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S/ HWYV QRW SUHWHQG WKDW WKLQJV ZLOO FKDQJH L

can be a real blessing to any person, to any nation. For all crises bring progress.

Creativity is born from anguish, just like the day is bbom WKH GDUN QLJKW
crisis that inventiveness is born, as well as discoveries made and big strategies. He who
overcomes crisis, overcomes himself, without getting overcome. He who blames his failure
to a crisis neglects his own talent and is morerésted in problems than in solutions.
Incompetence is the true crisis. The greatest inconvenience of people and nations is the
laziness with which they attempt to find the solutions to their problems.

7TKHUHTV QR FKDOOHQJH ZLW K BsXMé h2cénies ¥ toutine,law K R )

slow agony.

7TKHUHTY QR PHULW ZLWKRXW FULVLV WYV LQ WKH |
us. Without a crisis, any wind becomes a tender touch. To speak about a crisis is to promote
it. Not to speak about it is to alt conformism. Let us work hard instead. Let us stop, once
and for all, the menacing crisis that represents the tragedy of not being willing to overcome
LW ~

Albert Einstein



Design methodology for track systems considering thetiemg ballast behaviour:
application to crossings

Executive Summary

Switches and Crossings (S&Calso called turnouts, refer tbe components of the
railway that provide flexibility to the system in terms of possible rootes rail vehicle
Nevertheless, they are the asset which experiences the highest number of failures due to a
number of reasons, including discontinuitieshie tail geometry and track pregies Impact
forcesalong theS&C panels cause faster degradation tinguiain linetrackand, fence the
turnoutsincurvery high maintenance and renewal costs, in addition to significant investment
costs. From a modellghperspective S&C are also a considerably complex part of the
railway system due to physical ntinearities, including rapidly changing rail geometry and
trackbed characteristics, sharp radius with little or no transitions in the diverging route and

rail profiles subject to heavy wear.

This research proposessaientific baseddesign methodology that is able to assess
different assetand support the infrastructure manadesecision based orknowledge of
the longterm trackbed evolution, which is considered one of the sigstficantcauses of
whole track degradation. Special attention is given to the crossing panethéut
methodologycan be applied to the switch panel as well as plaindime other dicrete

features

To support the methodology tlareedimensional vehiclérack interaction model has
been developedsing Matlab. This modelincludes a comprehensive Finite Element (FE)
model of a ballasted tradection various vehicle configurations aadontact model solved
in the normal direction using the ndinear Hertzian theory with a single point of contact
and in the tangential direction using the linear Kalker theory modified according to the Shen
& Hendrick correctionThe modded track respnseis validated against experimental data
from a UK site equipped with Under Sleeper Pads (US€&tsgving a very good agreement
in terms of bearer vertical displacememfhe longterm ballast behaviour in plain line is
firstly assessed using a vertibab-dimensional track model under a point load with various
settlement models available in literature for different load charactelfiisécamplitude and
loading frequencyand trackbed stiffness values. A new settlement equatibenproposed
in order to overcome the limitations of the current approaches. The results from the
simplified model are applied #ie crossing panel. The iterative process is validated against

the calculated rate of longitudinal level defect growth using two consecUitivek
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Recording CoaciTRC) data signals.

The resultdrom thesimplified plain line track model show thtite settlement rate
according tahe equations available in literaturet only varies in magnitude but also in
trend. For instance’WKH *XpULQ YV D Quedittiohtdedidds©ricindsrly with
increasing trackbed stiffness (i.e. stiffer supports will settle less than softer ones), while the
6 D Waretli¢tionshows the opposite tendency (i.e. stiffer supports will settle thaire
softer ones). This can be explained with the opposite behaviours revealed by the physical
TXDQWLWLHY LQYROYHG L H GLVSODFHPHQW IRU WKH
6DWRYV HTXDWLRQ DQG YDULDWLRQ 1\Q HITXDSfdRma@ VWLI
none of these resultgeentirely satisfactory anthere is aneedfor a more comprehensive
equation that can capture the trends seen on track as well as physical quantities that can be
easily recordedn situ. A new settlemenequation isthereforeproposed based on the
maximum energy transmitted to the ballast layenich has been demonstrated to be the
only physical quantity that reflects all the main track modes as well as the vehicle
characteristicsThrough thisresearchit has been proven that it is necessary to include the
longitudinal variation of trackbed stiffnes#s the numerical model in order to correctly
capture the longerm ballast behavioulhe tool developed can albe (but not limited to)
used to assess)(the modification of the resilient track layers, such agpads and potential
USPs; (2) the change of the crossing geometry design on théelongystem degradation;
(3) the variation of the crossing layout due to a change in bearer spacthgniyification

of sleeper design and sleeper material design.

As further work, additional validation of the VTl model can be achieved using
available ortrack acceleration data not only at the bearer level but also at the rail level.
Furtherverification of the proposed settlement equatgiuldalsobe carried out against
laboratory tests in order to capture the overall behaviour under controlled conditions and for
low loading frequenciegzinally, measurement sites should dso considered in order to

assess the influence of higher loading frequency.
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Chapterl - Introduction

1 ,QWURGXFWLROQ

Switches and Crossings (S&Calso called turnouts, refer to themponents of the
railway that provide flexibility to the system in tesnof possible routesf a rail vehicle
They are the only locations at which routes cross, converge or diverdbustchins can
change path. Therefore, the productivity of the emtetworkis deeply influenced by the

number and the types of its turno[i}.
They are divided in three main parts:

x the switch pael: this includes the movable components whadbw the train

to change path;
x theclosure panelthis connects thewitch and the crossing panels;

x the crossing panethe part which allows the wheel passage in either the

through or the diverging route

Undoubtedly, they are essential for the system flexibility. Nevertheless, they are the
assetwhich experiences the highest number of fail2s3] due to a number of reasons,
including discontinuities in the rail geometry and track properties, which leads to high
dynamicforces. Impact mechanisms along the panels cause faster degradation than the plain
line. Hence, turnoutsncur very high maintenase and renewal costs, in addition to
significant investment costBor exampleone metre of S&C can cost up to four tinnesre
than one metre of plain lifd]. Derailmentrisk is alsohigheraccording to[4], in the UK
about 30% of the track related demadéints between 2008/9 and 2012/3 are related to

turnouts.

