform mesh, start-
ing from the field side and ending up to the flange root as shown in Figure 5.8b. By this
means, the wheel FE model (See Figure 5.8c) is capable of encompassing all the green
highlighted potential contact areas.
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“Just-in-contact” equilibrium condition of wheel and cross-section DD-180 at a lateral displacement of 0 mm;

(a2) Variation of contact clearance; (b1) Distribution of contact clearance (0 mm≤δz≤2 mm); (b2) Refined
region on wheel profile; (b3) Refined region on rail cross-section DD-180.

Moreover, Figure 5.7d and Figure 5.8b show that the difficulties of transitions be-
tween the coarse and fine mesh patterns are addressed successfully. The coarse ele-
ments are split into three fine elements smoothly using the technique of “Local element
refinement” [9].

Resulting contact pair
For the explicit FE simulations (ANSYS LS-DYNA), a pair of contact segments, namely,

master and slave segments for explicit FE analysis (target 170 and contact 173 elements
for implicit FE analysis, See Figure 5.9), are required to track the kinematics of the de-
formation process. Here, the contact segments are the components of nodes on the out-
most surface layer of the W/C contact bodies. The penalty method [7] is used to enforce
the contact constrains, where a list of invisible “interface spring” elements are placed
between all the penetrating slave segments and the master segments. Friction in LS-
DYNA is based on the Coulomb formulation [7]. More information about the contact
algorithms can be found in [7, 17].

5.2.3 EFFECTIVENESS OF ‘EFE-CS’ MODEL
In this section, the effectiveness of this ‘eFE-CS’ modelling approach is to be investi-
gated. A comparative study on the performance of the two modelling approaches (i.e.
‘eFE-CS’ and ‘conventional’ model, See Figure 5.10a-b) is performed. The results of this
comparative study are presented and discussed.
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Figure 5.7: Adaptive mesh refinement on crossing rail: (a) Refined regions of 2D profiles; (b) Refined areas of
3D crossing surface; (c) Refined 3D FE model; (d) Cross-sectional view of refined contact regions.

SETUP OF COMPARATIVE STUDY

In the ‘conventional’ model (used as a reference case), the size of refined regions are
selected in another way in comparison to the ‘eFE-CS’ model. Figure 5.10b shows that
considerably large areas of contact surfaces are refined. Also, the advanced technique of
‘local element refinement’ is not used. The 3D FE models are generated through simple
extruding and/or rotating operations on the 2D meshed cross-sectional areas. Such a
conventional mesh refining technique is easy to implement and often used in the liter-
ature. The major difference between the ‘eFE-CS’ and conventional models lies in their
performances (i.e. calculation efficiency, accuracy, flexibility of mesh refinement, etc.).

Both the same crossing rails (1:9–54E1) and the same wheel profiles (S1002) are used
in the two models. Also, the same material properties of track components listed in Ta-
ble 5.1 are adopted. The wheels are prescribed to run over the same rolling distance
of 1.2m. The mesh sizes on the wheel and rail interface in the vicinity of the potential
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Figure 5.8: Adaptive mesh refinement on the wheel: (a) Refined regions of 2D wheel profiles; (b)
Cross-sectional view of wheel mesh refinement; (c) Wheel mesh refinement along circumferential path.
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Figure 5.9: Isometric view of contact pair.

contact area are all limited to 1.0 mm.
The simulations are performed on a workstation with the same configuration as dis-

cussed in Chapter 2.Such a setup of comparative study is to ensure that both models
work in the same operational conditions.

COMPARISON OF FE MODELS

Under the same modelling and/or operational conditions, the quantitative results of the
two models are listed in Table 5.2. It can be seen that the number of elements of ‘eFE-CS’
model is only 1,108,285, while the ‘conventional’ model has an increases of 33.8%. In the
‘conventional’ model, many warning/poor elements are induced by the mesh concen-
tration at the wheel axle centre due to the rotating mesh operations (See Figure 5.10b).
The amount of the poor elements are 12.62% more than that of ‘eFE-CS’ model. The min-
imum side length of the poor elements in the ‘conventional’ model is 0.12 mm, which
makes the calculation time step size ∆tcalc to be as small as 2.45e-9 second. It should
be noted that the calculation time step size ∆tcalc in ANSYS LS-DYNA is determined ac-
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Figure 5.10: Comparison of FE models: (a) ‘eFE-CS’ model; (b) Conventional model (reference case).

cording to the minimum side length of the elements [7]. Such a calculation time step
size∆tcalc is 5.93 times smaller than that of the ‘eFE-CS’ model. Consequently, the small
calculation time step ∆tcalc of the ‘conventional’ modelling approach manifests itself in
the resulting prohibitive calculation expense Tcalc (1128 hours), which is almost 16.63
times higher than that of ‘eFE-CS’ model (only 64 hours).

.

Table 5.2: Comparison of FE models.

Models
Number of
elements

Warning/error
elements

∆tcalc
a

(/second)
Tcalc

b

(/hour)
‘eFE-CS’ 1,108,285 4.73% 1.7e-8 64
‘Conventional’ (reference
case)

1,673,507 17.35% 2.45e-9 1128

Relative difference (w.r.t.
‘conventional’)

-33.8% -12.62% 5.93 -94.3%

a : Calculation time step size; b : Calculation expense;

COMPARISON OF IMPACT RESPONSES

Figure 5.11a-b show the vertical and longitudinal contact forces obtained from the FE
simulations of the two models presented above. These dynamic contact forces are plot-
ted versus the wheel travelling distance. It can be seen that the vertical contact forces
vary around the applied axle load (100 kN) and hold constant on the straight path (around
100 mm long from the starting point of the wheel motion). After that, a noticeable force
oscillation is observed. The reason of this force oscillation can be attributed to the ge-
ometrical change of the wing rail, which starts to diverge from a straight path to an in-
clined path (See Figure 5.11c). For the wheels of conical/worn treads, this causes verti-
cal, downward movements of the wheels, which subsequently induce the oscillations of
the contact forces. Taking the wheel contact position at CC cross-section (denoted by a
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green line) as a reference, it can be clearly seen that the wheel starts to dip downward
gradually with a couple of centimetres as it runs further on the inclined wing rail. The
downward movement of the wheel (See Figure 5.11c-d, according to the 2D-Geo con-
tact analyses) leads to the oscillations of contact forces. It is shown in Figure 5.11a-b
that the amplitudes of these contact forces are reducing within the next metre, which
are mainly caused by energy dissipation in the vertical damping elements of the wheel
and the crossings bedding [30].

