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Abstract

Railway crossings are one of the most important anderable components in railway

network. Nowadays, due to intensive use of thekttagether with higher train speeds and
heavier axle loads, more and more problems assdcwith crossings are reported and it is
continuing to be an important factor limiting i@rgice life.

In this MSc thesis, a realistic 3D finite elemeRE] model of the crossing panel is
developed to analyse the stress state arising fitoen impact event and, providing
recommendations on how to effectively mitigate timpact loads. The scenario which is
simulated and studied in this report is that afaintwheel passing a railway crossing in the
facing as well as in the trailing direction. Primr the FE modelling, first, 2D-geometric
contact analysis is performed calculating all thentact properties at the wheel-rail
interface. The obtained contact properties are thsed as guidance during the FE
modelling to implement adaptive mesh refinemenbatrunning band of the wheel in order
to get accurate solution of the rolling contactsses.

From the FE simulation results, high impact forcas be observed in the transition zone of
the crossing. The detailed surface and subsurfiiesssanalysis reveals that these forces
generate high contact stresses subsequently cayigildgng of the materials and intense
plastic strain accumulation.

Verifications and validations are carried out tamine whether the results from the
FE model are correlating with the reality. Fromnthettention has been paid to minimize
undesirable effects of the boundaries and to véniéyconvergence of the solution. Besides,
the response of the FE model is validated agaiesfield experiment of the axle box and
the crossing nose accelerations.

Thereafter, a parametric study is performed to stigate the influence of some
interesting case studies on the magnitude of tipad@tloads. In this regard, a comparison of
the contact properties utilizing elastic and ptastiaterial models showed conformities as
well as discrepancies in the stress state for ttvesenaterial models. Besides, several cases
studies have been carried out on the vertical sutisire stiffness variation and geometric
design modification of the crossing panel. Fromstlti can be concluded that the
investigated case studies provide interesting dppiies to reduce effectively the impact
forces on the crossing. Moreover, a comparison é@twfacing and trailing direction has
managed to identify the impact force behaviour fbese two different operational
conditions.

So in short, the FE model is thus capable to sthigevheel-crossing contact stress problem
at the crossing and it is flexible enough to exantre influence of design modifications on
the impact force and its resulting stress stateudidferent operational conditions.

Keywords: wheel-rail interface interaction, 2D geometric lggis, 3D explicit FEM,
railway crossing, transition.



Introduction

1.1. General

A railway turnout is built to control the traffidoiv on the railway network. It
enables the train to switch between two interseti@tks, see Figure la. Railway
turnouts, especially the crossings are some ofrthst essential and maintenance
demanding components of railway infrastructure. Thenplex rail geometry and
the track discontinuity results in the amplificatiof wheel loads at the crossing
nose. Repeated high impact loads from passingstriads to excessive wear,
severe plastic deformation and cracks which wiltHer exacerbate the spalling
damage or even to sudden fracture of the crossosg.nNowadays, the Dutch
railway network suffers from these problems to sadhigh degree that it has been
reported that the particular crossing shown in Faglib-d needs to be urgently
repaired every half year.
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Figure 1. a) Railway turnout overview and descoiptdf the track components.
b) A typical turnout in the Dutch railway networ®. Crossing panel, d) Damage at the crossing nose



1.2. State of art

In order to prevent the catastrophic consequentesdien failure and to manage
an appropriate maintenance operation of the turnocomponents, detailed
knowledge of the wheel-crossing interaction appéarbe of critical importance
both in academic research and for engineering @gpmns. In this regard, numerical
simulations are an insightful tool for analysingrguicated dynamic problems. Over
the past decades, significant progress has beer maatcelerating the numerical
simulations for wheel-crossing interaction. Howevérere are only a limited
number of geometric contact models [1,18] which abée to assess wheel and
turnout contact interaction. Besides, only fewhad tleveloped numerical models [2-
5] actually take into account the realistic wheet gurnout contact geometries
together with nonlinear material properties.

1.3. Objective of this research

The goal of this MSc project is to develop numdricendels for simulating the
dynamic impact between a wheel and a crossing panelrder to analyse its
resulting stress state, and to provide some measuneh can mitigate the high
impact loads. In this thesis the following reseajakstions are answered:

 What is the contact force and stress distributibnha crossing nose
resulting from an impact event?

* What are the influences of the vertical track sgffs and crossing shape
modification on the contact forces and its resglsiress state?

 What is the difference of the contact force disttibn between facing
and trailing operations?

1.4. Scope of this research

The main focus of this report will be laid on wheail interaction at a railway
crossing. Figure 1a illustrates the layout of thmout including the crossing which
is studied in this work. Basically, there are twaimdirections in which the trains
can travel, namely in the through and the divergati. An example of the through
direction is the traveling route from A to B which called the facing direction.
Traveling in the opposite directions (from B to i&)called trailing direction. This
distinction is important because the wheel-raiiattion for these two directions is
different. In practice it has been observed thattthffic flow in the facing direction
usually results in severe damage on the crossirsg.nim order to analyse and
improve wheel-rail interaction at the crossing, muical simulations are performed
later in this work for both facing direction anditimg direction.

In reality, the train can also travel from A to Chigh is on a divergent path.
Although the developed models are capable to simulas case as well, due to the
time frame of this MSc project the divergent directis not considered here.



1.5. Structure of this thesis

The (main) structure of this thesis is as follow&ctions 2, provides a literature
overview of the existing numerical contact modeisirtivestigate the wheel-rail
interaction. The discussion in this section willv&as theoretical framework for the
following parts where the wheel-rail contact ana/ss considered.

Following that, Section 3 presents, the computafiostrategy, which
combines a 2D (static) geometric contact model,aB® (dynamic) finite element
contact model, incorporating realistic material geies as well as real wheel and
crossing profiles to accurately simulate the impadhe transition zone.

After the verification and validation of the deveénl models with the field
measurements in Section 4, a parametric studyrigedaout in Section 5 in which
comparison of the contact stresses between elas{itastic material properties are
presented. Besides, the influences of superstridtiffness, geometric crossing
shape modification and facing-trailing directions the impact event are discussed
as well. Finally, the conclusions and suggestiorgpaesented in Section 6.

Theoretical background

2.1. Wheel-rail interaction

One of the most important and complicated aspédatgilavay engineering is wheel-
rail interaction, especially at a railway crossiWghicle kinematics at such crossing
results in an impact event generating high corfiarctes which is highly complex
and nonlinear phenomenon. Prior to discuss howpttablem is tackled, first, some
basic principles of rolling contact mechanics v introduced which will serve as
a theoretical framework for the following sectiofi$is section begins with basic
consideration of contact forces arising at the Wwhaikinterface due to the frictional
rolling contact. In the succeeding discussions, esamthe available tools to assess
these contact forces and their resulting stress ate described. Finally, this section
ends with a literature review on computational tegjees on how to implement
efficiently different numerical tools to assess efil contact problem.
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2.1.1.Frictional rolling contact mechanics

When a vehicle is running along the track, contactes arise at the point of contact
with the rails. The main challenge is to solve aately these contact forces at
wheel-rail interface. These contact forces canibeled into normal and tangential
components. The normal force represents the vetficae while the tangential
force contains the lateral as well as the longitatforce. In order to discuss this in
more detail, a classical example is considered hichvthe wheel is rolling on a
smooth rail surface as illustrated in Figure 2. Wieel is rolling with a radiug,
forward velocityV and angular velocityw. Consequently, the angular velocity will
generate circumferential velociyR.

Under stationary conditions, normal contact fdfges the product of gravity
acceleration and the car body mass. For simplibigylateral force is neglected here
since the problem is discussed in a 2D plane. beroto maintain the wheel
traveling speed a tractive effort (torgMg is required. The application of traction on
the wheel will introduce a reactive longitudinahgential forceF; at the point of
the wheel-rail contact.

Figure 2: free body diagram of a rolling wheeltwiglative motion at the contact surface

Due to the deformation of the contacting bodieshat point of contact, a contact
patch develops which will result in the formatioontact stresses. The size and
shape of the contact patch depends on the normad,fthe material properties as
well as the geometry of the wheel and the raihis tegion. Due the traction effort,
the circumferential velocityR can be higher than the forward velodifyso that a
small difference arises between the two velocitiethe contact area. The relative
difference in motiordv is the so called ‘creepage’ indicating that at sqiaees at
the contact patch the two bodies are sliding nedatd each other. This was first
presented by Carter in 1926 [6] and is illustrated=igure 3. It was shown that
theoretically when creepage is zero no tangertiakf is transmitted and the whole
contact area is in full sticking state. The maximtangential force which can be
transmitted is limited by Coulomb's friction lawhieh is equal to the product of the
friction coefficient and the normal force. In tHisear part of the curve the contact
area can be divided into stick and slip regionsthVificreasing the tangential force
through increase of traction effort, a slip regecurs at the rare of the contact

11



patch and spreads forward through the contact deeaeasing the stick region,

resulting in a rolling and sliding contact. Where ttangential force reaches its
saturation value, the stick region disappears,thacentire contact area is in a state
of pure sliding. In practice, pure rolling is hardb occur because of continuous
need for braking and accelerating operations whelans that wheel-rail interface

is always in partial rolling and sliding conditions

" Coulomb's friction law = uN

Tangential force

|
|
I
I
I
|
|
|

» (Creepage
I
o slip - stick
| I

@ O

Stick Slip  Stick Slip
Figure 3: traction curve

pure slip -—

Frictional rolling contact is very complicated basa it involves nonlinear
geometries and nonlinear material properties whielke it impossible to solve the
contact problem through analytical solutions. Thextnsection describes some
methods which are able to solve the wheel-rail acntproblem through
discretization of the contact patch and numerieddudations.

2.2. Numerical contact models

For the calculation of contact forces occurringtla wheel-rail interface, as
discussed in the previous page, it is impossibleatoulate it by hand. Fortunately,
with the recent development of numerical simulatieehniques and computer
power it has become possible to tackle complicatbdel-rail interface problems.
Nowadays, there is a large variety of algorithm®]#vhich can solve the normal
and tangential contact force and provide detailedcdption of the contacting
surfaces. This section presents a literature oservielated to two often-used
numerical tools for calculating wheel-rail contaonhditions, namely the Multibody
System (MBS) and the Finite Element Method (FEM)istétically due to
limitations of the software tools, vehicle and kadynamics were investigated
separately. MBS was developed to study the dyndmai@viour of vehicles while
railway track models were usually based on FEM[BYth have their advantages
and limitations and can provide an improved unéading of different aspects of
the wheel and rail interaction.

12



2.2.1.Multibody System

In the MBS model, the whole train and the trackrapgresented through a system of
springs, masses and dashpots elements as showgure B. The track together with

irregularities, curves, switches and crossingsbeamodelled for several kilometres.

MBS can give the vehicle dynamic response like rmbramd tangential forces at

each contact with the rails. Also the shape and eizthe contact patch together
with a detailed description of the contact pressun@ traction can be provided.