From a modellingperspective S&Cs are also a considerably complex part of the
railway system due to physical ninearities, including rapidly changing rail geometry and
trackbedcharacteristics,rgrp radius with little or no transitions in the diverging route and
rail profiles subject to heavy wedrthis researcproposes designmethodology that is able
to assess differerssets supporting thefrastructure ManaggitM) decision based on the
long-term trackbedevolution, which is considered one of the msgmificant causes of
whole track degradatiofsee Chaptef). Special attention is given to the crossing panel, but
the methodologgan be applied to the switch panel as well as plairalitkits features
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1.1 $LPRI WKH UHVHDUFK

Specifictechnical requirements, including safety, stability, reliability, acoyrade
quality, maintainability, should be met when S&Cs are designed in order to ensure their
sustainegerformanceduring thar servicelife. Historically, due to the lack of a reference
standard, the design of turnouts loften beenbased on the knoetige of a limited group
of experts as well as elementary rules reflecéngpirical practices on track. Often, those
turnoutsshowdegraded riding quality and safety within a short period of time, leading to
speed restrictions or, in the most severe casely, replacements anldereforea substantial

increase in life cycle costs (LCCs).

The main aim of the research is to develop a design methodology to support the design
of innovative railway crossings which takes into consideratioeffieet ofballastiong-term
behaviour Thiswill be based on developing a thréenensionalehicletrack interaction
modelthat is then coupled with selected settlement equations, both available in literature
and proposed by the Author, in order to predict the settlement rate at the studi€desite

methodology can be used afso other track forms, such as plain line amdtsh panel.

1.2 2EMHFWLYHYV
Themainobjectivesof thisresearclare defined as follows:

x Examine the crossing design parameters and the main crossing degradation modes
from Infrastructure ManageiNl) failure databasdinking back tothose resulting
from thetrackbeddegradation

x Review the existing dynamic models of the vehicéek coupling system and the
existing degradation prediction modefscussingon thetrackbedlayer longterm
behaviour

x Develop a vehicktrack interactiormodel which can considéne varying crossing
properties, includingectionarea and inertia and varyirigackbedconditions and
able to predict the dynamic behaviour of the whole system

x Includethelong-term ballasbehaviouiin the prediction modeEquations available
in literature will be compared and a new one will be proposed in order to bridge the
FXUUHQW DSSURDFKHVY IODZV

x Validate and calibrate the modanstituents againsivailablemeasured data;

x Show how the methodology can successfhyemployed to optimise the crossing
design with particular attention to ttackbedstiffnessvariation along the panel
demonstratinghe validity and usefulness of thaol developed



Chapterl - Introduction

1.3 1RYHOW\URIIVWRHFK

The novelty of tis researcltonsists of developing toolwhich bringstogethercross
disciplinarymodelling techniques and applying them in order to establis#maand fast
design methodologipased on accumulated letgym ballast behaviouiThe methodology
is divided in two mairparts, i.e. the vehiclgack interaction model and the letegym ballast

prediction.

Regarding the vehiclgack interaction modge(1) the contact model is simplified but
yet accurate enough to capture the impact loads at the crossing(Rattes, tra& model
takes in account a detailed description ofwagability of the superstructure characteristics
of eachcomponenti.e. rail profile, sleeper lengtlas well ag3) the longitudinal variability
in trackbedconditions whichis usuallynot considezd while modelling the crossing panel
[2, 3]. Focussing on the lattgroint, it is demonstrated thaot including this modelling
aspect can lead to significant undeverpredictions nbonly in the dynamic context but

also in the longermbehaviour

Regarding the longerm ballasbehaviour a detailed analysis of the models available
in literature has been carried out in terms of dynamic behaviour of sleeper and ballast
highlighting the main limitations of each in the vehitilack interaction context. On this
basis, anew settlement approh is proposed with the purpose of correctly capturing the
main spacevariantvehicle and track parameters, including travelling speed, axle load and
trackbed stiffnesdt is then calibrated against track measuremaalseving a good match

and compared ith the other models.

1.4 OHWKRGRORIJ\
The main steps adopted in ttesearctare listed as followg-igurel.1):
X The threedimensionalehicletrack interactiormodel includes:

0 Track modelacomprénensivetwo-layerFinite ElementFE) model of
a ballastedtrack section is developedusing the Matlabsoftware
including the variallity in rail section properties,sleeper
characteristics ahrail-pad and trackbed resilient properties

o0 Vehicle modelone wheelset is considered with longitudinal, lateral and
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vertical primary suspensions linking to the sprung m&ss the

validation purposedgwo independent wheelsets are modelled

o Contact modl: actual crossing and wheel profiles are included. The
normal problem is solved using nbnear Hertzian theory with a single
point of contact and the tangential problem using linear Kalker theory
modified according to Shen & Hendrick correction. Bottntact
theories (i.e. Hertzian and Kalker theory) have been chosen as they are
a good tradeff between ease of implementation, computational costs

and reliability of the results.

x The model is validated against experimental data from a UK site equipged wit
Under Sleeper Pads (USPs) in terms of bearer displacen@ntomparison

between modelling rigid and flexible sleepers is presented.

X The lbngterm ballastbehaviourin the plain lineis assessedsinga vertical
two-dimensionaltrack model under a point loadvith various settlement
models available in literaturéor different load characteristicsncluding

amplitude and frequencgnd trackbed stiffness values

X A new settlement equatidrased on the energy transmitted to the ballast layer
is proposedThe main purpose t® overcome theiscussedimitations of the
current modelling approachesailable in literaturén the context ofvehicle

track interaction

x The results from theimplified modelarethenapplied atthe crossing panel
The iterative process is validated against ¢hkeulated rate ofongitudinal
level defecgrowth usingwo consecutivdrack Recording CoadlTRC) data

signals

x The longitudinal variation oftrackbed stiffnesss assessed@s it plays a
fundamental role ithewheelrail andvehicletrackdynamics as well as in the

long-term performances
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Figure 1.1: Methodology overview.

1.5 2YHUYLHZ RI WKH WKHVLYV

This thesis i®rganiseds follows

Chapter2 gives background abouihe main characteristics of ttsgvitch panel and
crossing panel, focussing on ithelassification and design parametaswell as the feature

of ballast longterm behaviourgr settlement.

A detailed literature review is presented @mapter3 about generiosehicletrack
interactionmodelling and more specific models applied at the switch and crossing Aanel.
wide range of settlement equations are classified on the basis of yrihayahave been

derived andassesseftom avehicletrack interactiorpoint of view.

A summary of the statistical analysis of a seyear failure database using advanced
techniques of text reading is presentedChmpter4 with particularfocuson the crossing

panel and some proposed research directions.

The threedimensionalvehicletrack interactionmodel that is able to predict the
dynamic syste behaviouts developedn Chapters. An early validation against the Multi

Body System (MBS) commercial softwavé-Rail is also presented.

The validation of the model against field data in terms dghamic bearer

displacements is discussed in detaiCimapter6, including a discussion dhe long bearer
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modelling and the methodology proposed to tune the trackbed stiffness

Chapter7 poses the bases for the modellagigheballast longtermevolutionlooking
at theinfluence of the loading and trackbed characteristics on the main physical quantities
at the sleeper and ballast level. A simplified track FE model for plain line under a quasi
static excitation and a moving sinusoidal exaitatis used to capture mainly the loading
frequencies typically used during laboratory tests and higher loading frequencies that are
typical of VTI, respectively. The new settlement approach is then proposed to overcome the

main issues raised.