As the wheel gets into the location of 180 mm away from the nose point, it can be
observed from Figure 5.11c-e that the wheel dips downward into its maximum (1.782
mm). After that, the wheel starts to climb upward onto the nose rail, where the sudden
strike of the wheel on the crossing rail occurs. The dynamic impact force (around 216
kN) is amplified to almost 2.2 times larger than the applied wheel load (100 kN). It can
be noticed that the change of the dynamic forces agrees reasonably well with the change
of the vertical wheel movement. In other words, the wheel ‘sink-lift’ movement [1] im-
plies the dynamic force oscillations. Such dynamic impact phenomena observed agree
reasonably well with the results presented in [22, 30], where it find more that both the
wheel dip depth and angle can strongly influence the impact event.

It can also be seen from Figure 5.11a-b that the variation of the dynamic contact
forces obtained from the two simulations are similar to each other. The impact events
manifest themselves with a peak value on contact forces at the same location. The value
of the maximum impact forces obtained is 216.3 and 195.9 kN respectively (See Table 5.3).
The maximum impact force estimated by ‘eFE-CS’ model is 10.4% higher than that of
‘conventional’ FE model.

Figure 5.12 shows the distribution of Von-Mises stress at the location, where the max-
imum impact force occurs. It can be seen that the contact patch firstly runs only on the
wing rail and then it starts to shift onto the nose rail. Two discontinued residual stress
areas are left on both the wing and nose rails, which implies the on-site running bands
(more discussion in Section 5.3.1). Also, the distribution of the Von-Mises stress ob-
tained using the two modelling approaches shows similar pattern. The maximum value
of the Von-Mises stress is 1199 and 1044 MPa, respectively. The relative difference of the
maximum Von-Mises stress is 14.8% (See Table 5.3).

These differences shown in the results might be attributed to two factors:

• Different calculation time step sizes (See Table 5.2): For the transient dynamic
analyses, it is widely recognised [9] that the accuracy of solution depends on the
calculation time step: the smaller the time step, the higher the accuracy. From this
point of view, the accuracy of FE results obtained from the ‘conventional’ model
(∆tcalc = 2.45e–9) should be higher than that of ‘eFE-CS’ model (∆tcalc = 1.7e–8).
However, it is not always the case to have the small time step size, since exceed-
ingly small time step size (e.g. that of ‘conventional’ model) wastes valuable com-
puter resources and causes numerical difficulties. Moreover, it is worth noting that
the accuracy of the results would not increase any more with decreasing time step
sizes, if the time step size is sufficiently small.

• Presence of poor-quality elements (due to the effect of mesh discretization, See
Figure 5.10): The element shape checking (See Table 5.2) shows that the ‘conven-
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Figure 5.11: Comparison of contact forces: (a) Variation of vertical contact force w.r.t rolling distances; (b)
Variation of longitudinal contact force w.r.t rolling distances; (c) Schematic of W/C interaction; (d) Close-up

view of ‘wheel-dip’; (e) Vertical wheel trajectory determined by 2D-Geo contact analyses.

tional’ model has a much bigger (17.35%) population of poor/warning elements
than the ‘eFE-CS’ model (only 4.73%). The presence of those “badly shaped” el-
ements might adversely affect the accuracy of FE simulations and thus cause the
discrepancies in the results.

Considering the prohibitive calculation expense of ‘conventional’ modelling approach
(due to the exceedingly small time step size, See Table 5.2), it can be summarised that the
‘eFE-CS’ modelling approach performs better than the ‘conventional’ one.

5.2.4 DISCUSSION: PROS OF ‘EFE-CS’ MODEL OF W/C IMPACT
The two computational models/programmes (namely, 2D-Geo contact model and 3D
FE model), which are often used separately to fulfil different engineering purposes, are
seamlessly coupled together. The presented coupling strategy does not simply refer to
the two programmes themselves, but more means the data exchange and interfacing
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(a) (b)

Figure 5.12: Comparison of Von-Mises stress (Unit: MPa) at most ‘impact’ moment: (a) ‘eFE-CS’ model; (b)
Conventional model.

.

Table 5.3: Comparison of impact responses from two models.

Models F max
i mpact

a/ kN σmax
vms

b/ MPa
‘eFE-CS’ 216.3 1199
‘Conventional’ (reference case) 195.9 1044
Relative difference (w.r.t. ‘conventional’) 10.4% 14.8%

a : Maximum impact forces; b : Maximum Von-Mises stress;

mechanism between them. The effectiveness of the developed ‘eFE-CS’ model has been
demonstrated through a comparative study. Based on the outcome of those coupling
operations and the FE simulation results, the advantages of this coupling strategy are
summarised as follows:

• General modelling challenges (See Section 5.2.1): The unwelcome “Gaps / Pene-
trations” at the beginning of the W/C contact modelling have been significantly
reduced into a tolerable level by positioning the wheel exactly onto the “Just-in-
contact” point of the crossing rail. It can be learned that the ‘eFE-CS’ strategy can
work not only well for the cases of wheel-rail interaction [17–19] but also effectively
for the analyses of dynamic impact between wheel and crossing.

• Specific modelling difficulties (See Section 5.2.1): Using this coupling strategy, the
two ‘separate’ potential contact areas on both the wing and nose rails are identified
and refined properly. Also, the “Local element refinement” enables the smooth
transitions between the bonds of coarse and fine mesh in both the lateral and ver-
tical directions.

• Improved calculation efficiency: The number of FE elements in the ‘eFE-CS’ model
has been significantly reduced in comparison with that of the ‘conventional’ model,
which can greatly save the memory space. The minimum side length of the ele-
ments has been increased a lot, which will maintain a relatively large calculation
time step. Thus, the calculation efficiency has been significantly improved.

• Good calculation accuracy: The deviations of FE simulation results obtained from
the two models are relatively small. It implies that the ‘eFE-CS’ model can pro-
duce as accurate results as the ‘conventional’ FE model. Also, the amount of the
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poor/warning elements is reduced and the elements having good quality are guar-
anteed.