Car body —— v

CONTACT CONTACT CONTACT CONTACT
é} railpads = ﬂi rallpads r
M] sleeper [M] sleeper
ballast : ballast E

Figure 4: Multibody model. Taken from [10]

The dynamic behaviour of a multibody system isiagtd by solving equations of
motion for the mass-spring system. There are aetyaitomputation algorithms
implemented in to the Multibody software to solve tcontact problem between
wheel and rail extremely fast. In this regards, somell-known theories are worth
mentioning.

Hertz’'s Theory

In predicting the contact patch as well as the acirdtresses, Heinrich Hertz was the
first who published his work[11] in 1882 on the adation of normal contact
stresses. His contact model describes analytieefisgt happens when two curved
surfaces come in contact and deform slightly urtderimposed loads. It gives the
contact stress as a function of the normal coriitecce, the radii of curvature of both
bodies and the modulus of elasticity and the Pagsitio of both bodies.

The following assumptions are made in determinimgggolutions of Hertz contact
problem:

. The bodies are purely elastic (no plastic defaion

. The surfaces are continuous and non-conforming.

. The bodies are in frictionless contact (perfesttyooth contact surface)
. Each body is considered to be half-space, (tba af contact is much

smaller than the characteristic radius of the body)

13



Since Hertz’'s theory assumes that the bodies afegig smooth which indicates
that there is no frictional contact, and thus ialdeonly with the normal stress. The
contact patch is always an ellipse with parabotress distribution as shown in
Figure 5.

Figure 5: Hertz normal stress distribution. Takemf[12]

Kalker’s Theory

Hertz theory is a good and relatively simple apphoto calculate contact stresses,
however in railway application the above mentiomsdumptions are quite often
violated which results in poor representation @& tiormal stresses. Especially, the
assumption of constant curvature throughout théaodrpatch is not true for worn
wheel and rail profiles. Besides, the half spacsiamption is questionably in case of
wheel flange gauge contact because the contactotieb may be of similar
dimension to the contact area.

New models have been developed which some are atibh of the
Hertz’s theory and others are based on differeptageh which are able to calculate
contact stresses more accurately. In this regael ntost well-known and widely
used is Kalker’s theory of exact three-dimensigid3@) rolling contact[7]. Similar
to Hertz's theory, Kalker assumes wheel and radlié® as elastic half-spaces with
pure elastic material properties. However, unlikertels theory it is able to deal
with non-elliptic and multi-contact patches casesyvaccurately [12], see also
Figure 6. Moreover, it does not solve only the nairproblem but it can also solve
the tangential problem and give a description efdmount of creepage within the
contact patch.

potential

AY  contact area

Figure 6: Kalker's theory Taken from[12]
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Kalker's exact three-dimensional (3D) rolling castttheory has been implemented
in software called CONTACT. The contact patch iscdetized into small
rectangular to evaluate the contact conditions thiedcontact stress for each strip
finally ensuring a balance between the wheel |laadl the total normal force at the
contact patch. However, due to this, CONTACT israeh computation expensive
that it is not suitable to incorporate it into MBSBftware where fast calculation of
the contact problem is required. Therefore, altdraaalgorithms have been
introduced to solve faster the contact problem. tMugable in this regard is the
simplified theory, the so called FASTSIM algoritHis] . Nowadays, the algorithm
has been implemented and widely used in MBS progidma SIMPACK[14]. Since
the FASTSIM algorithm is an approximation of Kallselexact theory it does
contain certain errors. Kalker himself estimatesriteximum error of 15% for some
extreme cases[7].

In short, it can be concluded that although MB8®ften used simulating wheel-rail

response, it should be noted that the underlyiegribs which calculates the contact
properties assumes rigid bodies or having lineastiel material properties. These
assumptions can have an influence on the calcualaieults especially during the
impact event. Therefore, the enhanced wheel-raitaad model to detect detailed
contact properties at the impact moment shouldbeotimited by these common

simplifying assumptions for predicting material degption. Especially in the

transition region of the crossing where materiakpfication is likely to occur.

2.2.2.Finite Element Method

During recent years much attention has been patietanprovement of the solution
of the general wheel-rail contact problem. In thegard FEM has offered the
possibility of detailed modelling which enables lgas of realistic 3D wheel-rail
geometries, see for example Figure 7. It is alsssite to use plastic material
attributes to account for plastic deformation amditilize more advanced frictional
models than the Coulomb’s friction law. Moreoveisinot limited by linear theories
like Hertz theory or half space assumptions whieh@esent in most of the MBS
calculations.

In FEM calculations a structure is divided into tple elements (finite
elements) connected at the ‘nodes’ which hold tlenents together. In each
element three sets of equations are formulatedconepatibility equations, which
relate the strains to the displacements, the datisg equations, which relate the
stresses to the strains, and the equation of mot#wlving these set of equations,
depending on the mesh size, generally results quite accurate description of
stresses and strains of the modelled parts. HowelWEBM has also some
disadvantages and limitations. Although a completek system with the rails, the
sleepers, the ballast and the subgrade can be leddehly a very small part of the
track can be analysed. Besides, because contassas$rare of high magnitude in a
rather small area, the mesh size in the potentialact area should be small enough
in order to achieve the required accuracy. Thiseadke analysis computationally

15



time consuming because for each element an additgmt of equations needs to be
solved. Also it has been shown that results oGB! analysis are dependent on the
mesh size [15], which means that the mesh sizeldt@uchosen carefully in order
to get accurate results. For simulating impact ts/ethese limitations demands
intensive modelling effort, but when it is done &hg it can provide more accurate
solution of the contact stresses compared withMiBS. Therefore, also in this
work, FEM is utilizing to analyse wheel-crossingeiraction and to assess the
rolling contact stresses. More information abou tnodelling and calculation
process will be presented in Section 3.
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Figure 7: Wheel-rail FEM model [15]

2.3. Simulation methodologies

Compared with experimental studies, numerical satmms are cost effective and
an insightful tool, which enables improvements ¢onbade to design and materials.
Due to this, numerical modelling has been of mdgmus of past and present
researchers. For instance, Kassa et al. [16] asleblethe dynamic interaction
between train and railway turnout using two altéuganumerical models. The first
model is derived using a commercial MBS softwardNSES and the second model
using the in-house software DIFF3D. The variationdil profile is accounted for by
sampling the cross-section of each rail at seymsitions along the turnout. Contact
between the back of the wheel flange and the chaitk when the wheelset is
steered through the crossing, is also consideredieder, the crossing panel itself is
simplified as a rigid structure.

Another approach was presented by Pletz et aljhéfe a finite element
model for the simulating a wheel passing a crossihg FE model consisting of
one wheel, the wing rails and the crossing noseised study the rolling/sliding
behaviour between the wheel and crossing, impadig, and equivalent plastic
stress/strain at the different train speeds amlifiearent passing directions.

Other researchers used a coupling strategy to cmmthie advantages of
FEM and MBS. Jingmang et al. [18] used such anagygr, where the effects of
profile wear on the dynamic wheel-turnout intemattare studied using MBS and
FEM software’s. Both nominal and measured wornif@®fare taken as inputs for
the simulation. First, the geometric model is inmpdmted to calculate the contact
point distribution for certain longitudinal crosecsions to analyse the effects of

16



profile wear. Then, a model of the vehicle and dutnare built in MBS software to
simulate the dynamic response of the vehicle—tursystem. Finally, the finite
element modelling of the wheelset on the switchprporated with plastic material
model is implemented to assess contact forces m@tetdnal contact stresses. The
lateral shifts of the wheelset and dynamic norneaitact forces simulated in MBS
are used as inputs parameters for FE model.

Predicting the damage of switches and crossing coemts was investigated
by Johansson et al. [19], wherein the use of wiffe numerical tools for the
simulations including MBS and FEM has been mada. &aiven switch and
crossing design with an initial set of rail profleMBS simulations have been
performed to calculate wheel-rail contact forcegepages and contact positions.
Thereafter contact simulations with FEM were pearfed, taking into account the
realistic material behaviour.

From the above literature review it can be condutieat a number of literature
research have been produced in the past on thecswfjsimulation methodologies
where in some cases different numerical methodscangbined to achieve more
complete models. Further on in this work, likewise,coupling strategy for
simulating wheel-turnout interaction is presentsthg 2D static geometric model
and 3D dynamic FE model to analyse contact forak siress distribution during
impact event. More information about this modell\w# given in the next coming
sections.

Modelling and simulation of

wheel-crossing interaction

This section demonstrates the practical performaricine theoretical knowledge
discussed in the previous section. The wheel-ratidnal rolling contact stress
problem is solved using Finite Element Method (FEMirst, the implemented
computational strategy is explained followed bycdssion on how wheel-crossing
interaction is modelled, taking into account ak ttundamental considerations of
transient rolling/sliding contact conditions. Filyalthe simulation results including
contact forces, surface and subsurface stresgbdistn will be presented.
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3.1. Computational strategy for this work

As mentioned earlier, FEM requires intensive maoadgleffort. In order to make the
modelling effort efficient and robust, a couplirtgasegy is followed as illustrated in
Figure 8. Basically, the computational strateggrnsinterconnection between three
well-known programs namely; AutoCAD, MATLAB and ANS (LS-DYNA),
bringing about a realistic and flexible model timatparametrised in all the three
levels.

First and foremost, standard wheel and crossingscsections are drawn and
parameterized in software packed Auto-LISP. Foltathat, the cross sectional
data is imported in MATLAB for 2D geometric contaghalysis. The algorithm
implemented is able to detect all the contact pitegeincluding; the initial contact
point location, the normal clearance and the nafjla at variable locations along the
crossing panel, and for different lateral shiftshef wheelset. These obtained contact
information is used in building and meshing the faike element (FE) model in
ANSYS. Thereafter, using the FE model, the impaané of the wheel on the
crossing nose is reproduced through explicit sitmia. The obtained dynamic
stress/strain responses on the surface and suzewafe then analysed. Once the FE
model is verified with the reality, a parametriady will be performed analysing the
influence of the vertical track stiffness and thiessing nose shape on the impact
forces.

>
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Cross-sectional info
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L ]
l_ : VERIFICATION & VALIDATION
' OF THE MODELS
Cross-sectional data :. .  Geometric vs FE model
Initial CP, Il. Boundary effects
Contact clearance Ill. Transition distance

IV. Crossing nose accelerations
V. Axle box accelerations

B&C DD I\

Eés/strain response
Step 4
<LK

A: Geometric design modification
B: Vertical stiffness variation
C: Facing vs Trailing direction

Figure 8: Flow chart of the computational strategy.
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3.2. Wheel and crossing profiles used in simulations

As already mentioned, railway crossing is one ef tost important component of
the turnout. Such crossings, also known as thesfrage specifically designed to
ensure that the wheel is always supported by at [@@e rail so that the wheel can
make a smooth transition from the wing rail to tfuse rail. In order to prevent the
wheel flange from striking the crossing nose, guaits are installed to limit the
lateral movement of the wheelset

Before discussing the details related to wheelstngs modelling, first the wheel
and crossing profiles are introduced from which tinedels are built. The crossing
profile used in this work for numerical simulatishown in Figure 9. It is a 1/9
crossing angle, which is the most used one in thila@ilands. It is prefabricated as a
single unit and cast of manganese steel. Accortinghe standard drawing as
illustrated in Figure 9a-c, there are seven charestic cross-sections, ranging from
A to G, specifically used to describe the wholessing geometry, see Appendix A
for a complete overview of these cross sections.