In Chapter8 the outcome®f the longterm ballast degradation modelling discussed
previouslyareintegrated in the dynamic moda the crossing pan&r the study siteThe
influence of the longitudinal variation of trackbed stiffness is then presented in relation to

both the dynamic and the lotgrm ballast behaviour.

Finally, the main conclusions and further work are summaris€thaptero.

16 3XEOLFDWLRQWWH\OHDDVWHE&E WR WK
Five journal paperfiave beempublishedduring the course of thesearch

x PaperA (Observed failures at railway turnouts: failure analysis, possible
causes and links to current and future research tpublishedn Engineering
Failure Analysi¥[5]:

A large UK database ahil defectsoccurringat S&Cswasanalysed using both numerical

and textbased techniques in order teterminethe most common failure mechanisms
appearing at each panel. Seleafefects weranalysed ilmoredetail, linking them to the

main track characteristics, includinghé type and type of rail, and to other defects.
Recommendations to guide future research as well as to enhance the data collection

methodologyweremade.

Contributionof the Author contribution to methodologyailure analysis using the database

(not the fregext analysis)writing upand editing

x Paper B (32SWLPLVDWLRQ RI VXSSRUW VWLItQHVYV
published in Vehicle Systems Dynan)i¢s]:

A threedimensional vhicle-track interaction modetas developetb analyse the dynamic
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interaction at the crossing panel. The failure mechanisms occurring in this part of the track
are captured through indicators directly derived from the dynamic model. An optimisation
routine is proposed in order to minimise the most common modes tuning the resilient layer
between rail and sleeper. The cases of direct and indirect fisindsthe influence of
travelling direction and speeate discussed and comparedletail.

Contribution & the Author main developer of the threBmensional vehiclkérack

interaction model, optimisatiomethodology study on direct and direct fixing, writing up

and editing

x Paper C (37KH UROH RI VXSSRUW VWLIIQHVYVY LQ V
comparison of vehicletrack interaction models against field
P HDV XUH Rpuklistiéd in Part F: Journal of Rail and Rapid Trafg]t

A UK site with a double crosgver equipped with Under Sleeper Pads (USPs) has been
selected to carry out field measurements of bearer vertical displacements using geophones.
The numerical model presented in Paper Btaednodel developed using the commercial
Multi-Body System (MBS) software MRail have been used tevelop some insights on

the dynamic behaviour of the system at both switch and crossing panel. Special attention has
been given to thenportance of corraly model thelongitudinal and transversal variability

of trackbed stiffness and to the beneficiale of USPshelping in the prevention of
differential settlement

Contribution of the Authormain developer of threéimensional vehickdrack interaction

modelfor switch panel and crossing parmmparison with field data, methodology to tune

the trackbed stiffness variationriting up and editing

x PaperD (37KH UROH RI WUDFN VWLIIQHVYV DQG LWV
term track quality deterioration = xpublished in Part F: Journal of Rail and
Rapid Transit]8]:

Thelongitudinalvariability of trackbed stiffness occurring at two UK sites has been studied
from a statistical point of view. An advance methodology based on the ARIMA theory has
been proposed in order to captaed correctly reproductne systematic and the random
natually occurring variability A vertical vehicletrack interaction modéh conjunction with
WKH *XpULQYV V litWénB3dtiie siQusteRaRa el iimber of scenarios in terms
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of vertical top level irregularities and trackbed stiffness distribstidhe results in terms of
settlement rates are linked back to the site characteristics, showing the importance of

considering the mean and the standard deviation values.

Contribution of the Authordeveloper of vertical vehiclack interaction model and

coupling with settlement modelling, writing up and editing.

X PaperE(30RGHOOLQJ UDLOZD\ EDOODVWH@Badk UDFN VI
interaction analysis” fpublished in Transportation Geotechnifs)

An exhaustiveeview of the main settlement equations available in literature is carried out

from the vehiclerack interaction point of view. A new semmpirical settlement equation

is proposed and cpled with a vertical vehickrack interaction model. The results in terms

of track longitudinal level evolution and settlement predictions are compared with the
DYDLODEOH HTXDWLRQV WKDW DUH XVXDOO\ XVHG LQ WK

equation) using two sets of measured trackbed stiffness distributions.

Contribution of the Authordeveloper of vertical vehiclgack interaction model and

coupling with settlement modelling, writing up and editing.

An overview of the main topics addressedhe selected papers is presentedable

1.1.
Tablel.1: Overview of thenaintopics in the selected papers.
Paper A | Paper B | Paper C | Paper D | Paper E

S&Cs X X X

Failure analysis X X

Dynamic modelling X X X X
Ballast settlement X X
Field data X X X X
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2 % DFNJURXQG

Switches and Crossings (S&Cs), also called turnouts, are the part of the railway that
actually provias flexibility to the system. ey are the only locations at whiobutes can
cross, converge or diverge ataistrains can change trajectory. Therefore, the proditytiv

of the entirenetworkis deeply influenced by the number and the types of its turfibuts

On the other hand, they are tsetvhich experiences the highest number of failures
[2, 3] due to a discamuity in the track geometry which leads to high dynamic impact forces.
From a dynamic point of view, the load is quickly transferred from the wing rail to the
crossing nose and the wheel is accelerated upwards after the downward motion by the
geometry. his impacioadmechanism causes faster degradation thiaplain line. Hence,
turnouts require very high investment, maintenance and renewal costs: as a rough idea, one

metre can cost up to four timewrethan one metre of plain lirj&].

Also from a modellingperspective S&Cs are a considerably complex part of the
railway system due to the ndromogeneitiesincludingrapidly chamging geometrysharp

radius in the diverging route aheavily worn prdiles.

In this Chapter, a brief background of the problem will be presented. In particular,
Section2.1will describe S&C geometry arBection2.2 the main characteristics of ballast

settlanent

21 6ZLWFK&UVRVWVWLQJ

A sketch of a right hand turnout and an example of a symmetrical S&C is shown in

Figure2.1.
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front of turnout rear of turnout
stock rails . Crossing nose  — PR
stock rails clasure rails — £ — wing rails
swilch toes . . :
swilch loes switch rails flange way through rails
Fam s = L — ._‘_._.__.|
— .
B R itch heels
switching machines SaILEl heels
" —

check rails

r.. switch panel + closure panel ..I... ........... crossing panel .|

(b)

Figure 2.1: (a) Components of a single right hand turnf8]t and (b) example of symmetrical turngL0] .