To sum up, the ‘eFE-CS’ modelling approach with application to the analysis of dy-
namic impact in a 1:9 railway crossing panel is effective. The proposed coupling strategy
is a nice assistant in advancing the FE modelling of W/C dynamic impact. Also, the ‘eFE-
CS’ strategy is not limited to contact modelling in the railway community, but also rec-
ommended to use in other mechanical contact/impact systems having complex local
contact geometries (e.g. gear, worn bearing, etc.). The limitations/cons of the present
‘eFE-CS’ model and its further improvement are discussed later in Chapter 6.

5.3 EXPERIMENTAL VALIDATIONS
In this section, the transition regions (Definition, See Section 5.1) estimated by the ‘eFE-
CS’ simulations are compared firstly with the field measured ones, which are further
extended from the authors’ former work [23]. Furthermore, the crossing accelerations
determined by the FE simulations are compared with the measured ones using the on-
site acceleration measurement device.

5.3.1 MODEL VALIDATION VIA TRANSITION REGIONS
To evaluate the accuracy of the transition region predicted by the ‘eFE-CS’ model, the
transition regions measured from the field are collected and compared. Also, the transi-
tion region estimated by the 2D-Geo contact analyses is used for comparison.

FIELD MEASURED TRANSITION REGIONS

Figure 5.13a-b show the measured transition regions at the field. It can be seen from Fig-
ure 5.13a that the transition process starts at 180 mm away from the nose point and ends
at 300 mm. The overall length of the transition region (also called transition distance) is
approximately 120 mm. After more than one year’s service, the start point of the transi-
tion region shifts around 20 mm towards the nose point, while the end point moves 20
mm away from its original location. The resulting transition distance expands to 160 mm
long. It should be noted that during the period between measurement 1 and 2, there are
several operations of welding and grinding performed to eliminate the surface defects
(e.g. the one shown in Figure 5.1d) on the crossing rail.

FE SIMULATED TRANSITION REGION

To predict the transition region, the areas of residual Von-Mises (also called ‘equiva-
lent/effective’) stress/strain are suggested to use as an indicator. Here, the term of ‘resid-
ual’ is referred to as the stresses/strains that are locked/frozen in the W/C contact bodies
after the original cause of contact stresses has been removed (i.e. the wheel has rolled
over the crossing rail).

The choice of Von-Mises stress/strain (as opposed to many other potential important
stress/strain measures) is based on the complexity of contact loadings, which are multi-
axial (i.e. mix of large normal and shear stresses) and non-proportional. Only one inde-
pendent component of stresses/strains (e.g. contact pressure, shear stress, etc.) might
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Figure 5.13: Field measured transition regions (photos taken by Y. Ma): (a) Measurement 1
(14/December/2015); (b) Measurement 2 (around one year later, 06/February/2017).

be insufficient to represent such loading conditions and to ensure the accurate predic-
tion of transition regions.

It should be noted that this suggested area of residual Von-Mises stresses/strains
might not always yield the perfect indication of transition regions for all kinds of loading
conditions (e.g. at low contact load, no yield or plastic deformation occur but wear still
exists). But it suits well to the study of dynamic impact at 1:9 crossing panel, since the
resulting stresses substantially exceed the yield strength of the material (See Section 5.4).

Figure 5.14 shows the distribution of Von-Mises stress and plastic strain, which are
determined by the ‘eFE-CS’ simulations. The two plots are captured at the same mo-
ment. The regions at the far right side of each plot indicate that the wheel is standing
on the top of the crossing rail. The remained areas show the distribution of residual
stresses/strains.

The transition region begins at approximately 180 mm far from the nose point. After
43 mm away from the starting point, the transition region ends. The maximum value of
the plastic strain is as large as 3.5%, while the maximum residual stress is 825 MPa.

2D-GEO ESTIMATED TRANSITION REGION

Figure 5.15a shows a number of crossing rail profiles, which are located at arbitrary lo-
cations along the track. They are generated by longitudinally interpolating the two ad-
jacent characteristic cross-sections (as shown in Figure 5.2). Based on the interpolated
profiles of crossing rail, the transition region can also be predicted using the 2D-Geo
contact model (as described in Section 5.2.2).

Figure 5.15b shows that the transition region also starts at a point which is 180 mm
far away from the nose point. The estimated transition distance is as short as 25 mm.
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Figure 5.14: Variation of transition region determined by explicit 3D FE analysis: (a) Von-Misses stress; (b)
Von-Mises plastic strain.
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Figure 5.15: Variation of transtion region determined by 2D-Geo contact analyses: (a) Interpolated
cross-section profiles between characteristic cross-sections; (b) Close-up view of transition region.

COMPARISONS AND DISCUSSIONS

Table 5.4 lists the results of comparison of the transition regions. A good agreement
on the estimated start points of the transition region is observed. However, for the end
position of the transition region, the FE result deviates much from both the 2D-Geo es-
timated results and the field measurements. It ends later than the estimation of 2D-Geo
analyses, but much earlier than the field measurement.

The discrepancies between the FE-estimated transition region and the correspond-
ing field measured data are explainable, since the present ‘eFE-CS’ simulations are only
focusing on standard and undeformed wheel & crossing rail profiles. Also, no lateral
shifts and yaw motions of the wheel are considered in the FE model.

However, in reality, the wheel/crossing rail profiles of different conditions (i.e. de-
graded, improved/repaired, newly replaced interfaces, etc.) are in use. The relative po-
sitions of the wheel-sets vary commonly during the process of W/C dynamic impact. In
addition, the field measured transition regions are formed after multiple wheel passages,
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Table 5.4: Comparison of transition regions.

Transition region */mm
Start End

Transition
distance /mm

‘eFE-CS’ simulation 180 223 43
Measurement 1 180 300 120
Measurement 2 160 320 160
2D-Geo estimation 180 205 25

* : 0 mm is referred to as the nose point.

while the FE prediction only represent one wheel passage. All these uncertainties and/or
variabilities can proactively affect the evolvement of the contact patch and further on the
transition region.