At the two ends of the crossing panel, standardS41@ormal rails (cross section
AA) are integrated by stainless welds, see Figare 9

! ‘ L
|
RSO OCS OO
-

)

I h B & J I

12 BB 12 CC 12 DD 12 EE’ 12 FF* 12 GG

Figure 9: a) Crossing panel top view. b) Longitudinal cross section; ¢) Lateral cross-sections.

The vertical height of the crossing nose, as showfigure 9b, is designed to be
gradually increased from DD to EE cross sectiore @terall length of the crossing
Is 2950 mm. It should be noted that, the wing padifiles remain the same from BB
until CC cross section, while it starts to shrindmh CC to GG cross section. For the
crossing nose, it expands both laterally and \aiyicalong the path from DD to
GG, and then split into two normal rails after GG.

The wheel model used in this work is a standard03@heel profile [20] with a
nominal rolling radius of 460mm. The inner gaugehsd wheelset is 1360mm and
the axle length is 2200mm. The wheel cross sedtidr@aving are shown in Figure
10 and are adopted from [21].
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b)

Figure 10: a) wheel cross section. b) Wheel tread zoom.

It can be observed from these standard wheel ah@naile drawings that the

geometries are highly complex and nonlinear. Thedraross sectional variations
and discontinuities in the crossing geometry desiogether with the conical shape
of the wheel profile, constitute the roots of theolgem thus resulting in an
increased degradation of these components companedyular tracks. A more in-
depth discussion about the rolling contact betw#esse geometries and the
resulting contact stresses will be discussed irctiming subsections.

3.3. 2D-static geometric contact analysis

Analysing contact stress problems with finite elam@ethod (FEM) requires that

the contact region at the wheel-rail interfaceeféned in order to capture the rolling

contact stresses. However, in order to do that,ptttential running band of the

wheel should be known beforehand. Due to the camgiessing panel geometry it

is not possible to estimate the possible contagionebecause the contact point
location at the wheel-ralil interface is changingitatuously as the wheel is passing
through the crossing. In order to investigate ttuatact locus variation, a detailed
research on wheel and crossing geometries andréiaiive contact response is thus
needed. In this current section, a 2D geometricaairmodel is developed to detect
the potential contact point location at any positadong the crossing panel which
will be used as guidance during the FE modellingrian.

3.3.1.Computational process

As already mentioned, detecting potential contathtplocation is challenging for
the nonlinear geometries but it is essential fanusation of wheel-crossing
interaction. The algorithm implemented here to amglish this challenge was
initially developed by Ma [22] and it has been et extended in this work to be
able to deal with complex geometries like the drags

In order to explain calculation process of the Zdmetric model, consider
the 3D representation of a wheelset on a crossamglpas shown in Figure 11a. A
global coordinate system O-XYZ is defined with aisgin at the initial start of the
crossing nose front. Besides, as second coordayatem at the centre of wheel axle
O"-X"Y"z ", is defined which is movable along the crossinggha
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The characteristic cross sections of the crossamelpand the wheel are loaded in
MATLAB and placed at their proper location accoglito the defined coordinate
system. Additional cross sectional profiles, atititermediate locations between the
characteristic profiles are generated by longitatinterpolation, see Figure 9b.

For any cross section at distarttérom the location of the wheelset to the
origin of the global coordinate system, contact i8ation can be performed to
achieve contact properties. Once the wheelsetaised| at the desired position, the
wheelset is shifted lateral with a prescribed Htatisplacementdx Then the
wheelset is rotated with multiple rotation anglér each combination of a
prescribed lateral displacement and a prescribedioa angle, if both wheels stay
in contact with the rail then that position is ctechas a potential contact location.
This process is repeated for the lateral shifts®mm to the left and 10 mm to the
right of the centreline with an increment of 1 mm.

L
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N

DD Omm

BB -852mm

b)

Figure 11: a) Wheel and crossing coordinate systbingnterpolated crossing cross section profiles
between BB and GG cross sections
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3.3.2.Contact simulation results

The geometric contact simulation procedure as destiin the previous section is
solved for all the characteristic cross sectiors zme additional interpolated cross
sections. Depending on the amount of cross se@iowhich contact simulation is
performed, the obtained results including contaminfplocation, normal contact
clearance as well as the relative positions betwekeel and rail are calculated
within several seconds. Some of these results @®epted in this subsection and
some parts will be discussed in connection withREamodel in Section 3.4.

Single wheel-turnout cross section

The (main) feature of the geometric model is dertrated by analysing a random
cross section along the crossing panel as showigure 12. Here, the wheelset is
positioned at a distance of 180mm from the stathefcrossing nose. It can be seen
that only the bottom part of the wheelset is com®d, with the crossing profile
supporting the left wheel while the stock rail sagmg the right wheel.

600 T T T T T

400} [ | ]

Vertical coordinate / mm
N
o
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Lateral coordinate / mm

Figure 12: Wheel set located at interpolated csession.

The figure above shows the situation for zero #tshift of the wheelset in which

the centreline of the wheelset is aligned with ¢katreline of the track. The lateral
movement of the wheelset causes the contact poottange as it is shown in Figure
13a-b. From this figure it can be observed thatstreral possible lateral shifts of
the wheelset the contact point on the wing railosated at the same location.
However because of the conical shape of the whieelcontact point on the wheel
profile is changing for the same lateral shiftssides, because of the conformal
shape of the wheel with the crossing nose, it marclthat the contact point

distribution is more uniform as compared with thagwail.
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Figure 13: Contact point distribution under diffetréateral displacement. a).Left wheel-crossing
interaction. b) Right wheel-stock rail interaction.
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Different contact regimes

As the wheel is passing over a crossing, threemifft contact regimes are common
to occur namely, 1) single point contact on thegwail, 11) double point contact on
both wing and crossing nose |, 1ll) single poinhtact on the crossing nose, see also
Figure 14. Contact regime Il is the most importandl critical part of the crossing
panel because of the high impact loads which amemrgged due to transition
process. An accurate description of the boundaneksthe contact point location at
these contact regimes are thus important for theement of the FE model. Figure
14b shows the contact regimes borders calculatéd tiwve geometric model. From
this figure it is obvious to see that the contagime 1l occurs at very short distance
compared with the other two contact regimes.

b)
Double point contact | 'I 4

Single point contact | ' m

BB cC DDO DDlBC EE FF GG

Longitudinal direction along the crossing panel

Figure 14: a) Different contact regimes; b) Caltediacontact regimes for the crossing panel.

The boundaries of the different contact regimes detected by calculating the
normal contact clearance distribution between theselk and the rail. Contact
clearance is the normal distance between two péoctsed at the contact surface
between wheel and rail as illustrated in Figure.I=ar the three cross sections,
DD _0, DD_180 and EE, the relative wheel-rail positias well as the contact
clearances are shown in Figure 15. From FigureclBhs clear that cross section
DD_0 belongs to contact regime | because the cbokaarance for the left wing rail
is zero indicating that the wheel and the rail nhesat contact this place. Moreover,
for the same figure, the contact clearance at tbhesmg nose is larger than zero
indicating thus the absence of contact at thistionaFrom Figure 15d-e, it can be
observed that the cross section DD_180 befits conteagime Il due to the
simultaneous double point contact at the wing aadl the crossing nose. After the
double contact regime, again single point contaetails at the crossing nose. This
can be confirmed with Figure 15f-g, where the contdearance for cross section
EE is zero only at the crossing nose.
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Figure 15: a) Definition of the normal contact chrace; b) Relative position of the wheel w.r.t.ssro
sectionDD_0. ¢) Contact gap between the wheel and cross sdofic0. d) Relative position of the
wheel w.r.t. cross sectidnD_180. e) Contact gap between the wheel and cross sduttiol180. f)
Relative position of the wheel w.r.t. cross sectién g) Contact gap between the wheel and cross
SectionEE.
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Vertical wheel trajectory along the crossing panel

From Figure 15, it was observed that the contamtlon at the wheel-rail interface
is continuously changing when the wheel passescthssing panel. Taking the
wheel axle as a reference point, it is shown iufédL6 that the wheel moves also in
the vertical direction. Such oscillations can resulimpact forces to occur on the
crossing surface due to the vibration of the wretelsrom Figure 16 it can be seen
that the maximum vertical displacement of the wh@eb34mm) occurs at cross
sectionDD_180 which is 180 mm from the front of the crossing no$éis is consistent with
Figure 15g where it can be seen that this particzdass section marks the initial
stage of the transition zone.
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Figure 16: a) Vertical wheel movement along thessitng panel for zero lateral shift of wheelset;
b) longitudinal cross section of the crossing panel

In short, it can be summarized that the geometrittact analysis is reliable and
efficient enough to extract important contact ctiods including initial contact

point location, normal contact clearance and theios movement of the wheel
trajectory. These information’s are used as in@rameters to build the 3D finite
element model as will be explained in the comirgiea.
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3.4. 3D-dynamic finite element contact analysis

A 2D-static analysis as described in the previaetisn is an insightful tool but is
insufficient to analyse a complex problem such agelrcrossing interaction, since
the impact event is in fact a dynamic problem. ideo decompose this problem, a
3D finite element model is developed based on iheg@ometric model to perform
explicit finite element simulations which enables @ssess the arising stress and
strain response because of the impact. This sedeomonstrates the implemented
coupling approach and the FE numerical modellirag@dure, followed by detailed
discussion on the FE simulation results.

3.4.1.Finite element wheel-crossing model description

In order to clearly demonstrate the FE wheel-crgssiontact model, a schematic
diagram of the dynamic wheel-crossing model is showrFigure 17a. The mass of
the vehicle is a lumped and supported by primaspsnsion represented by a group
of springs and dampers. Also the substructure idetted according to linear spring
and damping elements. The sleepers are substitutedmass elements, and the
equivalent spring and damping elements are usedottel the rail pad and ballast,
see Table 1 for their respective material propgrtiene locations of the supports
(sleepers) are in accordance with the standargesawings as shown in Figure 9.
The coordinate system used here is; X is the lathraction, Y is the vertical
direction and Z is the longitudinal direction, ségo Figure 17a.

Table 1: Material properties and operational patarsg23].