In the case shown fRigure2.1(a), there are four possible way to negotiate the turnout
depending on:

x Direction:
0 Through routewhen the vehicle is running on the main line;
o Diverging route when the vehiclés running on thelivergingline.
X Versus

o Trailing: when the vehicle is runninfjom the crossing nose to the
switch toe

o Facing when the vehicle is runninigjom the switch togoward the

crossing nose.

211 &ODVVLILFDWLRQ RI 6 &V

There are several types of S&C layouts as report@alie?2.1.

-10-
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Table2.1: Type of turnout layoutd 1] .

Type of turnout Example
Right hand turnout
(RH)

Diverging turnout Left hand turnout

(LH)

Symmetrical turnout

(S)

Symmetrical or Three throw
(S3)

Asymmetrical same side tg
right
(RR)
Asymmetrical same side to le
Tandem turnout (LL)

Asymmetrical to the right an
to the left

(RL)

Asymmetrical to the left and t
the right
(LR)

The abbreviations in bracketsTable2.1 are used to classify an S&C, in atiteh to the rail

type (e.g56E1, 6CE1), the radius of the diverging route and tinessing angleAn example

LV 3 -760 T12] ZKHUH 3 (° GHQR\&ridWelhK B U D WX MV GBLHY HU J
URXWH UDGLXV DQG 3 " WKH FURVVLQJ DQJOH

Some examples of typical turnout layouts on European lines are repoifadl@®R.2. In
particular, the maximum speedhMis usually calculated depending on the allowable lateral

acceleration in the diverging route as following:

8osl UK B4 B0 2.1
Where:
R = radius of the diverging route [m];

amax = maximum lateral acceleration [rfl/s

-11-



Design methodology for track systems considering thetiemg ballast behaviour:
application to crossings

Table2.2: Typical turnouts on European railways) .

Anglen Radius Maximum speed
[1:n] [m] [km/h]
7 190 40
7.5 190 40
9 190 40
9 300 50
12 500 60
14 300 50
14 500 60
14 760 80
18.5 760 80
18.5 1200 100
26.5 2500 130
33.5 4000 160
42 6000/7000 200

212 7KH FURVVLQJ SDQHO

Figure2.2 shows an example of crossing panel.

Figure 2.2: An example ofrossing panel.

The crossing panel ihales the following main parts

x Checkrails: the twosiderails whose main function is tensure thatt least
onewheelin the wheelsedoes not lose the contaadtthe moment of wing rail

crossing nose transfer area;

x Crossingnose physical point where the two (or more) trajectories converge.
In the horizontal plane, it is characterisediy angle between thails gauge
faces.Thisis the most importargarameter thaisually describes the crossing
geometrical configuratiorf.hereare two accepted crossing angle measurement

methods, which are:

o Tangent measurghe crossing rate of inclination n is defined as the

tangent of the anglg.3]:

-12-
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S
= ?

o Central Line Method (C.L.M.)the crossing rate of inclination n is
defined as half the cotangent of half the a3

S =JCHA
JL<=N?PE—p 2.3

Figure 2.3: Central Line Method13].

The British Railways use the latter metH@d]. Note that there are two main

intersection poindefinitions:

0 Intersection poin{l.P.): theintersectiorpoint of the gauge faces of the

rails;

o Theoretical Intersection poirn(l.l.P): the ends of th@rojectedrail

continuation It is dightly away from thd.P.

Crossings can be classified as follows:

X Acute crossingFigure2.4(a)): when the arrangement of the layout ensures the
possibility of changing route;

X Obtuse crossingof diamond crossing(Figure2.4(b)): when the arrangement

of the layout ensures the continuity of two routes;

X Squarecrossing(Figure2.4(c)): when two tracks of different gauges cross each

other at square angles.

-13-
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Figure 2.4: (a) Acute crossingl5]; (b) Diamond crossingll6]; (c) Square crossinflL7].

Another type of classification is the one based on the crossing assemhiyps$sing
with or without movable parts. Usually, the crossing with movable parts is used in the high

speed lines.
Depending on the way a@bnstructionthe crossings can be defined a8]:

x Cast centre blockhe nose and the throat are made as one block, the leg ends
are welded and the wing rails are attached with tension controlled bolts (or

similar);

X Monobloc all the components up to the joints to plain line are malédeone

piece;

x Semifabricated the castnose piece is welded to manganese steel rail legs and

the wing rails are attached with tension controlled bolts (or similar).

Depending on the way they are attached to the adjacent track, the crossings are
classifed aq18]:

x Weldedthe leg ends terminates with pearlitic rails so that they can be welded

to track with standard techniques;

X Bolted the leg ends are attachednackthrough fishplatedconnections.

213 'HVLIJQ SDUDPHWHUV IRU WKH FURVVLQJ SDQI

Designing a crossing which can satisfy the performance requirements set by the
costumer is a very challenging task. Also, the design is strictly dependant on the line
characteristicancluding the type of traffic and the line speldvertheless, the IMs and the

manufacturers are aiming to standardise the whole process as far as possible.

-14-
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There are several critical dimensions liste@atle2.3, which are subject to tolerances
presented ifil3].

Table2.3: Critical dimension for common fixed crossifig] .

Crossing part Critical dimensions
Running table flatness

Running table flatness over 1000 m
Bottom surface Undersiddlatness

Straightness of wing ralil

Wing front opening

Flangeway

Throat opening

Vee opening

Length £nose to wing end opening
Length £nose to heel

Overall crossing length

Width at baseplate

Transverse shape of nose

Top surface

Openings and lengths

Crosssection Underside flatness
Position of running edge relative to foot
Diameter of fishbolt holes
. Charmfering of holes
Hole position

Hole position to the end of crossing

Position of running edge relative to foot

Radius of wing rail head

Opening and topping Throatopening

Difference between actual and theoretical topping
Deviation along full length

Deviation at intermediate offset

Running edge alignment

In addition to thatthere are two more aspects that should be considered in the design

procesg18]:

x wheeltransfer trajectory. the maximumequivalentdip angle allowed the wheel
negotiates in the load transfer area is limited in order to limit the consequent P1 and
P2 impact forcegl9];

x fatigue life the fatigue life of three areas (i.e. leg end, base of crossing in load transfer
area, base of crossing in the remaining length) should be calculated using the
provided SN curve at the stress level calculated. The estimafiterding stresses
should be carried out using a FE model of crossing under a given P2 force level (or
under a calculated force level using an established MBS package) and with
prescribed support stiffness.

22 %DOODVW VHWWOHPHQW

The main degradation modes ooing at the crossing panel are described in detail in

-15-
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Grossoni5] and Appendix AThe focus of thisectionis the ballast settlement.