With respect to the prediction of 2D-Geo contact analyses, the discrepancies to the
FE-estimated transition region are small but still distinguishable. In the 2D-Geo con-
tact analyses, two contact bodies are assumed to be rigid (i.e. no elastic and/or plastic
deformations). The double point contact, which indicates the transition region, is deter-
mined on the basis of the prescribed tolerance (i.e. as small as 0.1 mm). Regarding the
3D-FE contact analysis, the elastic-to-plastic material behaviour is considered. Also, the
transition region is indicated by the area of residual stress. Such differences explain the
discrepancies observed.

The comparative study shows that the FE-predicted transition region is in good cor-
relation with that of measurement. It demonstrates that the proposed ‘eFE-CS’ model is
capable of simulating the W/C dynamic impact accurately.

5.3.2 MODEL VALIDATION VIA CROSSING ACCELERATIONS
In this section, a general introduction of the acceleration measurement device is given
first. Following that, a detailed comparison between the field measured and FE simu-
lated accelerations is made.

MEASUREMENT DEVICE: ESAH-M
Figure 5.16 shows the general working scheme of the measurement device ESAH-M (Elek-
tronische System Analyse Herzstijckbereich – Mobil) in the field. Basically, there are four
main components involved [21, 32]:

(1) Two inductive sensors (called ‘BERO’): to detect the number of running wheel
axles and determine the associated train velocities;

(2) One magnetic triaxial acceleration sensor: to measure the accelerations of the
crossing rail in three dimensions;

(3) One sleeper displacement sensor (Optional): to record the vertical displacements
of a sleeper optionally;

(4) One main battery powered unit: to process (i.e. receive, synchronise, save and
transit) all the acquired field data (including the train velocities, sleeper displace-
ments, crossing accelerations, etc.).
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The measurement range of the accelerometer is 500g. The sampling frequency of
acceleration measurement device is 10kHz. To make a reasonable comparison of the FE
acceleration signal with the measured acceleration signals (400 axle of 21 trains), only
the cases of regular contact are studied. The remaining cases of irregular contact are
excluded from current comparison, since the present FE model focuses on the cases of
regular contact. The statuses of regular and irregular contact (See more information in
[16, 21, 32]) are detected according to the direction and the magnitude of the measured
accelerations.

BERO

(a)

(b)

1 2

V 

Sleeper 
Disp. sensor

Nose rail

Wing rail

Wing rail

Main Unit

Global view
Main Unit

Acceleration sensor

Sleeper displace-

ment
Battery

BERO

Accelerometer

Figure 5.16: (a) Schematic of ESAH-M acceleration measurement; (b) Global and close-up views of ESAH-M
measuring device at the field (photos taken by V. Markine, the one of ‘global view’ is shared by X. Liu).

FE SIMULATED ACCELERATION

Figure 5.17 shows an example of FE simulated crossing acceleration. The FE-based ac-
celerations are extracted from a group of selected nodes (See Figure 5.17a), which are
located at the same position as the acceleration sensor of ESAH-M (See Figure 5.17b).
This ensures the comparability of acceleration sources.

To accurately describe the FE acceleration signal, 2000 sampling time points are se-
lected. The resulting sampling frequency, which is the ratio between the number of the
sampling points (2000) and the calculation time (0.044s), is around 45kHz. The maxi-
mum acceleration amplitude is around 38g.

RESULTS OF COMPARISON

Figure 5.18 shows the comparison of the FE simulated accelerations with those mea-
sured from the field. The measured accelerations of more than 85% axles (169 out of
197), which are in regular contact, are plotted in grey. The reason of not using all the mea-
sured acceleration signals of regular contact is to exclude the faulty signals [32], which
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Figure 5.17: Example of FE simulated acceleration: (a) Nodes to extract FE simulated accelerations; (b)
Location of acceleration sensor at the field; (c) FE simulated vertical acceleration.

are automatically detected by the ESAH-M programme itself. The measured mean accel-
eration is plotted in green. It can be seen that the variations of both the measured and
FE simulated accelerations follow the “V ” pattern. Such a “V ” pattern is in good relation
with the ‘sink-lift’ movement of the wheel vertical trajectory (See Figure 5.11e) as well as
the oscillation of vertical contact forces (See Figure 5.11a).
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Figure 5.18: Comparison of FE simulated acceleration with measured ones in time domain.

Figure 5.19a shows the results of the statistical analysis on the maximum amplitudes
of the measured accelerations. The number of the occurrences of maximum accelera-
tions is plotted at a interval of 1g (e.g. 20g-21g, 21g-22g, and so on). Ultimately, all these
measured accelerations are categorised and visualized by bars in a histogram.

The resulting histogram has a normal distribution (bell-shape) as shown in Figure 5.19a-
b. The mean µ of this normal distribution is 37.89g, while the standard deviation σ is
7.61g. In Figure 5.19b, the area of dark blue-grey implies one standard deviation from the
mean, which accounts for 68.3% of this sampling population. The area of two standard
deviations with respect to the mean accounts for 95.5%. Figure 5.18 shows the measured
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mean and a band representing two standard deviations from the mean. It can be noticed
that the magnitude of the FE simulated acceleration (38g, See Figure 5.17c) exactly falls
within the range of the two standard deviation from the measured mean. To summarize,
the FE simulated acceleration agrees reasonably well with the ones from acceleration
measurements.

DISCUSSION: SOURCE OF DISCREPANCIES

The sources of these discrepancies might be categorised into three groups, namely the
different operational patterns, track parameters and FE model capability:

(1) Operational patterns: The FE simulation is performed with a nominal operational
pattern (i.e. train speed, axle load, traction, etc.), in which these operational pa-
rameters are prescribed to determined values as shown in Table 5.1. In reality,
the operational patterns are uncertain. The parameters such as, train speeds, axle
loads, traction forces, wheel profiles,etc. strongly depends on the type/condition
of vehicles. The difference of operational patterns might change the distribution
of transition regions and cause the variation of accelerations.

(2) Track parameters: The degradation and/or maintenance (i.e. grinding, welding,
etc.) of W/C interfaces will change the local contact geometries. The components
of substructure will degrade (e.g. sleeper, ballast settlement, gaps between sleep-
ers and ballast, etc.) and have to be maintained in time. The variation of track
properties (i.e. mass, stiffness, damping, etc.) will lead to the distinguishable dis-
crepancies.