Parameters
Wheel load = 100 kN Elastimodulus steel =210 GPa
Traction Load = 25kN Manganese steel =190 GPa
Sleeper mass = 244 kg Yield stress =480 MPa
Passion’s ratio steel =0.3 Density of steel = 7800 kg/m3
Static friction coeff. =05 Kinetic friction coeff. =0.5
Primary stiffness =1.15 MN/m Primamnaping = 2.5 KNs/m
Rail pad stiffness =1300 MN/m Rail pad damping = 45 kNs/m
Ballast stiffness =45 MN/m Ballast damping = 32 kNs/m

The actual 3D finite element model is shown in Fegd7b-e. The wheel model
developed by Ma [15] and the crossing model deezldpy the present author are
combined in this work to perform dynamic simulagorn order to increase the
computational efficiency of the FE solution, onlyd%m of the crossing part is
modelled and only half of the wheelset as showrfrigure b-c. The normal ralil
together with the guard rails are neglected siheddteral movement of the wheel is
disabled. The wheel and the crossing models areifsadly built to capture the
rolling contact stresses in the transition zong¢hef crossing panel. The operational
conditions as well as formulations of the contamtditions are discussed separately
in the coming pages.
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Figure 17: Dynamic FE Wheel-crossing model. a) Setee diagram of the FE model; b) Side
view; c) Front view; d) Facing direction view; Blailing direction view.
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3.4.2.Finite element meshing process

One of the fundamental parts of solving conta@sstiproblems using finite element
method is to locate potential contact areas refiald efficiently. Furthermore,
once the possible contact areas are identifiedhdurefinement has to be done in
the vicinity of the stress concentration areasctieve accurate results. At the same
time, using dens mesh will drastically increase dh®unt of elements thus lead to
substantial calculation cost. Therefore, when aergig a large model like a
crossing panel of 7.45m, it is important to usestitient refining method to reduce
the out-of-contact elements as much as possiblat Aseady mentioned, the 2D
geometric model has been used to pinpoint the paterontact region Prior to the
FE modelling. The advantage of this approach makes it possible to reduce the
amount of fine mesh elements and making sure Heafihe mesh is located at the
actual place where the wheel and the rail comeomact with each other. If the
location of the potential contact area does notchatith the actual contact area
than the accuracy of the solution cannot be assured

The coupling approach between 2D geometric andrFEhenodel is demonstrated in
Figure 18a. The initial contact point locations highlighted in Figure 18a-b where
it can be seen that for this specific case, dopblat contact occurs which means
that the wing rail as well as the crossing noseikhbe refined.
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Figure 18: 2D geometric contact simulation. a) @onhpoint location at zero lateral shift of the
wheelset. b) Identifying the refined region basadchormal contact gap.

Based on the normal contact clearance, as showigune 18b, the potential contact
area can be estimated. It makes sense to assuraedghlong as the contact
clearance is very small (say from Omm till 5Smm)ntamwt can occur within this
range due to the deformation at the contact interffhe exact location of this
region is thus important to know so that directefihnement can be made. Since the
wheel-crossing interaction at the crossing paneboisplex, the process of finding
the contact location should be performed for mldtipngitudinal cross sections in
order to identify the running band of the wheel.

Once the potential contact regions for multiplessrgections are found, the cross
sectional data with indication of the contact regie discretized in key points and
stored in a text file. In ANSYS program, an APDLrigtis invoked to import the
created key points connecting them using splirss Fsgure 19a. When all the cross
sections are imported into ANSYS, the solid moddduilt as shown in Figure 19b.
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Based on the indications on the refined regiomm\ael adaptive refining technique,
as explained in [15], is used to accelerate thehinggprocess as well as to restrain
the calculation expense of the FE model into aeptedle level. Figure 19c-f shows
the meshed structure. The wheel and the crossgradelled according to the
same mesh method resulting in a very fine meshearcontact zone with an element
size of 1 mm x 1 mm x 1 mm in the contact regiorhe// using an automatic free
mesh without mesh control, the same dens meshiatived the contact region will
be enforced on the surrounding elements resultirdgense mesh also in the out-of-
contact region. In order to avoid this, transitimapped quadrilateral elements is
applied in order to gradually coarsen the meshfsgp&re 19d-e. The crossing panel
consists of approximately 450.000 eight-noded hededl solid elements and the
wheel has 550.000 elements.
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Figure 19: a) Cross section in ANSYS with indicatan the contact region; b) FE crossing solid
model; c) Lateral cross section of the meshed Fiemal) Close up view of the transition zone; e)
Zoom view in to the lateral cross section; f) tiioe mapped quadrilateral mesh pattern; g) Zoom

view nose rail
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3.4.3. ANSYS LS DYNA simulation process

The presented FE model is used to simulate thendignianpact event with the help
of ANSYS LS DYNA software package. The in-built fieee of the program so

called ‘implicit-to-explicit sequential solutionss utilized because it is specifically
designed to simulate highly nonlinear transientatyit events like for our case the
wheel impacting on the crossing. Prior to obtainiihg time varying behaviour of

the FE model, first, a quasi-static structural gsialis performed in which the wheel
and rail bodies are brought into contact and theekis gradually preloaded, this
part will be explained in this subsection. The eashigeometry from this analysis is
then used as an initial condition for the expligiyynamic) wheel-crossing rolling

process, which will be discussed in the next submec

ANSYS - Implicit simulation set-up

In order to capture the impact of the wheel ondtessing, first an initialization step
is required. This step called ‘implicit analysis’a quasi-static analysis in which the
wheel is placed at the prescribed position on ttessing model and then the
complete structure is preloaded with the prescribkeel load.

Figure 20a-b shows the initial positioning of théhegl on the crossing. For
nonlinear geometries, this processes can be drdivé complicated, because it is
difficult to reach a good compromise between hawangrge initial contact gap or
too much initial penetrations. If either one ofdbgwo situations occurs then the
implicit solution cannot converge because the twatact pairs (master & slave
corresponding to wheel & rail elements) are outaftact. However, using the 2D
geometric model, it is possible to calculate thactxelative position of the wheel
and the crossing where the initial contact gagnwat set zero (0.0077mm), which
in turn, accelerates the calculation process amgagiees a converged solution. See
Figure 20c-d for the contact pairs and their re@apositioning.

d)

Wing rail
Wheel

Figure 20: The FE Wheel-crossing model. a) Infiasiting of the wheel on the crossing; b) zoom
view; ¢) Contact pairs 3D view; d) Contact pairang view
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Various algorithms are available in ANSYS whichcecddites the contact situation.
In this work, Augmented Lagrangian algorithm (défaption) is used for contact
calculations. For the crossing, the (4-node) elén@DNTAL173 is chosen and for
the wheel, element TARGE170. The contact forcescaleulated though invisible
springs which are applied on nodes of the contars@s shown in Figure 21. The
Augmented Lagrange contact formulation is given by:

F, =k, [AX, (1)
Where:
Fn. = Contact force
kn = normal spring stiffness
Xp = penetration
Target body

Springs

Contact body
Figure 21: Schematic graph of the contact pairattgon

The higher the contact stiffness, the lower theepration %. Ideally, for an steel on
steel contact, infinite k is desirable because physical contacting bodiesato
interpenetrate, however this is numerically notgiae. Moreover, very high spring
stiffness requires many iteration to reach converg@ution, which in turn, will
increase the calculation expense. As longpds xery small (in the order of 0.1mm)
converged solution can be achieved. Table 2 shdwbkeparameters used in the
implicit analysis.

Table 2. Implicit simulation parameters

Parameters
Augmented Lagrangian algorithm Bilinear Isotropardening materials
Preload =100 kN Qudatis analysis =15 load increments
Initial gap =7.9681*8Gn Maximum penetration 9.6401005*16m
Calculation time =19 hr Penetration tolerance = 0.1576%16n
Tangential contact stiffness Normal Contact stiffness
= 0.4287*16° N/m’ = 0.20454*10° N/n?®

The crossing panel is placed on elastic foundadios the boundary conditions for
the most left and right ends are set as:

. Uz=0 (longitudinal movement of the nodes conatjai

. Ux & Uy = free (no constrains in vertical and lateral directjons

31



Implicit simulation results

At the end of the analysis, the wheel load is catghy active and the whole

structure is in its deformed state. From Table 2am be read that the maximum
penetration at the wheel-crossing interface afpgiyang the wheel load is 0.00064

mm, which is negligible small. Figure 22a shows theformed shape of the

structure at the end of the quasi static analyigie. max displacement of 0.702 mm
occurred for some nodes on the rail head, diraatiger the wheel. For the same
figure, the maximal vertical displacement (downvgrfibr a node at the railhead at
the left and at the right of the boundaries are al®wwn. Since the wheel is closer to
the left boundary, the displacement at the leftratany (0.108 mm) is larger than at
the right end (0.0035mm).

Figure 22b shows the Von Mises Stress (VMS) fordlements at the rail head. It
can be observed that the maximum VMS is located wighin the refined mesh
zone. Figure 22c displays the solution resultsoeiicuous contours across element
boundaries. Contours are determined by linear potation within each element
from the nodal values, which are averaged at a mda#ever two or more elements
connect to the same node. It can be noted tham#rémum stress of 540 [MPa]
resulting from the applied wheel load of 10t loskasonable stress state for such a
small contact patch [24]. Therefore, it can be ddt@t simulation results so far are
acceptable since it corresponds well with real Whaikresponse.
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Figure 22: a) deformed structure b) normal strésaibsurface elements; c) interpolated normal
stress contours
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LS DYNA - explicit simulation set-up

In the implicit analysis, as described in the poesgi page, the simulation was
performed quasi statically, in order to obtain gneloaded and deformed structure.
At the end of the simulation, the nodal displacetma@md rotations are recorded and
written in a text file. At the start of the expligimulation, the written text file is
invoked and the nodal displacements are set amlimonditions for the new
simulation to start.

In the explicit analysis the wheel is set to ralther in the facing or trailing

direction towards the transition zone which is lwag from the initial position of

the wheel. This distance is needed to achieveestabling contact conditions before
the impact event takes place. The wheel is sebltdrom standing position to a
prescribed angular and translational velocity, éaéier continuous traction load is
applied on the wheel to maintain its operationalocity. Besides, during the

simulation, the yaw motion of the wheelset is diedbsince the changes in the
wheel set’s yaw and roll angles are very small @ashort distance.

Figure 23 shows the contact pairs for explicit datian. It can be seen that for the
crossing panel only a small potential contact andach was already calculated with

the 2D geometric model, has been assigned as tgaimcThe contact pair for the

wheel is relatively large due to the variation loé tontact point at the wheel tread.
Limiting the contact pair region is desirable sintavill decrease the calculation

time, however, the potential contact region shoaemdompass the actual contact
region otherwise contact forces cannot be calodlate

Figure 23: Explicit contact pairs.