Track settlement is the progresspieenomenon during which ballast and subgrade
lose their initial geometrical configuration due to the accumulatigriasticdeformations,
leading to a progressive deterioration of the track geometry (absolute position) and quality
(spatial shape and raté variation). The rate of settlement depends on a large variety of
factors, mainly:

x the type of traffic: axle load, speathevenness dbads;

x the superstructure characteristics: rail typearertype, bearerspacing, pad

characteristics, eventual atldnal resilient layers (such as undeyarempads);

x the conditions of ballassubballastand subgrade layers: layer depth, layer
density, layer size distribution curve, layer material (abrasion, coefficient of

fracture, sharpness, ...), presence of contamination, drainage.

In particular, spacgariant (K HU H D | W Hdifferdniia0) QditiSnent is one of the
principal problems in ballasted railways and occurs when the distribution of those
deformations is not constant. The differential settlenteateforemay be critical in the
crossing panel, where the track and tkaicle experience hiigtransienforces due to the
load transfer from wing rail to crossing nd2€] leading to an amplification of vibrations

andlocaliseddamages.

Usually the settlement evolution is representegfaaction of time, number of passes
or weight Million Gross Tomes (MGT)), as inFigure 2.5. When the defect reaches a
threshold, tamping is carried out in order to bring the settlenuewt back neato the initial

values.

_ Phasel - Phase I Time/N. passes/MGT

Maintenance

----------------------------------------------------------------------- Threshold for action

¥ Settlement

Figure 2.5: General ballast settlement trend.

Two distinctive phases describe the settlement evolution:

-16-
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x First phase(ca. 0.52 MGT): after tamping, there is a relatively fast
rearrangement of ballast stones when the igtesmular material gaps are
reduced and the overall structure is consolidated. This phabaracterised

by a rapid logarithmic development.

X Second phasggrom ca. 2 MGT): this phase is slower than the first one and the
trend is reasonably linear with time. Several mechanisms are involved caused
by repeated train loading, includingolume reductiondue to particle
rearrangement, particle bregieaand abrasive wear at the contact points,
inelastic recovery on unloading, due to mistip between ballast particles and
subballast and/or subgrade penetration into ballast v{d3. All those
phenomenon can be divided into two main mechanisms, which are friction

sliding and volumetric compaction, as shown in SujRét.

Certainly, the geometry is héully recovered [Figure 2.6) due to the ballast plastic
FKDUDFWHULVWLF RI UHPHPEHULQJ WKH SUHYLRXV KLV
Also, after several maintenance activities the benefits decrease aperite between two
tamping cycledecomes shortemd shorterTherefore, it iseventuallynecessary to renew
the ballast befil].

Figure 2.6: Evolution in time of the ballast settlement for several tamping cycles.

-17-
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3 /ILWHUDWXUH UHYLHZ

As explained in the previou€haptey turnouts are the railway elements which
experience the highest number of failufgs3] causing a significant proportion of delays:
for instance, in the UK those failurascount forcirca 10% of the total delays. Hence, it is
evident that future design process of S&C components should coraelchtgss théong-
termdegradation mechanisms, designing them out in order to increase ti&ytiéeCosts
(LCCs) and ensure the flexibility of the whole network.

This Chapter is divided ifour main parts Hrstly, the dynamio/ehicletrack system
models are presented Bection3.1 Secondly, the modelling techniques for S&Cs are
reviewed in SectioB.2 Thirdly, a detailed comparison of the settlement equations available
in literature is shown in Sectid@3. Finally, asurvey of the enginemg techmques to predict
ballast longterm behaviouusing vehicletrack interaction models is discussadSection
3.4

31 ORGHOOLQJ WEHK®D\QIDRPHBUBRIL KD\ V\VWH

In this Section, a survey of track system mod8kscfion3.1.1), track fixing systems
(Section3.1.2, wheetrail contact modelsSection3.1.3 and vehicle models (Secti@nl.4)
is provided

311 7UDFN V\VWHP PRGHOV

In the literatue, a wide range of track system models are found which were developed
for design and maintenance purposes. They are generally developed to look at plain line
track and include the railbeares and in some cases the ballast, as well as the connections
betveen layers, i.e. the fastening system libarerballast interface and the foundation.

Typically, the rails are modelled using the EuBmrnoulli beam theory or as a
Timoshenko beam theory. The first model only takes into account the bending mokien of t
beam whereas the latter does consider the shear deformations and hence, it is strongly
recommended to be used when the frequency range of interest is greater thanZ80 Hz
25].

Regarding therackbedmodel, that is modelling all the structures under the rail level,

-18-
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there are various levels of detail and different solving techniques, as shbigare3.1. In

this figure, the level of details is presented in the rows and the solving techniques in the
columns.

S ) ¢ 1
a) 1-layer o o o o LI“L_S krn 2 1 22 o e = -
models B Jac, 1 2 A et ol = = e e
b) 2-layer ‘——-—‘*‘ L‘*‘__j‘ ey —
models (= - - - QO o O e e W

) Y =3
c) 2-layer £ 3
models with = ¥
elastic = =  SOToTEEaaaSEw0000 @ BN
sleepers
dswer  SESEE  E S
models with $7 3¢ 3y %= 3v ty 3=
sleeper and m;. E-,;- ‘EETLE?‘R? @_ -
ballast masses SRR W
@ continuous @ discrete @ continuous @ discrete support
support models support models  halfspace models continuous halfspace models

Figure 3.1: Summary of track mods25].

All those models can be solved in frequency and time domain. In the first case, the
track and the Wweel receptance curves are connected to form the appropriate transfer function
considering also the wheebntact stiffness and the system response is obtained through the
Fourier transform. Even if this solution technique allows very low computatiorisl, @as
required that all the system characteristics are linear. Thus, it is not appiictigdecase of
localised events, including rail joints and turnouts. In the time domain, on the contrary, the
nortlinearity of the systes can be consideredh@&deflections, velocities and accelerations

can be calculated through the integration of the whole system equation:
| @TE %ETE - @ L (ge, 31
Where:
M = system mass matrix [kg];
C = system damping matrix [Ns/m];

K = system stiffness matrix [N/m];
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T7TeT= system acceleration, velocity and displacement vectors, fnigsm];
Fext= external force vector [N].
In the followings, the theory of Beam on Elastic Foundation (BOEF§dahgnuously

and the discretelgupported track models will be described in more detail.

BOEF

An infinite beam rested on a continuous elastic foundation, known as the Winkler

foundation, is consideredrigure3.2).

q(x)
wi(x)
El - T

IE RN N AR RN NN

Figure 3.2: Beam on elastic foundation (BOEF).
Considering an infinitesimal beam subjected to the external load g(x) and neglecting
the skear characteristics, the vertical equilibrium is applied and the fourth order Partial

Differential Equation (PDE) idevelopedas follows:

1S:T;
'+ @ EGST L MT, 3.2

Where:
El = beam mending stiffness [Nin
w(X) = rail deflection at position x [m];
k = foundation stiffness [N/Al
g(x) = distributed load on the rail depending on the position x [N/m].
It is possible to describe the deformed beam shape solving analyfqakyion 3.2.