(3) FE model capability: The present FE model is capable of simulating the single
wheel-crossing interaction. But it is still far from the real case of complete vehicle-
track interaction. As a result, the influence of the second wheel (i.e. the one on the
stock rail) and bogies on the impact phenomenon might not be fully considered.

Although the tolerable deviations of the impact signals exist, the FE simulations re-
sults agree reasonably well with ESAH-M measurements. It also implies that the FE
model is promising to be used to simulate the W/C dynamic impact.
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5.4 FE SIMULATION RESULTS AND DISCUSSIONS
Using the validated FE model, a series of FE simulations are performed. In this sec-
tion, the FE results including both the surface and subsurface contact properties are
presented. These contact properties are usually captured at a relatively large number
(e.g. 2000) of time points all through the explicit FE simulation. Here, the term ‘time
points’ relates to the variation of contact locations along the crossing rail. Figure 5.20
shows the variation of contact forces with respect to different time points (i.e. the equiv-
alent of different contact locations). It can be seen that only the contact properties at
the specified time points ranging from “A” to “H” are extracted, since the corresponding
impacts are most significant at the vicinity of the transition region.
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Figure 5.20: Schematic of time points (i.e. contact locations ranging from ‘A–H’) to extract contact properties:
(a) Corresponding contact locations on crossing rail; (b) Variation of contact forces at specific time points.

5.4.1 SURFACE STRESS RESPONSE
As mentioned above, the surface contact properties are only extracted at the specified
time points shown in Figure 5.20. The distribution of normal pressure, shear stress, slip-
adhesion areas, etc., is presented.

NORMAL PRESSURE

The contact patches from the FE analyses are determined according to the normal con-
tact pressure [46]:

A node i s i n cont act i f :σn > 0 (5.1)

where σn is the nodal pressure in the direction normal to the local contact surface. Fig-
ure 5.21 shows the contour plots of the normal pressure distribution at the selected time
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points. In order to better demonstrate the distribution of surface contact pressure, the
compressive pressure is treated as positive. It can be seen that all the resulting contact
patches are non-elliptical. Also, at the time points of “C” and “D”, double contact patches
are observed, which manifest themselves in practice as the collateral running bands on
both the wing and nose rails.
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Figure 5.21: Surface normal pressure distribution.

Table 5.5 lists the results of the normal pressure and the contact patches. The max-
imum normal pressure obtained at the time point “E” amounts to 2072 MPa. That is
96.4% higher than the one in the case of normal wheel-rail interaction [17].

Table 5.5: Comparison of the contact solutions at different time points.

.

W/C impact at different time points
A B C D E F G H

Normal W/R

interaction[17]

Contact status a 1 1 2 2 1 1 1 1 1
σmax

n / MPa b 1478 1458 1548 2065 2072 1487 1337 1016 1055
τmax / MPa c 326 423 460 542 451 279 262 278 260
Ac / mm2 d 156.2 64.8 154.3 298.5 215.2 154.8 202.0 105.0 256.5

a : Number of contact patches; b : Maximum normal pressure; c : Maximum shear stress;
d : Area of contact patch.

Under such a high impact loading condition, it is found that the relative difference
of the contact area between the solutions of normal wheel-rail and wheel-crossing inter-
action is also big (See Table 5.5 -74.7% in the time point “B” and 16.4% in the time point
“D”). This clearly shows the effect of varying crossing geometry on the contact proper-
ties.

SHEAR STRESS

Once the normal contact is established, the imposed driving (or braking) torque leads
to the relative difference between the rolling velocity and longitudinal velocity. Accord-
ingly, the wheel exhibits a slip in the direction opposite (or parallel if braking) to the
travel of vehicle. The friction in the tangential direction builds up to resist the relative
motion between two contact bodies.
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Depending on the magnitude of the applied traction (i.e. driving torque), the sta-
tuses of contact can be classified into partial slip (or slip-adhesion) and full slip (sliding).
In the state of partial slip, the applied traction is smaller than the frictional force. With
the increase of the applied traction, the slip region spreads forwards from the leading
edge of the contact patch until the slip zone reaches the leading edge and full slip occurs
[11]. At the point of transition from partial slip to full slip, the traction is equal to the
frictional force. In general, the traction is limited by the friction and is sometimes called
the utilized friction [34]. To focus the attention on the partial slip contact(i.e. commonly
occur in the process of wheel-rail interaction), the coefficient of friction is assumed to
be 0.5 and the coefficient of traction is 0.25. The value of these two operational param-
eters is adapted from [36, 46], where the maximum tractive effort of the locomotives is
considered. Note that the model can easily be adjusted for other operational parameters
(See [17]). More information about the friction coefficient and the applied traction can
be found in Table 5.1.

Figure 5.22 shows the distribution of shear stress on the surface of crossing rail. These
shear stresses are captured at the same moment as the contact pressure. For both cases,
the major portion of the shear stress is located at the rear part of the contact patch.
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Figure 5.22: Surface shear stress distribution.

The maximum shear stress is 542 MPa (Time point: ‘D’), which is 108.5% higher than
the one in the case of wheel-rail interaction (260 MPa) [17]. These high shear stresses
indicate the high risk of surface damages on the crossing rail (See Figure 5.1).

SLIP-ADHESION PHENOMENA

Under the condition of partial slip, the contact area is divided into two regions of slip and
adhesion [12]. However, the division of contact area is not known in advance and must
be found by trial [11]. Following the well-established criterion described in [35, 46],

A node i s i n adhesi on i f :µ| fn_N |− | fn_T | > εT (5.2)

the phenomena of slip-adhesion can be explored. Here, fn_N is the nodal normal force,
fn_T is the nodal tangential force in the longitudinal direction, and εT is the tolerance
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for distinguishing the slip and adhesive areas. The magnitude of εT is prescribed to be
the 10% of the maximum traction bound force [17].

It should be noted that the effectiveness of the tolerance suggested has been assessed
in the authors’ previous work [17], where verifications of varying operational patterns
(i.e. applied traction, friction coefficient, etc.) against CONTACT have been performed
extensively. The results show that such a tolerance fits well to the case of FE-based W/R
contact analysis under the consideration of realistic profiles.
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Figure 5.23: Slip-adhesion area plot.