The explicit analysis of LS DYNA supports only cact algorithm based on penalty

method to calculate the contact properties. Thalpemethod is based on the same
contact formulation as in Eq. (1), however the us& now some control on its

numerical values though a scaling factor. The adngéiffness parameter for the

penalty method is defined as:

=I5 A )

Volume
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Where:
k. = The spring stiffness

K. = bulk modulus of contacted element,

A= area of contact segment
a = penalty factor (0.1 by default)

The spring stiffness can be adjusted through théngcthe penalty factofr . The
spring constant is an important parameter thattigredluences the accuracy of the
simulation results. Experience has shown that dhgqsenalty factord =10 usually
gives a good compromise between calculation tinteaaturacy of the results [15].
Besides, from the contact stiffness relationshipEq. (2), it can be observed that
the mesh area density has a quadratic influend¢beooontact stiffness parameter. In
this work special care has being taken to makéhallcontact element of the same
size namely Imm x 1mm x 1mm. This is important hseanon-uniform distributed
mesh size results in varying contact stiffness twigan influence the results. The
explicit simulation parameters for one specific ara listed in table 3.

Table 3. Explicit simulation parameters

LS-DYNA Simulation set-up

Penalty method algorithm Bilinear Isotropic haragnimaterial model
Automatic surface-to-surface contact Elastic suistiire

Simulation distance =1.7m BC at the twds Uz = 0/ Ux,Uy =free
Train velocity =140 km/h Meshesizontact region = 1nmim

Wheel load =100 kN Time ssige =1.8*10s

Traction load =25 KkN Simulatitime =0.044s

Contact damping = default Time steps = 250 steps
Penalty facton =101[-] Calculation time =48 hr

3.4.4.FE dynamic simulation results

Using the presented finite element model, expéicitulation is performed according
to the procedure described in Section 3.4.5, toutatie the dynamic forces and the
stress distribution which are induced due to theeldnail frictional rolling contact.
This section analyses and explains the obtainedtsesom the wheel running at the
crossing nose, taking into account the realistierafional conditions.

Resultant contact forces

After the completion of the dynamic simulation, AKS provides data files where
the time domain behaviour of each node is regidtdvATLAB has been used to
organize these data for presentation purposesréhtis presented here are for the
scenario in which the wheel runs with a constamiedpof 140 km/h in the facing
direction over the crossing panel. The prescrilmt$ are 100 kN for the static
wheel load and 15 kN for the traction load.
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The vertical wheel trajectory is shown in Figure2vhile the resultant contact force
along the crossing with respect to rolling distamceshown in Figure 24b. The
vertical and the longitudinal contact forces irstfigure are of major interest since
they are related to the applied axle and tractoaal | It can be seen that initially the
vertical contact force is noisy, this is because wheel starts to accelerate from a
standing position to the prescribed angular andstational velocity. Such sudden
acceleration causes unstable wheel motion.

The wheel begins to roll with a local rolling radiaf 460 mm and, initially, there is
no change in the rolling radius of the wheel. Hogrewat 0.5m before the crossing
nose front, the wing rail starts to diverge frore #traight path causing a change in
the rolling radius of the wheel. From Figure 24aah be observed that this change
in rolling radius induced contact force oscillatibatween -0.5 and -0.4 m. As the
wheel travels further, the contact force oscillaticontinue to occur due to the
discrete support which excites the lumped massechon primary suspension.
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Figure 24: a) time domain contact force w.r.t ralidistance. b) Frequency domain contact force
w.r.t rolling distance. c) Top view crossing panel
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As the wheel makes the transition from the wind taithe crossing nose, high
impact forces can be observed at 0.223 m with dliddstimes the applied static
wheel load. This phenomenon corresponds well vhighliterature research [17, 25].
From Figure 24a it can be seen that in the tramsizone the wheel drops.
Moreover, it can be noticed that during further andv movement, the wheel
movement suddenly reverse which corresponds tcstidelen strikes the crossing
nose while moving further on the crossing nose hSusudden rise of the wheel at
the nose within a very short time space causesresesxgtical accelerations in the
wheel axles. Consequently, it results in high eaftreaction force and longitudinal
force due to the severe rubbing of crossing noséase More discussion and
suggestions on how to improve the vertical wheeVenment will be presented in
Section 5.3.

Surface stress distribution during impact

As it was seen from the previous figure, an imgaent is associated with large and
abrupt changes in the movement of the contactindiesowhich results in
amplification of contact forces. Such high foreesl vibration of the wheel within a
very short time cause stress wave propagation ghrdhe system which in turn
causes local elastic and plastic deformationseattimtact zone.

Figure 25 illustrates the running band of the wheehg the crossing panel. The
most governing and critical part is the transitmmme where extreme values for the
contact stresses are recorded. In order to irgagstithis, Figure 26 shows the Von
Mises stress distribution at the contact patchrduthe impact event. Before the
transition (Figure 26a), the contact patch runy @ml the wing rail and the residual
stresses are dragging behind in the running bahthe\start of the transition zone
(Figure 26b), double contact occurs both on thegwil and the crossing nose.
During the further onward moving of the contactcpafFigure 26c-d), the stresses
at the wing rail gradually decrease, while the @methe crossing nose rapidly
increase. At the end of the transition zone (Figeid), the wheel load has been
completely transferred to the crossing nose. At thitical time moment the highest
stress level up to 1240 MPa was recorded. Moreavegn be observed from the
stress dispersion on at the right side of the angsbat the stresses waves penetrate
also into the subsurface material. A detailed stfbsa stress analysis is presented
in the next subsection.

Transition zone

M =
e — =

\\

-l

Figure 25: illustration of the running band

36



i 43 mm
Start transition >

ANSYS 14.5
.9E+04
.9E+08
.2E+09
.3E+09
.4E+09 N/n?
-4E+09
.5E+09
.6E+09
LTE+09
.BE+09

10 CREEN

.5E+04
.9E+08
.2E+09
.3E+09
.AE+09
.4E+09
.BE+09
.6E+09
.TE+09
.8E+09

N/m?

BO0CNEENN

.AE+04
.9E+08
.2E+09
.3E+09
-4E+09 N/m?
.4E+09
.5E+09
.6E+09
.7TE+09
.8E+09

BOUCREENN

.5E+04
.1E+09
.3E+09
.AE+09
.5E+09
« TEFES:
.8E+09
.9E+09
.1E+10
.1E+10

N/m?

(NI AN

-1E+05
.1E+09
-3E+09
.4E+09
-5E+09 N/m2
- TE+G9
.8E+09
.9E+09
.1E+10
.1E+10

B00CREENN

End transition zone

Figure 26: Von misses stress distribution at thadition zone from the explicit 3D FE analysis.
a) Prior to the transition process. Only singlenpabntact on the wing rail. b) Start of the titioa
process. Double point contact on the wing rail #r@dcrossing nose; c-d) During the transition
process. Contact on the wing rail gradually vargsiihile on the crossing nose increases; e) End of
the transition process. Only single point contacttee crossing nose.
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Subsurface stress distribution during impact

In the crossing nose often severe damage in tha frwear, plastification and
cracks is observed. The high impact loads on thesang nose does not only affect
the surface material but it penetrates into thessifce. Here, subsurface analysis is
performed to reveal the stress state in the sudoseiriThe most critical time moment
when the distribution of the Von-Mises stress reagheak value is at 223 mm from
the front of the crossing nose as shown in Figdt@@ At this moment maximum
Von Mises stress of 1240 MPa was recorded.
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Figure 27. Bilinear (plastic) materials. Von Mis@tsess distribution at 223 mm from the crossing
nose front. a) Lateral cutting plane AA; b) Longiinal cutting plane BB; c) Von-Mises stress at
lateral cutting plane AA; d) Von-Mises stress atdidudinal cutting plane BB.

It can be seen that, although plastic material izdesed, the maximum stress of
1240 MPa is far above the yield limit of wheel aad materials. Such a high stress
concentration is possible because of the relatigehall size of the contact patch.
Besides, from Figure 27c-d it can be seen the sihiress produced by rolling
contact is concentrated in rather a small volume nwdterial. Due to this,
plastification of the surface material is likely@ocur because of the intense plastic
strain. Furthermore, Figures 28 & 29 show the wualtinormal stress and
longitudinal shear stress respectively. Due toithgact on the crossing nose, the
prescribed wheel load of 10t is amplified with axmaum contact pressure of
approximately 2000 MPa, acting in the contact nodesthe wheel is rolling from
left to right, it can be seen that compressive spesssure at the rear of the contact
patch is created and tensile shear pressure ihdfdhe contact patch.
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Figure 28. Bilinear (plastic) materials. Normaksts distribution at 223 mm from the crossing
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Figure 29. Bilinear (plastic) materials. Shearsgrdistribution at 223 mm from the crossing
nose front. a) Lateral cutting plane BB; b) Longdinal cutting plane AA,
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Verification & validation

The results obtained from the FE model, as showith@ previous section, do
provided realistic and reasonable prediction of pigsical reality. However, it
should be assessed carefully because although RBodhés a reliable and a
powerful technique, it contains many unknown andeutain parameters which can
influence the calculation results. Therefore, ihéxessary to verify and validate the
developed models with additional studies and takl fexperiments. In this section,
first, the boundary conditions and the numericabsity of the model are discussed.
Thereatfter, the calculation results from the 2Drgewic model and the FE model
are verified with each other. Furthermore, the @Wakon results of the FE model are
validated against field measurements to see hosedloe FE model simulates the
reality.

4.1. Influence of boundary conditions

The main problem of FE model with a finite lengshthat boundaries may introduce
undesirable effects in studying the response to avimg load. This section
investigates the influence of the boundary condgion the numerical stability of
the solution. Three FE models has been built, ditferent lengths of the crossing
panel as shown in Figure 30.

a) .
Model I n{ o

b)
Model II

c)
Model III

Figure 30. The FE models. a) Initial model; b) prajed model; c) final model
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Some characteristic information about these threelais are shown in Table 4.
Model 11l is more than six times larger than motedue to a novel mesh technique
the amount of elements has been significantly reduBesides, from this table it
can be seen that as the model becomes longergethieal displacement of the two
boundaries converge to zero. This is important b&eait indicates that their
influence on the numerical solution is decreasing.

Table 4. Summary of the presented results

Model  Total length Amount of Amount of Displacement.  Displacement.
model [m] supports elements left end [mm] right end [mm]
I 1.2 3 450.000 4 2
Il 3 6 380.000 2 0.5
11 7.45 13 391.145 0.108 0.0035

This can be also confirmed from Figure 31 in whilsh contact force distribution
for the three models is shown. Here, it can be mksethat Model | has a shorter
running distance and large contact force osciltetioompared with Model 1l & 11
Furthermore, it can be seen that as the lengthhef RE model increases, the
numerical solution is converging. This is clearfpparent from the impact event at
0.2m after the crossing nose front. Based on thean be concluded the FE model
provide acceptable results for studying the imgaeint.