This model is extremely simplified as all the masses under the rail level, including the
beareland the ballast masses, are neglected. Thus, it cannot be used for dynamic simulations,

but only to understand the static (or at very low freques)@ystem answer.

Several authors, for examg#-28], have used that forulation, especially in the last
century. InJenking29] the Authors applied it to the case of a rail joint in order to describe

semtanalytically the magnitude @e impact forces, which are commonly called P1 and P2

-20-
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forces[30]. These formulae are still widely uséa all the cases of impact situats
including those at crossing panéiye to the simple application. Nevertheldbgsy are not
able to capture the variability of the superstructtiraracteristics and the dynamic effects

of travelling variable loads

Continuously supported track models

This category includes the modelkich consider théeares as a continuous support.

An example is shown iRigure3.3.

. . l}-’-‘ﬂi ro
H AT ITIT AT XL XL 20

TLTLIL IL T L] Lo

AT 777777 77777777777

Figure 3.3: Two-layer continuously supported track mogi#l].

In Grassig24] the dynamic resp@e of a track system is studied through a-layer
continuously supported track model and the input load is modelled with a wheel rolling over
rails with sinusoidal profile, i.e. corrugated rails.Gmassie[31] a similar study has been
conducted considering the flexibility of theares. Moreover, it is claimed that a continuous
model is adequate in the frequency rangel500 Hz, as demonstrated by the good

agreemenbetween the simulated results and the experimental data.

In Wu [32] a theoretical studinto thewheelrail interaction excited by the roughness
is presented. The comparison between the frequency response function of the continuously
supported model and the discretely supported model shows how the second type can describe
the secalled pinred-pinned resonance, which occurs whrarerspacing is equal to half
the wavelength of the flexural wavig3, 34}

This type of model represents a positive step forward in modelling the correct response
of track dynamics w.r.t. the BOEF theory, even if it still missing the effect of the discrete

support given by the sleeper as well as the effettteoivheelrail contact.

Discretely supported track models

More recently, several discretely supported track models, for exanipke&8], have

been proposed as in reality the rails are supported at éisocations. The layers include a

-21-



Design methodology for track systems considering thetiemg ballast behaviour:
application to crossings

detailed description dieares, ballast and sometimes sbéllast masses which are attached

by flexible connections including springs and damp&nsexample is shown iRigure3.4.

Zys(t)
03(t)  z02(t)
Py(t) I Ps(t) ELm,

Figure 3.4: Threelayer discretely supported modab].

This typeof modelling has been chosen for the presesgarchlt allows a reasonably
accurate evaluation of the dynamic behaviour of the vehicle and track system components
with a relatively low computational costsapturing the peantial variability of the
superstructure characteristit¢s.addition to that, it idlexible to be used in a more generic

degradation process algorithsuch as the lonterm ballast predictian

312 7UDFN IL[LQJ V\VWHPV

Pads are required to maintain the krageometry, provide impact protection of
component, comfortable interface between rail &edrerto prevent component wear,
electrical insulation, resistance to rail creep and contribute to minimise noise and vibration

emissiong39].
In S&Cs there are two main ways to link the rail to bearer

x Direct fastening the rail and théearerare directly connected through rail
pads;

x Indirect fastening between the rail anthe bearerthere isan intermediary
baseplate system, that includes apaill and a baseplate pad.

In both cases, the fastening provides the desired preload force through tHe freals.

UK, the direct fastening is usually uséd the case ofrossingswith 56E1 profile as
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reference rail profile and the indirect fasteninghe case o€rossings with 60E1 or 60E2

profile as reference rail profile.

Typical values of static and dynamic rpid vertical stiffness are reported in
Table3.1. Focusing on the crossing panel, it is common to use soft pads (micromainpads)
the case oflirect fixing and use hard pads (Ethylene Vinyl Acetate (EVA) pads) in series
with very soft basglate pads (such as rubber bonded cork (RBC) patis¢ case ahdirect
fixing [40]. In particular, EVA pads are classified as type C (i.e. pad for specific
circumstances where softer padsyrgeve unacceptable dynamic gauge widening or acoustic

performance) and RBC as type A (i.e. pad with high impact attenuation propg@dies)

Table3.1: Static and dynamic stiffness of raidds and baseplate pads (pad reference dimensions:
140 x 140 mm)

Description Thickness | Static stiffness | Dynamic stiffness Dynami_c/static _ V!s_ual_
[mm] [KN/mm] [KN/mm] ratio identification

Rail pad 5.510.5 50-120 80-200 1.22.4 Soft pad

Rail pad 5-10 150520 600-1300 2-3 Medium pad

Rail pad 5 550 - - Hard pad

Baseplate pad 5-10 15-30 20-40 1.3

Baseplate pad 3-5 50-80 90-140 1.8

The pad static stiffness and the pad dynamic stiffness should be measured in

accordance with the Euro Norrj#l]:

X Static test: a force is applied normally to the pad through a spherical seating in
the actuator and the displacement is measured in a controlled temperature area
(Figure 3.5). The testing plate dimensions are given in relation with the rail
dimensions. The procedure consists, firstly, on two loading cycles between the
nominal load and the notiah fastening assembly clip force and, secondly,

measuring the average displacement when the force is increased to 80% of the

nominal load.
Metal plate
/-/"-\\J Upper load distribution plate |A
=l L=

1 Lower load distribution plate (ifneeded) |

Base

Figure 3.5: Test arrangement for static pad t¢4$1].
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x Dynamic test (in the range between 3 Hz and 30 Hz): a cyclic force is applied
normally to the pad through an actuator at a single specified frequency and the
resulting maximum and minimum displacements of the surface of the pad are
measured at the maximum and minimum forces in a controlled temperature
area. The procedure consistsstly, on loading cycles between 80% the
nominal load and the notional fastening assembly clip force at the required
frequency for 10 s and, secondly, measuring the average displacement for at
least 10 cycles and with a minimum of 20 samples per cytle.sempling
frequency should be quoted. If not specified, the sampling frequency is (5x1)/
(10£1)/ (20+1) Hz.

x Dynamic test (high frequency): there are two main alternative methods, which
are the direct method and the indirect method. Here the correctetygroint

method is not discussed as valid up to 120 Hz.

o Direct methodigure3.6(a)): the equivalent transfer stiffness is calculated
over each onghird octave band measuring the input acceleration, the
acceleration at the measuring platform and the output forceanektting
it with the transfer function. The measurements results are valid in the

frequency range considered if the acceleration level is higher than 20 dB;

o Indirect method Kigure 3.6(b)): the average transfer stiffness is calculated
over each on¢hird octave band measuring the input acceleration and the

output acceleration.
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Figure 3.6: Test arrangement for high frequency pad and assembly tests: (a) direct method, (b) indirect
method41].