Figure 5.23 shows the distribution of slip-adhesion area according to Equation 5.2. As
it can be observed, the leading areas of all the contact patches are in adhesion, whereas
the trailing areas are in slip. Such an observation conforms well with the classical fric-
tional rolling contact theories [11, 12].The relationship between the obtained contact
properties and surface degradation will be discussed later in Section 5.4.3.

5.4.2 SUBSURFACE STRESS RESPONSE
To check the stress responses on the sub-surface, two orthogonal sliced planes, namely“AA”
and “BB”, are introduced as shown in Figure 5.24b & Figure 5.25b. “AA” is sliced at the
initial contact point along a longitudinal-vertical plane, while “BB” is located at the same
point but along a lateral-vertical plane. The stresses mapped on the two cutting surfaces
are presented in this section.

VON-MISES STRESS

Generally, Von-Mises stress is adopted as a measure of material performance assessment
under specific contact conditions for elastic-plastic material. Thus, the most critical mo-
ment, when the Von-Mises stress reaches peak value (Time point: ‘E’) at a distance of 223
mm away from the crossing nose point, is examined as shown in Figure 5.24a-b.

It can be seen that the maximum Von-Mises stress of 1197 MPa is far above the yield
limit (480 MPa) of the materials. Such a high stress concentration is attributed to the rela-
tively small size of the contact patch as well as the amplified impact loads. Figure 5.24c-d
show that the maximum Von-Mises stress is concentrated at a small volume of material,
which is ranging from the rail top surface to 2.0 mm beneath.
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(a)
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Figure 5.24: Distribution of subsurface Von-Mises stress (Unit: MPa): (a) Global view; (b) Close-up view; (c)
Von-Mises stress on cutting plane “BB”; (d) Von-Mises stress on cutting plane “AA”.

SHEAR STRESS

Figure 5.25a-b show the global view and close-up view of the shear stress in the longi-
tudinal direction. As the wheel rolls, it can be seen from “AA” cutting plane as shown in
Figure 5.25d that tensile shear stresses are created at the rear of the contact patch and
compressive shear stresses at the front of the contact patch. For the shear stress mapped
on the “BB” cutting plane as shown in Figure 5.25c, the shear stress is more concentrated
on the right side of the nose rail than on the left side. This phenomenon can be caused
by the unsymmetrical contact angle between wheel and crossing contact geometries.

B

A A
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Travelling direction

223mm

0mm

Nose point

V

(a)

(c) (d)

(b)

Figure 5.25: Distribution of subsurface shear stress (Unit: MPa): (a) Global view; (b) Close-up view; (c) Shear
stress on “BB” cutting plane; (d) Shear stress on “AA” cutting plane.
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5.4.3 DISCUSSIONS OF RESULTS
The studies on the surface & subsurface stress responses demonstrate the influence of
the dynamic impact on the material responses. Based on the FE simulation results, the
causes of the rapid crossing surface degradation are discussed.

CAUSES OF RAPID SURFACE DEGRADATION

The surface degradation is referred to as wear, plastic deformation, RCF cracks (e.g.
spalling damages, See Figure 5.1), etc., which are commonly observed on the crossing
rail.

From the results of contact forces (See Figure 5.20), it can be seen that the nominal
axle load(100 kN) has been drastically amplified more than 2 times (around 216.3 kN).
Accordingly, both the maximum local contact normal (2072 MPa) and shear stresses (542
MPa) (See Figure 5.21 and Figure 5.22) are increased accordingly around 2 times, in com-
parison to the case of normal wheel-rail interaction [17] (See Table 5.5). These impact-
induced stresses (See Section 5.4.1 and Section 5.4.2) exceed the yield limit of the mate-
rial (480 MPa) greatly.

Considering the severe loading condition over one cycle, one might imagine that
the processes of wear/RCF damage initiate in the microscopic scale. Under such cyclic
loading condition, localized plastic deformation and/or cracks propagate proactively in
the macroscopic scale. As a consequence, the rapid surface degradation in 1:9 crossing
panel occurs.

5.5 CONCLUSIONS
In this chapter a three dimensional (3D) explicit finite element (FE) model of a wheel
rolling over a 1:9 crossing rail has been developed. To address the associated FE mod-
elling difficulties, a coupling strategy (called ‘eFE-CS’) that combines the two dimen-
sional (2D) geometrical contact analyses has been proposed. The necessity of this cou-
pling strategy has been investigated through the comparisons of FE simulated dynamic
contact forces with those obtained from the ‘conventional’ FE model. Also, the accuracy
of presented ‘eFE-CS’ model has been evaluated through effective experimental valida-
tions. The FE simulated stress solutions of dynamic impact at S&C have been presented.
The further improvements and applications of the developed ‘eFE-CS’ model have been
discussed. Based on the results and discussions, the following conclusions are drawn:

(1) The detailed working scheme of coupling strategy has been introduced with appli-
cation to the analysis of wheel-crossing (W/C) dynamic impact. Using this strat-
egy, both the general and specific W/C FE modelling difficulties (e.g. ‘gaps and/or
penetrations’, ‘smooth mesh transitions’, etc.) have been addressed. The compara-
tive study shows that the calculation efficiency can be significantly improved using
the ‘eFE-CS’ strategy, which can reduce the amount of elements and increase the
calculation time step size. In short, the ‘eFE-CS’ is effective to address the FE mod-
elling problems of W/C dynamic impact and is, thus, recommended to use in the
contact/impact systems that having complex local contact geometries.

(2) The validation of transition region estimated by the ‘eFE-CS’ model with the field
measured one shows a good (about 100%) agreement at the starting point of the
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transition process. As for the ending point, the discrepancies between filed mea-
sured and FE predicted results are getting much noticeable. The sources of these
discrepancies have been explained (e.g. multiple wheel passages, variable local
contact geometries, etc.).

(3) The validation of crossing accelerations is performed from a statistical perspec-
tive. The results show that the magnitude of the impact accelerations from the
FE model and the field measurements are comparable, while there are discrepan-
cies observed. The sources of these discrepancies have been explained and cat-
egorised into different groups (such as, various operational patterns, unknown
vehicle/track parameters, etc.). From these aforementioned experimental vali-
dations, it is worth noting that although the tolerable discrepancies exist, the FE
results agree reasonably (95.5%, the two standard deviation from the measured
mean) well with the field measurements.