Longitudinal contact force [kN]

a) 100

50

Verical contact force [kN]
b) 0 L] L] L L] L] L] |

-200
i\ l0de| C
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_300 ] ] '] ] ]
04 -0.2 0 0.2 0.4 0.6 0.8

Distance from the start of the crossing nose [m]

Figure 31. Contact force comparison for the threel@ts. a) Shear force; b) Normal force.
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4.2. Verification: 2D geometric model vs. FE model.

A comparison of the vertical wheel trajectory cédted with the 2D geometric and

the FE model is shown in Figure 32. It should bentio@ed that the FE model

considers elastic support and plastic material iebha whereas the 2D geometric
model does not include substructure and the baalesnodelled as rigid. Due to

this difference, it can be observed that the valrtigheel trajectory from the FE

calculation has an initial settlement of 1mm camntri@ the geometric model where

the displacement zero at the beginning. Besidesabmupt changes in the vertical
trajectory of the wheel which is clear from the §Bometric model, has been made
more smooth and shallow in the FE model. A goodchnét achieved at the deepest
point of the vertical wheel trajectory at 0.2m. §hut can be concluded that

although there are some minor differences betwleeralculation results of the two

models, in general the results do show a good agee

Vertical displacement of the wheel axle [mm]
T T T T T T

1 T T

=
Lammind 7

A i o

=——FE model

—=Geometrical model
1 1 1 1 1 1 1 1

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Distance from the front of the crossing nose [m]

Figure 32: vertical wheel trajectory calculatedhatite 2D geometric and the FE model.

4.3. Visual observation of the transition zone

Field observation is another important referencecheck the precision of the

calculation results. In this regard, the transitamne measured from the field is
verified with calculation results of the geometitd FE model. Figure 33a-b shows
the measured distance of the transition zone flafield and the predicted distance
according to the two models. From the measurenaran be seen the initial stage
of the transition process starts at 180mm away fiimenfront of the crossing nose
and the whole transition distance is approximai&9mm long.

b) [ IMeasured
" ==Geometrical model T

===FE model
Double PC} .
!
|
1
:

Single PC
1$Qm » 350mm 0 0.1 0.8 0.35 0.5 0.6

Distance from the crossing nose point [m]

Figure 33: a) Transition distance measured fronfithé; b)Transition zone comparison
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From Figure 33b it is clear that the initial stagfethe transition is estimated very
well while the transition zone ends to early coneplawith the field measurement.
The transition distance estimated by the geometrodel is 25mm and 43mm
according to the FE model. Thus, it can be condutiat the 2D geometric analysis
and the 3D FE results shown a good agreement imastg the start of the
transition zone, however, the total transition alise from the field measurements
seems to be longer than the calculated ones. $hgyical because the calculations
are based on standard wheel and track profilesoatyl zero lateral shift of the
wheelset is considered. However, in practice, dbfié lateral shift of the wheelset,
worn wheel/rail profiles and vertical stiffnesstbe track can influence the contact
point distribution and thus the transition distance

4.4. Verification against the crossing nose accelerations

This section provides verification of the FE modghinst field measurements. The
Elektronische System Analyse Herzstijckbereich -bMOESAH-M) was used to
capture the dynamic acceleration of a particularssing in the Dutch railway
network. The sensor which detects the accelerati@me mounted on the side of the
crossing at 300 mm from the crossing nose fronslaswvn in Figure 34a. The
accelerations recorded at this location are contpai¢h the time history of the
nodes located at the same place in the FE model,Fsgure 34b. The field
measurement data as well as the acceleration feleeted FE node are shown in
Figure 34c. The data shown here are only the \@réicceleration due to the passing
of the first wheelset which enters the crossingsitdes, the measured data has been
selected for the velocities of more or less 140hkm/ order to ensure that the
operational conditions are similar to the one ie #E model. The data of ten
separate measurements has been plotted in Figare 34
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Figure 34: a) Location of the acceleration senstealfield; b) The node where the acceleration
response is captured; c) Comparison of the actrlasafrom the ESAH-M device and FE model.
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A first glance at this figure shows that the highescelerations occur in the range
from -60g to 40g. Such peak acceleration may cpomed to an impact on the
crossing nose but the location of the impact iyingr for the most of the measured
data. The main reason for this could be attributethe fact that at the field the
crossing nose is approached by all kind of traithwiarying wheel loads, wheel
profiles and some of them with wheel defects. All this can influence the
magnitude and the location of the impact.

In order to have a better comparison, one particcdse has been selected
and plotted together with the data from the FE rhodEBigure 35a. From this figure
it can be noted that prior to the impact, the amedlon magnitude is comparable
however, at the impact moment, the measured aeatieles are significantly higher.
The difference in response can be caused of thelvib&d at the field which may
deviate too much from what it has been assumeker-E model. Moreover, it can
also be attributed to difference of the substriectand the primary suspension
properties.

Besides, it can be observed that the ESAH-M measemes has more
oscillations than the FE model. In order to stuugse oscillations more closely, the
vibration are separated from each other by Fasti€odransformation (FFT)
analysis as shown in Figure 35b. Comparing the digoals it becomes clear that
ESAH-M measurement consists of high frequency ladich whereas the
accelerations from the FE model operate with Ia@gfiency oscillation. This can be
explained by the fact the crossing panel was medeals a solid model whereas at
the field a hollow crossing was used which mearst the mass and inertia
properties of the compared crossing are not thesam
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Figure 35: Measured accelerations from the ESAHeMick and the FE model. a) Comparison of
accelerations in the time domain; b) Comparisoaazglerations in the frequency domain
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4.5. Verification against the axle box acceleration

Whereas, in the previous page the vibrations ofctiessing for the moving wheel
was analysed, here, the accelerations of the wtssdi is analysed and compared
with field experiment. The measurements are recbrdéth The Axle Box
Acceleration (ABA) device which measures the agegiens of the wheel axle in a
real vehicle-track system. The measured verticaklacation as well as the time
history response of the FE model is shown in Fig&a. At the moment of impact
at t=0.0305 s, the amplitude of the measured aatela matches very well with the
accelerations from the FE model. Also at other timements, the compared
accelerations have some similarities. Moreover, thend of impacting and
stabilization of the vibrations show a good cotiela between the two signals.
However, the measured signal has more frequenilaisms than the signal of the
FE model. This can be confirmed from the signalysis in the frequency domain
as shown in Figure 36b. From this graph it is cliat the FE model vibrations
contain vibrations within the frequency band of 47k 230Hz whereas, the
measured signal contains predominantly high frequeh 530 Hz.

Therefore, it can be concluded that the FE modelthe measurements have some
conformities as well as discrepancies. The wavefainthe two signals are
comparable whereas frequency range of the signalditierent. The fact that in the
FE model only one wheel is considered and no sesgnslispension is included,
could be the main reason behind the mismatch ofitirations.
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Figure 36: Measured accelerations from the ABA dewnd the FE model. a) Comparison of
accelerations in the time domain; b) Comparisoaazklerations in the frequency domain
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Parametric study

From the previous section it was seen that devdldfie model shows acceptable
results compared with the field experiments. StheeFE model has been verified, a
parametric study is carried out to investigate #féect of some influential
parameters on the contact forces and the localsg&se Such a parametric study does
not only provide an improved understanding of tligedent aspects of railway
engineering but it also examines the capability gradflexibility of the FE model
under different operational conditions.

In the coming subsections, additional simulatiorescarried out to study the effects
of the impact forces for different material modelgrtical substructure stiffness
variation, crossing design shape modification awihig/trailing operations.

5.1. Elastic vs plastic materials

As discussed in Section 3.4, due to the impactdaada rather small contact area,
contact stresses can be more than four times betloncelastic limit of steel.
Utilizing linear material properties may raise dtubn the assessment of the
structural response. In order to investigate thisomparison between elastic and
plastic material properties are provided in thistise to assess the distribution of
contact forces and stresses.

As discussed in Section 2, Multibody System (MBSl &inite Element Method
(FEM) are widely used for studies of contact meatgrconsidering elastic as well
as plastic material contact bodies. Almost all MB@®grams incorporate linear
elastic material properties whereas in FEM a vaéimaterial models are available
to choose from. The advantage of using MBS is tladétulation time is extremely
fast because it is based on simplified algorithmscalculate contact properties.
Contrary to MBS, in FEM it is possible to take indocount local deformations
occurring at the wheel-rail interface resultingnore accurate predictions of rolling
contact forces and stresses. This consideratioanbes more and more important
when dealing with high stress concentrations, \aedrfracture investigations.
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5.1.1.Contact force and stress state comparison

Two cases are investigated in this regard to amalyse discrepancies and
conformities between these different methods. Gmeyhich wheel and rail are
assigned to have linear materials and the secothl bilinear plastic materials.
Figure 37a shows the stress-strain diagram fonthterial models incorporated in
ANSYS. From this figure one can see that the ielasaterial model has no yield
limit which means that stress can continue to gatamg the same slope. In this case
the induced stresses do not affect the materiaiseirsense that it can fully recover
its original shape upon unloading. However in tgdbading steel above the yield
limit will result in non-recoverable plastic straihhis behaviour has been taken into
account in the bilinear plastic material modelshbws an initial linear elastic part
and an additional hardening (plastic) behaviour.

Figure 37b-c shows the vertical contact force fog two cases. From this
figure it can be noted that the differences are swbig. For the case of bilinear
material model, the magnitude of the impact fores been reduced. This can be
attributed to the fact that when using plastic makg stress levels beyond the yield
limit results in local permanent deformation at tentact patch which results in
larger contact area. Due to the redistributiontoésses over a larger contact area
obviously, the stresses are lowered as well asdhtact forces.
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Figure 37. a) Stress-strain curve used in the sitimis; b-c) Contact forces according to
elastic and plastic materials
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The increased contact area for plastic materialehcah be conformed from the 3D
normal pressure distribution shown in Figure 388%a for a critical time moment
where highest contact stresses were recorded. Tdgnitude of the maximum
normal pressure, when using plastic materialsdsiaded up to 40% compared with
elastic materials. Besides, from the contour piotFigure 38b & 39b it can be
observed that the contact patch has more or lesdliptical shape in both cases.
However, the width contact patch has been increalsegst two times when using
the plastic materials. Although the size of thetaonpatch looks quite small it is
reasonable compared with real life.
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Figure 38. Bilinear (plastic) materials. Surfacemal pressure distribution at 223 mm from the
crossing nose front. a) 3D shaded surface pl@{bontour plot;
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Figure 39. Linear (elastic) materials. Surface rarpmessure distribution at 223 mm from the
crossing nose front. a) 3D shaded surface pl®bontour plot;
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The tangential force divided by the contact araeegithe shear stress distribution
over the contact area, as shown in the Figure 4 &lt is captured for the same
time moment as for the normal contact pressure.bétn cases, the highest shear
stress takes place at the rare of the contact patdin, it was found that the shear
stress using plastic materials was 52% lower coetparnth elastic case. Besides,
comparing the contour plots, the shape of the comatch for the two cases seems
to be significantly different but the location tktpeaks are comparable.
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Figure 40. Bilinear (plastic) materials. Surfaceahpressure distribution at 223 mm from the
crossing nose front. a) 3D shaded surface pl@bTontour plot;
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Figure 41. Linear (plastic) materials. Surface sipeassure distribution at 223 mm from the crossing
nose front. a) 3D shaded surface plot; b) 2D Canpént;
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5.1.2.Slip-stick region