Similar procedures are applied the case ofassembly, considering the rail, the

fastening system and thearer

The load cases and the testing frequencies are given according to the relevant standard
([42-45]).
3.1.3 :KHHODER®RQWDFW PRGHO

Thewheetrail interaction has been studied intensively in the last 40 years and several
theories and comercial packages are now available to calculate the contact thatese
transmitted between the track and the vehicle.

Firstly, it is necessary to define different coordinate systems, as folligus€3.7):

X Absolute coordinate systerfixed to the track centre line, it is independent

from the wheel movements;

X Wheelset coordinate systefixed to the wheelset centre of mass and on its
axis of rotation, it moves according to the wheels movements, taking into

account lateral displacement as well as yaw and rolling angles;

x Rail coordinate systenfixed at the centre of rail mass, it moves according to
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the rail movement;

x Coordinate systemat the point of contacfixed at thewheetrail contact point,

it moves according to the contact movements.

K

—— '-_ — — -_—

Wheelset coordinates

Coordinates
at the point
contact

Absolute coordinates

Rail coordinates

Figure 3.7: Wheelrail contact problem and sets of coordinate systglak.

Usually, the total forces acting at the contact are separated into two main problems:
the normal problenincluding the pressure distribution across tlontact area in a direction
normal to the contact plane, and the tangential prgbiecuding the creep forces and
induced shear stresses, which are affected by steering and the transfer of tractive and
breaking forces between wheel and raiko, a general overview of the main Multi Body
Systems (MBS) commercial packages employing whaietontact calculation algorithms

is given.

Normal contact model

When two bodies are compressed one against the other, they will adefartme point
of first contat.

The normal contact depends on the geometrical characteristics of the contact patch,
including its shape and locatioRor the offline methodologythe contact algorithms start

with a preprocessor that, for a given set of wheel and rail profiles, ledésiall the
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geometrical properties in the twebmensional vertical plane for a wide range of wheelset
lateral positions. At each wheel this includes the position of the contact point, the contact
angle, the roll and the yaw angle, thus producing a cotathle through an iterative process
[47]. In reality, the yaw angle, especially the case ohigh values, influences the contact
point location shifting it out of the vertical plane and therefore, its determination should be
performed in the thredimensional space. This may complicate the calculations and for low

values of yaw, this can be negied.

If the hypothesis of rigid bodies is removed in the routine explained above, it is

possible to find more than one contact point, for examfilee crossing nose, 3].

Usually, the approaches to solve the normal problem are divided into two main

categories, considering Hertzian and +ktertzianwheelrail contact.

X Hertzianwheelrail contact

The main assumptions are summarised as follows:

0 The bodies are homogeneoU§, RWURSLF IROORZ <thaRiNdiigedyOD Z D ¢

small strains and rotations;

o The effect of elastic deformation in the vicinity of contact area are neglected because
the dimensions remain small compared to the principal radii of tkaefommed

surfa@s;

0 The curvature of wheel and the rail are constant in the contact area and that contact
area is small compared with the radii of curvature. Therefore, the contact bodies are

described by continuous and quadratic surfaces;

o The material is considered ftionless because the material properties of wheel and
rail are assumed the same. In that case, it can be demonstrated that the tangential
tractions do not affect the normal pressures between the two bodies.

Under those hypotheses, two infinite cylindersewlpressed together deform and the
resulting contact patch is a tvdiamensional ellipsis with an elliptical normal pressure

distribution.

A detailed description can be foundJohnsor{48] and inAppendix B
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Undoubtedly, these assumptions are can be restrictive while applying this theory to the
realistic cases whethe assumptions are not correct. Nevertheless, it has been demonstrated
how the results are sufficiently accurate in cases where the curvatures do not change inside

the contact are@9].

x NonHertzianwheelrail contact

In the pastwo decades, researchers have been trying to move forward considering more
than one contact point and more realistic contact patch shapes in order to overcome the
discrepancies the case afiorrideal conditions (e.g. in presence of plastic deformd#iéhn

or wear[50] andwhere theail geometryrapidly changssuch as in switches and crossings
[51]).

In Telliskivi [52] a tool based on the commercial FEA software ANSYS has been developed
and appliedn the case of sharp curve negotiated by two types of passenger train. The
wheel and the rail profiles have been measured witiviiméProf device. Two cases of
contact have been found, that is on the top of the rail and on the gauge corner. The results
from the currat FE model have been compared with the Hertzian theory and Kalker software
CONTACT (Figure 3.8). As concluded previously, the maximum comtgressures
calculated with the three methods considered are comparable when the contact occurs on the
top of the rail head, when the conditions are reasonably ideal. On the contteygdse of

gauge contact, the curvatures of both wheel and ralligheandthereforethe Hertz theory

largely overestimates the contact pressure.
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Figure 3.8: Comparison, with respect to maximum contact pressure and the contact area, between three
different contact mechars analysis method52].

As presented irPiotrowski [53], there are two main types of method to solve the non
Hertzian wheektontact contacproblems;(1) approximation of the contact patch walset

of ellipsis and2) approximation based on virtual penetration of contact botirescommon
assumption for the latter methodtisat the normal stress distribution in the direction of
rolling is semielliptical. Examples of the two methods are showFRigure3.9.

>

~ Wheelset displacement
0 mm)

E2 - %
sgc. 2

(‘1 ) (equlv.] E1

nain)

deformed wheel profile z,(y)
undeformed

0 .
| ) — W ﬂ s
shifted by & z, sy
I b rail profile z; (y)
deformed
= | 0
— 749.9 Yr

interpenetration region| ~ contact zone

(b)

————————— 753.15

(@)

Figure 3.9: Main methods to solve néditerztian contact problems: (a) approximation with set of ellipsis and
(b) virtual penetration of contact bodi§s3].

Within the first categoryascal54] propose to use a fictitious single contact pattien

several contact patches are simultaneously occuttimgharacteristics are determined
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the way that the normal and the tangential forces arsatime of the mukcontact code, or,

at least, for one case

Within the second categoryjotrowski[55] have assumed a qudsdertzian contact, i.e. the
normal pressure distribution is seatliptical in the direction of rolling. A good agreement
with results from the CONTACT software has been obtained for a wide range of conditions,

including multide points of contact.

Tangential contact model

The tangential forces guide the vehicle on the track. They depend on several factors,
including the shape and the size of contact region, the distribution of normal pressure and
the wheelrail friction.