(4) The stress results show that the validated ‘eFE-CS’ model is capable of providing
a detailed rolling contact stress solution of dynamic impact at 1:9 crossing rail.
At the most impacted moment, surface normal contact pressure can be 4 times
higher than the yield limit. From the subsurface stress analysis, it finds that the
high stress state is concentrated in a considerably small volume of material. As
a result, the risk of surface degradation (i.e. crack initiation, plastic deformation,
etc.) is significantly increased.

(5) As a major advantage of the ‘eFE-CS’ model, the detailed stress/strain solutions
make it attractive to be used in other advanced applications (e.g. profile design
and/or optimisation, Wear/RCF prediction, etc.).
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6.1 CONCLUSIONS
A three-dimensional (3D) explicit finite element (FE) model of W/R interaction has been
developed in ANSYS LS-DYNA. To improve the performance of this model, a novel mod-
elling strategy, called ‘enhanced explicit FE-based coupling strategy’ (abbreviated as ‘eFE-
CS’), has been devised and implemented.

Following that, an in-depth study on the choice of interface parameters (penalty
scale factor, mesh density, mesh uniformity, contact damping) on the performance of
explicit FE model of W/R interaction has been performed, since the default values of the
interface parameters provided in the commercial FE packages are not always suitable for
the modelling of W/R rolling contact.

Also, to examine the accuracy of the FE model, a very-detailed verification of the FE
model of W/R interaction against CONTACT has been carried out.

Finally, the FE model of W/R interaction has been further extended/upgraded to
analyse the dynamic impact behaviour between wheel and crossing rail. The validity of
this model has been assessed by comparing the simulated accelerations and transition
regions with the filed measured ones.

In this section, the main conclusions of this study, addressing the research questions
presented in Chapter 1, are summarised.

Q1: What kind of measures should be taken to guarantee and to improve the accuracy &
efficiency of the FE model for the analysis of W/R interaction?

Chapter 2 aims to address the research question Q1. To improve the performance of
the developed FE model of W/R interaction, a novel modelling strategy (‘eFE-CS’ mod-
elling strategy) has been developed and presented.

Novel modelling strategy
According to this ‘eFE-CS’ modelling strategy, the 2D geometrical contact method is

used for

– Adjusting the W/R contact bodies to the “Just-in-contact” point,

– Predicting the FE mesh refinement in the potential contact areas,

– Determining the amount of traction corresponding to the actual rolling radius of
the wheel, to be applied.

Accuracy & efficiency
Using the proposed novel modelling strategy, the calculation accuracy & efficiency

of explicit FE model of W/R interaction are assessed.

– The convergence problems of the FE simulations, resulting from the initial “gaps
or penetrations”, are addressed.

– The compromise between calculation accuracy and efficiency is achieved, by mak-
ing the economic mesh refinement (not redundant, insufficient or mismatched) in
the potential contact areas.



6.1. CONCLUSIONS

6

135

– Using the adaptive mesh refinement procedure, the mesh patterns of the W/R FE
model change depending on the location of the contact area and the local geom-
etry of wheel and rail. Due to the adaptive mesh refinement, the calculation time
could be reduced significantly (2∼3 times) as compared to the regular mesh is en-
sured.

– The problems of initial slips, which are caused by the inaccurate estimation of the
relationship between the angular and translational velocities exerted on the wheel,
can be addressed. Efficient steady-state tangential solutions (within a short travel-
ling distance of 50 mm) by applying the appropriate amount of traction are guar-
anteed.

Q2: What is the effect of the interface parameters (penalty scale factor, mesh density,
mesh uniformity, contact damping) on the performance of explicit FE simulations? How
to make the choice of interface parameters, that are suitable for the analysis of W/R inter-
action?

Chapter 3 aims to answer the research question Q2. A study on the effect of the inter-
face parameters (penalty scale factor, mesh density, mesh uniformity, contact damping)
on the accuracy of FE-based contact solutions has been performed.

Phenomenon of “contact instability”
The simulation results show that, when the interface parameters applied for W/R

interaction are improperly selected: such as (1) too small (e.g. 0.1 by default) or too large
(e.g. 200) penalty scale factor, (2) mesh size (size of 2.0 mm or even larger), (3) over-
critical contact damping (e.g. increased by a factor of 1.8), the phenomenon of “contact
instability” is observed.

In this study, the phenomenon of “contact instability” refers to unrealistic contact
responses, which include the perturbation of contact force and the under-estimation of
contact pressure.

Suggested guidelines & interface parameters
The guidelines for selecting proper interface parameters are formulated as:

– Increasing the value of penalty scale factor to be as large as possible to minimise
the interpenetration during contact/impact, but not so large that the critical con-
tact time step size is smaller than the stable time step size for the explicit time
integration algorithm (i.e. central difference method). Here, the contact time step
size is determined based on the contact stiffness of the invisible spring-damper
contact elements. The stable calculated time step size is determined on the ba-
sis of the smallest critical time step value of all the other elements within the FE
model.

– Selecting a mesh size, which makes the ratio between the contact area and the
number of elements in contact to be around 1.0.

Following these guidelines, an appropriate set of interface parameters is suggested
(i.e. penalty scale factor (12.8), damping factor (80), mesh size (dense meshed area: 2.0
mm; solution area: 1.0 mm).
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– For the suggested/similar mesh patterns: The interface parameters suggested main-
tain the contact stability well and further ensure the calculation accuracy. Also, the
interface parameters suggested have wide applicability for the cases of different
axle loads, train speeds, W/R profiles, etc.

– For different mesh patterns: It means the form (uniformity) and level (density) of
mesh discretization changes from the suggested mesh patters. The interface pa-
rameters suggested may not fit. It is recommended to follow the general guidelines
to find the suitable interface parameters.

Q3: How to carry out the verification of FE models with realistic W/R profiles?

Chapter 4 aims to answer the research question Q3. A detailed procedure of the ex-
plicit FE model verification via comparison of shear stresses, slip-adhesion areas, etc.
against the CONTACT model has been devised.

Modelling verification
The good agreement of FE results with that of CONTACT indicates that the FE-based

contact solutions are accurate. Therefore, the model can be used as a basis for further
research on the prediction of Wear and RCF fatigue life that the detailed contact solutions
are necessary.