As discussed in Section 2.1, when the magnituddethear stress is smaller than
the Coulumb friction law, a sticking state occurshe contact patch. Alternatively,
if the shear stress is larger than the Coulumbidnclaw then relative sliding takes
place which is denoted as micro-slip. Applying tfos every node at the contact
patch allows us to plot the contact patch divid&d slip and stick region as shown
in Figure 42 [26]. It can be observed that stiaioa appears at the leading edge of
the contact zone, while the micro-slip zone cotkesremaining area of the contact
patch. This is corresponds very well with the fi@cturve shown in Figure 3 where
the contact patch in the linear part of the lingaserned by partially slip and stick
conditions. From the figure below, it is observikdttfor plastic material properties,
the stick region has been relatively increasedid®ss the stick region for plastic
case is focused at the top left of the contacthpatmtrary to the elastic case where
the stick region mostly appears at top right ofdbetact patch.
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Figure 42. Slip-stick region at the contact patcB28 mm from the crossing nose front. a) Plastic
materials. b) Elastic materials

In short it can be concluded that when comparimgdbntact forces for plastic and
elastic case the difference is not so great. How#we magnitude of stresses for
these two cases vary greatly. Table 5 shows a suynafathe presented results.
These results show the importance of using plasiitulations for studies of contact
stresses for impact events otherwise the stresfidseveompletely over predicted.

Table 5. Summary of the presented results

Max. Fy  Major axis Minor axis Max. normal pressure Max shear pressure

Case N [mm] [mm] [MPa] [MPa]

Plastic 212 28 [mm] 7.2 [mm] 2020 [MPa] 512 [MPa]
Elastic 257 27 [mm] 4.2 [mm] 5085 [MPa] 1043 [MPa]
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5.2. Vertical substructure stiffness variation

A railway structure can be roughly divided into stgiructure and substructure. The
superstructure consists of rails, fastening systethsleepers, while the substructure
consists of ballast, embankment fill and subsdile Tapid degradation of the track
geometry and generation of impact loads are oftekedl to poor substructure
conditions [27]. In this section, a parametric gtiglcarried out to investigate which
combination of soft and stiff substructure stiffagsroperties in the longitudinal
direction of the crossing panel can mitigate th@aot loads on the crossing nose.
This problem has been extensively investigatechépast using MBS simulations
[25, 28], however in this study numerical simulagoare performed based on FE
wheel-track model which enables to predict the ichjpaces more accurately.

5.2.1.Case studies

As already mentioned, one of the main cause bettiadamplification of wheel
loads can be ascribed to irregular (track) supmoiffness. It is known that
unbounded materials like soil and ballast are inbgemeous which results in non-
uniform substructure stiffness but also the supacsire stiffness is in the case of
crossing panel non-uniform due to its the varyimjoment of inertia [29]. The
variation of the support stiffness results in iukeg and high accelerations in the
wheel axle and thus generating high dynamic loadhe crossing nose.

Figure 43 shows a schematic diagram of the supksabstructure of the FE model.
The crossing panel is carried by a series of dis@epports ranging from S1 to S13.
The support components like rail pads, sleepers lzaithst are represented as
springs, dampers, and masses elements, whose paramean be varied
independently of each other so that track parametey arbitrarily vary in the
longitudinal direction. Seven additional simulasoare carried out in which for
every case study (Case A to F) the stiffness paesmare adjusted for some of the
supports.

Lumped mass

[\ Primary
‘2.4 - \suspension

Rail pad Wheel |- T -
Sleeper L Transition

Ballast crossing ., zone

ANNANNNNNNNNNNANN ATV R RRFRRVFRR R R TR TR RTIRRIFERFRFRRRRRRRRRRRRRRRRNNNN

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13

Figure 43. Schematic diagram of the FE model witlidation of the substructure numbers.
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Table 6 shows adjusted stiffness parameters focdke studies A to F with respect
to the reference case, see Table 1 for their régpecalues. in this parametric
study, the absolute values of the stiffness pammmeire not so important since these
numerical values are meaningless in practise, wih&eery difficult to achieve the
exact numerical value for the subgrade. Howevegtwhimportant for this study is
the order to the values and the stiffness comhinatfor the supports.

Table 6. Stiffness parameters for the study case @

CASE Support Nr Rail pad stiffness Ballast stiffness ~ ®eper mass
Case A S7 only 100 times lower

Case B S7 only 10 times lower

Case C S7 only 100 times lower 10 times lower

Case D S7 only 100 times lower 10 times lower 2 times lower
Case E S6 & S8 100 times lower 10 times lower 2 times lower
Case F S1to S13 100 times lower 10 times lower 2 times lower

5.2.2.Results and discussion

Figure 44a-b shows the longitudinal and the vdriccatact forces for all the case
studies. Many of the lines are overlapped in tigare which means that some case
studies had limit influence on the contact forcstrihution. Most notable here is
Case E which is the most favourable case in whiehttansition zone supports (S6,
S7 and S8) are made relatively softer than theghf®uring supports. Contrary to
this, the most unfavourable situation is Case which all the supports were made
softer uniformly. Therefore, it can be concludedttlongitudinal the position of the
supports along the crossing panel as well as ligdive stiffness compared with its
neighbouring supports has significant effect onrtfagnitude of the contact forces.

Longitudinal contact force [kN]
) 1 ) 1 ) I I I

100
a)

50

Vertical contact force [kN]
b) O 1 1 1 1 1 I ) I

-100

=R cference case
—Case A
—Case B

-150

-200 CaseC 7]
—Case D

-250F Case E n
—Case F

-300 T T 1 1 1 1 1 1
-0.6 -0.4 -0.2 0 0.2 04 0.6 0.8

Distance from the crossing nose point [m]

Figure 44. Contact force comparison for the inggded case studies. a) Longitudinal
contact force; b) vertical contact force
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5.3. Geometric design improvement

As presented in Section 3.4.5, the impact evemhasly induced by the abrupt
change in the vertical movement of the wheel. Ehisld be because of bad vertical
track stiffness, as discussed in the previous stibsg but also because of poor
interaction of the wheel-crossing bodies. The tatase is investigated here, in
which the standard crossing profiles are modifirednder to achieve a better wheel-
crossing interaction which enables a smooth passhgigee wheel in the transition
zone. This problem has been addressed in thetliterby many researchers using
different optimization methods integrated with MBigulations [30-32]. However,
in this case the coupling strategy is utilized hénables modifications to be done
to the initial models and updating them to asskeesdesign modifications based on
FE dynamic simulations.

5.3.1.Design criteria and computational strategy

The design criterion followed here to judge the eptability of a design
modification is mainly based on smoothening of thextical wheel trajectory
because this provides a good and quick reflectidheimpact behaviour.

In order to make the computation fast and efficid¢inst, the parameterised cross
sectional drawings are modified in AutoCAD and axeo into the 2D geometric
model for contact simulation. The wheelset is plao®m a cross section of the
crossing panel to calculate the contact conditiokiéer doing this process for
multiple cross sections along the crossing pahelyertical wheel trajectory can be
extracted to see whether the geometric modificaagrees with the mentioned
design criterion. If not additional modification jperformed in AutoCAD and the
vertical wheel trajectory is calculated again.hi tdesign criteria are meet than, the
3D-FE model is updated according to the selectesthdemodification and finally,
dynamic simulation is performed to assess the dymbaehaviour of the design.

5.3.2.Basic case studies

Optimizing the crossing geometry includes many gtesiariables which should be
taken in to account. A balanced approach for cngsgjeometry improvement
requires considering both the wheel and crossimjiles because in reality the
wheel shape profiles have different wheel treadaites varying from 1/20 up to
even negative conicity (hollow wheel tread). Thetiecal wheel trajectory is a
function of lateral displacement of the wheel, while turn is again a function of the
wheel and the crossing profiles. Although the 2Dbrgetric model is flexible
enough to include modification of both wheel andssing profiles, such an
extensive research does not fit within the timenkaof this MSc thesis. Therefore,
in this work only standard wheel profile S1002 amsidered and zero lateral shift of
the wheel. As for the crossing profiles, since fiheus of this study is primarily on
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reducing the impact forces in the transition zamdy the transition profiles of the
crossing panel are modified.
In the literature it has been reported [33-35] tinat so called MaKiDe design, in
which the wing rail head is profiled with contra @dh shape, results in better wheel-
rail performance. In order to investigate this latwo basic design modifications
are studied namely;

* Design A: 1/20 inclined wing rail head.

* Design B: 1/40 inclined wing rail head.

5.3.3.2D-geometric contact simulation results

For these two design modifications, the 2D-geornetantact simulation has been
performed. Figure 45a-b shows the geometric adgistsnmade with respect to the
standard drawing and their corresponding vertichleel trajectory. It can be

observed that due to the inclined wing rail hehe, tertical wheel drop has been
increased significantly. Moreover, the lowest pahthe wheel drop occurs closer
to the front of the crossing nose compared withréfierence case.

a) —_ 1 1 H T T
E160F -
£
C
o i o
5 140
2 .-- Reference cas
% 120k — Design AO i
S — Design BO
b=
0]
= 100f . -

-50 0
Lateral direction [mm]

50

b E T T T T T T
) Eof ]
N
© -1
®
52
@ == Reference case
% -3F — Design A -
8 4 — Design B
g B L 1 L L L L
-0.5 0 0.5 1 1.5 2

Distance from the start of the crossing nose [m]

Figure 45. a) Geometric design modification Dedgi& B; b) Vertical movement of the

wheel axle for zero lateral displacement.
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From Figure 45b it was observed that even smallisiajent of the contacting
geometries can lead to significant change in thhdcad movement of the wheel. In
order to improve the vertical trajectory of the whehe designs A& Bg are taking

as starting point for further modification. Table87shows four additional case
studies (Ato A; & B; to By) which are further improvements made to the basic
Design A & Bo. The values within the brackets indicate the cleangade relative

to the reference case, see Figure 46a-b (next pagee graphical representation of
some Cross sections.