Varying operational patterns

– The simulation results confirm that stress concentrations move towards the W/R
surfaces with the increase of friction and/or traction, is helpful for devising proper
lubrication strategies so as to mitigate the interface degradation (e.g. wear, rolling
contact defects).

– The consideration of plasticity, as one of the most pronounced advantages of the
FE method, will reduce the magnitude of the shear stress (55%) and contact pres-
sure (31.8%). Also, the residual stress zone is observed at the distance of 1∼2
mm under the surface along wheel travelling path. The lower the material yield
strength is, the wider and deeper the residual stress zone will be. This shows the
advantage of the FE method (as compared to CONTACT), which accounts for the
material plasticity.

Q4: Is it possible to extend/upgrade the FE model of W/R interaction to a new level for
analysing the wheel-crossing (W/C) impact behaviour? How to validate this model exper-
imentally?

Chapter 5 aims to address the research question Q4. First, a feasibility study of ex-
tending/upgrading the FE model of W/R interaction so as to analyse the W/C impact
behaviour has been performed. Based on the results of this study, the following conclu-
sions are drawn.

Modelling of W/C impact

– The FE model of W/C impact has been developed successfully. The simulation re-
sults show the same analysing procedures/techniques applied for the case of W/R
interaction, work properly for simulating the dynamic behaviour of W/C impact.
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– Also, using the same novel modelling strategy, that is devised for improving the
performance of FE simulations of W/R interaction, about 94% calculation time of
explicit FE simulations of W/C impact could be saved.

– At the impact moment, the simulation results show that surface normal contact
pressure could be 4 times higher than the material yield strength, and the subsur-
face stress analysis is concentrated in a considerably small volume of material.

– The results of this model give insights of the causes of rapid degradation (i.e. crack
initiation/propagation, plastic deformation, etc.) in 1:9 railway crossing rail.

Experimental validations
To assess the validity of the FE model of W/C impact, two procedures of experimental

validation, namely comparing the (1) transition regions and (2) crossing accelerations
against the field measured ones, are introduced and used.

– The comparison shows that transition region predicted by the ‘eFE-CS’ model starts
at 180 mm from the nose point. This agrees with the field measured one well.

– The validation of crossing accelerations is performed from a statistical perspective.
The magnitude of the FE simulated acceleration (38g) exactly falls within the range
of the two standard deviation from the measured mean.

– The good agreement of the FE results with field measurements confirms that the
FE model enhanced by the proposed modelling strategy can represent the reality
well and is an accurate tool to be used for further design improvement or optimi-
sation of railway crossings.

6.2 RECOMMENDATIONS
The FE model for attaining the detailed solutions of W/R frictional rolling contact has
been developed. Also, the advantages of the novel modelling strategy, which improves
the performance of the FE model of W/R interaction, have been demonstrated. Although
such a strategy can strongly push the boundaries of what explicit FE models can do, there
are still some research gaps to be filled. For instance,

Further improvements of the FE model

¦ To enhance the steering capability: In the present FE model, the steering capabil-
ity of the wheel is limited, since the yaw motion is not allowed and only roll motion
is considered. For the study on the more complex cases of sharp (i.e. curve radius
smaller than 500m) curves or the diverging route of turnout, it is necessary to in-
troduce several torsional control units onto the wheel so as to enhance the steering
capability.

¦ To simulate multiple wheel passages: Since only one wheel passage is considered
in the FE model, the influence of the cyclic loading on the contact responses is
excluded. For the accurate prediction of the service life of W/R interfaces, it is
necessary to take the multiple wheel passages into consideration.
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Future applications of the FE model

¦ To adjust and further extend the present modelling procedure to study the much
complicated cases of W/R interaction (e.g. worn wheel and/or rail profiles, impact
at insulated joints).

¦ To investigate the influence of critical operational conditions, for instance, the de-
graded adhesion and the presence of contaminants, on the performance of the
transient wheel-rolling contact.

¦ To model the high frequency impact in the presence of surface defects, such as
squats, corrugations and wheel flats by introducing single or multiple artificial
semi-spherical/semi-ellipsoidal irregularities on the rail/wheel surfaces.

¦ To be used in other advanced applications such as wheel and/or rail profile design
& optimisation, Wear/RCF prediction, etc.



APPENDIX A

A.1 EXPERIMENTAL METHODS: RECENT ADVANCES
As one of the most straightforward methods for analysing the damage mechanisms, the
experimental studies have become increasingly popular.

For instance, the non-destructive testing techniques such as ultrasonic [4, 8], X-ray
[18, 20, 24], optical and/or scanning electron microscopy (SEM) [6, 22, 23, 26–28, 33],
electron backscatter diffraction(EBSD) [15, 24], etc., have been commonly used to study
the formation mechanism of the rolling contact fatigue (RCF) defects. By this means,
deep insights into the causes of RCF defects [4, 6, 8, 15, 20, 22, 23, 26–28, 33] can be
gained.

The laboratory tests, using the twin-disc or the pin-on-disk test rigs [11], have been
performed to analyse the competitive relationship between wear and RCF [5, 7, 29, 34].
Also, the effect of operational/mechanical parameters, such as the angle of attack [32],
residual stress [25], traction & friction [3, 14, 21], on the performance of W/R interaction
could be assessed. The damage phenomena such as rail corrugation [13], wear [1, 2, 30],
etc. could be reproduced. However, given the artificial environment, the laboratory tests
may not 100% represent the working condition of W/R interfaces.

On the contrary, field measurement [9, 10, 12, 16, 17, 19] takes place in the real-
life settings. Despite the lack of easy accessibility, as compared to the laboratory tests,
field measurement has become one of the most important means to assess the real-time
structural health conditions of railway components. Both on-board (axle box acceler-
ation (ABA) [12, 19], strain-gauge instrumented wheelset [9, 10]), track-instrumented
[16, 17] and track-side measurements [31] have been used for the early detection of RCF
defects and/or for the assessment/monitoring of structural health condition.

In this study, a track-instrumented measurement system, called Elektronische Sys-
tem Analyse Herzstijckbereich – Mobil (ESAH-M), is used for the purpose of model vali-
dation. More information about the ESAH-M system is given in Chapter 5.
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