Table 7. Design A. Modification of cross sectiodata w.r.t the reference case

, Slope Wing rail height [mm] Height crossing nose [mm]
Cross Secion wingrail ___[Ad [A) _[A] Ad (A [A]
DD_0 1/20 [[1 [+4] [+4] 1 [ 1
DD_90 1/20 [[1 [+4] [+4] 1 [
DD_180 1/20 [[1 [+4] [+4] 1 [[1 +&
EE 1/20 [1 [+4] [+4] (1 [ [

Table 8. Design B. Modification of cross sectiodata w.r.t the reference case

. Slope Wing rail height [mm] Height crossing nose [mm]
Cross seclion  wing rail [Bd [B] [B] [BJ (B [B]
DD_0 1/40 [[1 [+4] [+4] 1 [ 1
DD_90 1/40 ] [+4] [+4] ([ [
DD_180 1/40 [ [+4] [+4] [ [] +25
EE 1/40 [l [+4] [+4] ([ [

In the Design A& B;, the wing rail head has been increased by 4 momEhe
vertical wheel movement shown in Figure 46c¢, it banseen that the wheel drop
has been changed into a vertical hill. This sitratis more favourable than the
reference case because the slope of the wheeatttomjas less steep which means
that accelerations are lower. However,laand Il locations the vertical wheel
trajectory have still some steep gradients esggd@ design B.

In order to counteract this effect, height of these for the cross section DD_180
has been increased by 2.5 mm in the Desig& B,. Through this modification it
can be seen that indeed the wheel trajectory hexs $moothen effectively.

In short it can be concludes that the Desigr&, both results in a smooth vertical
movement of the wheel for the given S1002 wheefilptoHowever Design Ais
preferable in this case because the vertical disptent is much smaller. This
design agrees well with the design criteria memitbrearlier and as such, it is
selected for further investigation based on thdiie element analysis.
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Figure 46. a) Design /& B;. Shown for the cross section at 90 mm after cngssose
front; b) Design A& B, Shown for the cross section at 180 mm after crgssase front; c)
Vertical wheel trajectory for all the design

5.3.4.3D Finite element simulation result

It was concluded in the previous section that fitbmninvestigated cases the Design
Ay, causes the wheel to make the smoothest transkiowever, the calculation of
the vertical wheel trajectory was based on staimtact simulation. In this section,
dynamic finite element simulation is performed tgamine the whether the
predicted wheel trajectory is true and whetherdbetact forces are influenced. In
order to verify this, the FE model is updated adoay to the Design AFigure 47b-

¢ shows the wing rail head for the original modeMell as the updated FE model.
See Appendix B for a complete overview of the mieditransition cross sections.
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Figure 47: The FE model has been updated accotdibgsign A; a-b) Updated solid model;
¢) Meshed model. Standard wing rail head; d) Meshedel. Modified wing rail head
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Utilizing the modified geometry, dynamic simulatiencarried out according to the
procedure described in Section 3.4. The calculetediact forces and vertical wheel
trajectory are shown in Figure 48. It can be seemfFigure 48a that indeed, as it
was predicted by the 2D geometric model, the wheekes now a upwards
movement instead of a downward movement. Besiadespared with the reference
case the irregularities in the vertical wheel mogatrhas been effectively mitigated.
Due to this, it can be observed from Figure 48hat tontact forces oscillation is
now more stable and, at the moment of impact thieceé contact force has been
lowered almost two times. However, due to the iaseel nose height, the wheel is
still striking against the crossing nose, the restilwhich is that the magnitude of
the shear force has not been influenced too much.

Vertical movement of the wheel axle [mm]

a) 1 L ] L] L] L] L ] L] | |
Longitudinal contact force [kN]
| ] | L] ] | ] |
b) 50 -
0
c) 0
-100
-200
——Reference case
—Modified geometry
_300 'l ] ] ] ] 'l 'l 'l
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Distance from the start of the crossing nose [m]
d)

L

Figure 48: a) Longitudinal contact force w.r.t nodj distance; b) Vertical contact force w.r.t nodji
distance; c) Vertical wheel trajectory; d) top vieithe wheel and the crossing panel
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A comparison of the Von Mises stress distributiar standard and modified
geometry at the moment of impact is presented guriei 49. It can be noticed that
the maximum Von Mises stress is higher for modifiedmetry. This is because the
impact occurs closer to the crossing nose frontreviiee curvature of the nose is
still small, resulting in relatively smaller contggatch. Looking at the subsurface
stress distribution it can be noted that maximurasst state is located more at the
top surface of material compared with the standase.

ANSYS 14.5
.2E+05
.1E+09
.3E+09
.4E+09
.5E+09
.7E+09
.8E+09
.9E+09
L1E+10
LA1E410

(RN

Longitudinal
cross sections AA

Lateral
cross sections BB

Figure 49. a) Standard geometry. VM surface stesa23mm from the crossing nose front; b)
Cutting plane AA; c) Cutting plane BRt) Modified geometry. VM surface stress at 180mom¥
the crossing nose front; e) Cutting plane AA; ittty plane BB;

In short, it can be concluded that the investigddedign A results in a smoother
vertical wheel movement compared with the standask for the standard S1002
wheel profile and zero lateral wheel shift. Dynanficite element simulation
revealed that the contact forces has been redufsdieely while the local stresses
at the impact moment has been slightly increashd. presented stress state is only
for one wheel passage however, multiple wheel gassall cause plastification at
the contact area which will result in more conformantact and stress reduction.
Therefore, the modified geometry provide good oppuoty for a better wheel-rail
performance but additional investigation is neeecbnfirm this.
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5.4. Facing vs trailing direction

Until now, all the simulations were performed foetfacing direction. However, in
reality the trains can approach the crossing frafferént directions. When an
approaching train passes first on the wing raiblefit makes the transition to the
crossing nose, this called facing direction. Whdram passes first on the crossing
nose before it arrives at the wing rail then tisatonsidered the trailing direction,
see Figure 50c. In order to investigate the corfiarce distribution for these two
operational conditions, additional simulation ire ttrailing direction is performed
with the same FE model. The comparison is donér&iing and facing direction is
done for standard crossing profiles as well asHermodified profiles.

5.4.1.Comparison for standard profiles

The simulation results for the facing direction laéready proceeded in Section 3.4.
As for the trailing direction, the wheel is inifiablaced at cross-section EE which is
0.513m away from the front of the crossing nosgufé 50 shows the results from
explicit simulation for standard crossing profilésom the results it can be seen that
the impact occurs at different longitudinal locatibut the magnitude of this contact
force is the same order. However from the vertiehkel trajectory it is apparent
that in the trailing direction more vertical movemef the wheel axle takes place.
Besides, it can be observed that the contact foscélation for both case are in the
same frequency range.

Vertical movement of the wheel axle [mm]

a) 0

b)
100 m//\\/\/‘\\//Jf\ (\/\”
-200f -
—Facing
Trailing
_300 'l 'l ] '} ] ] '} ]
-0.6 -0.4 -0.2 0 0.2 0.4 0.513 0.8
c) Distance from the start of the crossing nose [m]
—
P=p— | ?
Facing Trailing :

Figure 50. Comparison between facing and trailiimgation. a) Vertical contact force. b) Vertical
displacement of the wheel axle. c) top view craggianel

60



5.4.2. Comparison for modified geometry

In this section, a comparison for the facing and thailing direction is made
utilizing modified crossing geometry as introdudedSection 5.3.3. The results
presented in Figure 51 are of similar trend totfamdard geometry. However, some
specific interesting notes can be made, from theenimpact location for facing and
trailing direction has been shifted more towardsftont of the crossing nose whilst
the impact force has been slightly larger for tladibg direction. Moreover, a large
contact force oscillation has been introduced @tng rail at -0.5m for the trailing
direction. It should be underlined from this thatridg the design process both
directions should be verified to make sure thdtvay operation is possible for both
directions and undesirable effect, if any are known

Based on this, it can be concluded that the geandesign modification has
introduced a small impact force but the magnitutiéghe impact forces in general
has been reduced significantly compared with tl@dsrd geometry, see Figures
50a-b.

] Vertical movement of the wheel axle [mm]
a) T T T T T T T

_2 ' 'l L L L L 'l L

Vertical contact force [kN]
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Figure 51. Comparison between facing and trailimgation for Design A.. a) Vertical contact force.
b) Vertical displacement of the wheel axle. c) ¥ogw crossing panel
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Conclusions

In this MSc thesis, a 3D finite element (FE) mofielanalysing and improving the
wheel-crossing contact interaction was developedin€rease the efficiency of the
FE model, a coupling strategy with the 2D geometradel is proposed. Based on
the presented results and discussions, the folpaamclusions can be made:

1). Successful modelling and simulating wheel-crossingeraction requires

information about the wheel-rail contact conditiomsd the relative positioning
between wheel and crossing. The presented 2D geomueidel, is able to calculate
and prepare all the required data to build a detaahd realistic finite element model
of the crossing panel.

2). The developed FE model is capable to capture hifjfing contact stresses
resulting from dynamic impact in the transition 2o\t the moment of impact,
contact stresses exceed 2.5 times the yield stezsiing to work hardening.
Subsurface stress analysis revealed that the higgssstate is concentrated in rather
a small volume of material producing intense ptastrain increase the likelihood of
crack initiation which correlates quite well witield observations.

3). A comparison of the accelerations of the wheel thiedcrossing showed that the
FE model and the field measurement have some cuiifes as well as
discrepancies. The magnitude of the impact acdedesafrom the FE model and the
field experiment are comparable while there is samematch in the frequency
range of the two signals which could be becausairdnown parameters and
simplifications of the FE model.

4). By conducting the parametric study it was showat tontact stresses resulting
from an impact event can be captured more adegquageig plastic material model.

However, there is a relatively minor differencecomtact force distribution between
elastic and plastic calculations, which provides tpportunity to assess contact
forces using simple linear elastic calculations.

5). Moreover, in the parametric study it was highleghtthat the vertical track
stiffness provides potentials for reducing the hightact forces. In this regards, the

62



most effective measure to do so is selecting xedbtisofter rail pads and lighter
sleepers for three supports in the vicinity of titaasition zone.

6). A more effective and more challenging potentialréduce impact loads and

ensure a smooth transition is through crossing géeerdesign improvement. As it

was shown, providing that the lateral displacentérihe wheelset is limited as well

as the spreading between the different wheel pefimpact loads can be mitigated
effectively by elevating the wing rail and profijnt with inclined railhead of 1/20.

7). A comparison between facing and trailing simulatehowed that impact event
occurs at different location of the crossing pabel, the magnitude of this impact
force is more or less the same. Moreover, it wasvshthat the geometric design
modification as explained above also mitigates ithpact force for the trailing
direction.

Finally, the FE model can be further improved towdate more accurately the

physical reality, after which it can contributesatbetter design of the crossing panel
and relative assessment of the contact forcestamesulting stress/strain response.
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Appendix A -

Appendix

Standard crossing panel cross sections
1/9 Cast Manganese crossing.
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Appendix B —Modified transition cross sections

Cross section - DD
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Cross section - EE
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NOTE: Cross sections BB, CC, FF and GG are sinmldhe standard cross section,
see Appendix A
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