An exhaustive history of the tangential contact models is givétalker[56], starting
IURP &DUWHUTVY WKHRU\ 7KH PDLQ DVVXPSWLRQV DUH D
&RXORPETV ODZ Danshibbetheéhtdripdy fardteOdnd\creepages.

In particular, creepages are defines as the relative motion between wheel and rail in

the longitudinal, lateral and spin directions:

RFR
R
F

QL

L EFR 3.3

R
F 3,

R
Where:

1 2 &= longitudinal, lateral and spin component of creepagefl], [rad/m];
vi, V2 3 = longitudinal, lateral and spin component of actual wheel velocity [m/s], [m/s],
[rad/s];

Y11 ¥ 9 4F longitudinal, lateral and spin component of pure rolling velocity [m/s], [m/s],
[rad/s];

V = travelling speed [km/h].

The principal result was that aaXle rigid vehicle always runs unstably, but stability

may be found with a suitable secondary suspens
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The most complete study was carried out by Kalker, whose merit was to develop
numerical methods fowheeltrail rolling contact and implement them in commercial

software.

Firstly, the linear theory assumes a linear cieepe law. It is approximatesathe
condition about maximum transmissible tangential force is not satisfied in the borders of the
contact patch. The creepage coefficienih&e been calculated analytically for the contact
patch dimension ratio (a/b) and (b/a) tending to zero arstpred as a tabldgpendix Q.

This theory is still currently used, as it allstheachievenent ofreasonably accurate results
with low computational costs. Usually, the limitation in the creep force due to saturation
proposed irShen[57] is applied. In particular, this formulation uses a cubic saturation law
presented ivermeulen[58], including also the spin term. Several comparisons have been
carried with results from DUVOROL and FASTSIM and the differences increase for

increasing spin level.

Secondly, the complete theorghbeenlevelopedncluding a nodinear creepage law
and included in the programme CONTACbB9]. As expected, it requires higher

computational costs.

Figure3.10 shows the comparison between the linear theory and the complete theory
(CONTACT) in terms of total lateral force with pure spin. It is noticeable thdofoyaw
angles there is a good agreement, while the differencasa@easingly remarkable (up to

80%) for increasing yaw angle
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Figure 3.10: Ratio of lateral creep force to available maximum vertical friction force in Hertzian rolling
contact with pure spin: comparisortween results from CONTACT and linear the6g] .

MBS packages

Currently, a large number of MBS packages are commercially available and widely
used to simulate the dynamic behaviour of the railway vehiélesomprehensive and
critical comparison of thevheetrail contact solutions for the case of single wheelset and
full vehicle has been presented in the Manchester benchij@R. (Ten major codes
participated, including Vampire, GENSYS and VOCOLIN. The main difference=rms
of normal and tangential contact models are presented in Table 1 of the paper. The initial
main results show how all the codes predict similar contact position both in the wheel and
in the rail, whereas the contact patch size and the creepagest miggat differences.
Therefore, it is fundamental that the choice of the software is made according to the intended

use.

As pointed inBezin[34], all the contact routines present certain limitatiwnthe case
of S&Cs due to the assumptions made (rigid wheel, rigid rail and constant-éteesic
material properties) as well as the inaccuracies of using contact tables at fixed locations with
linear interpolation in between therteading to potential errors in areas of rapid geometry

change such as crossing nose and switch blades.
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314 9HKLY¥OMMARGHO

The railway vehicle isisually modelled using the rigid body approach weithet of

interconnected masses which are propelled along thedtackiven speed

The most important parameters in the vehicle model are:

Unsprung mass

The unsprung mass is defid as3N¢ mass of a wheel, or wheelset, and other associated
components which are not dynamically isolated from the track by vehicle suspension
arrangementy62]. In practice, it includes the wheelset, all the arrangements for thargrim

suspensions and, thecase of power wledsetsthe motor.

It hasbeendemonstratedhat the mediumfrequencyP2 force is directly hiked with the
unsprung mag9]. Due to the fact that this frequency matches with the typical track modes
[24], it is transmitted to the infrastructug@oducing an acceleration of deterioration of the
whole track system, in particular ballast settlement. Therefore, samersije.g.Grassie

[24] and Kabd63]) limit their vehiclemodel only to the unsprung mass.

Also, the UK Infrastructure ManageNetwork Rail (NR) definedrack access prices
depending on the concept of ehicless3SWUDFN I ULHQGOLQHVYV™ ZKLFK L\

unsprung mass

Looking in partcular to the wheelset, it is the assembly of two conical wheels connected
through a rigid axleThe parameter which is usually used to describe the conical shape is the
HTXLYDOHQW FRQLFLW\ ZKLFK LV GHILQH® abvke&¥YKitH WD QJ
coned wheels whose lateral movement has the same kinematic wavelength as the given
Z K H H @B¥]HMé worth noticing that the quoted kinematic wavelength is calculated with the
.OLQJHOYV IRUPXOD

Nevertheless, an essential aspect to correctly model the-véilegbntact mechanic is the
actual profile shape, which is typically measured using a MiniProf device or else taken from
engineering drawings.

Suspension$23, 65]

There are two main types of suspensionsa rail vehicle primary and secondary

suspensionslhe former ones connect the wheelsets and the bogie frame, the latter ones the
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bogie frame and the bolster or the car bdthssenger coaches have both of them, while the
freight wagorusuallyonly have a primary suspensiddeveathelessthe trend is to include
more resiliencen freight bogiedesign. An example is the innovatikegie designcarried

out during the European Project SPECTRUBS]. Suspensions usually include elastic

elementdi.e.linearhonlinearspringg and dampers

An extensive statef-art of suspension component modelling is present&ickhoff
[67], where it isstated how important understanding the physical proces$ésrisrecently,
in Bruni [68] mathematical models of railway vehicle suspension compoaentiiscussed
in detail as well as the effect of model unceriasmbn simulation results. This is relevant
the case ofirtual homologation, which is used neoand more nowadays.

3.2 0O RGHOWHKMXIU QRXWHP VWDWH RI WKH DL
321 9HKLWUHLRQNVHUBPR®HRQLQJ

In the pastdecade, variouaumericalmodelshavebeen developed to describe the
vehicleturnoutinteractionbehaviour.Several aspects have been addressed, including the
type of modellingused (i.e. MBS approach, FE approaahyithe necessity of a refined

wheelrail contact model.

The MBS approach hasén used by few researcheie exampleLagos[69], Sun
[70] ard Pau[71], while ®veral FE models have been buikthouse includingin Alfi [72]
and Bruni[73], or using commercial packagesuch as inColeman[74]. Kassa[75]
presenteda comprehensive comparison between the two approaches and against field
measurements of vertical and lateral contact fortdsgs been pointed out thahile the
MBS approach is more suitable for lateral dynamics at the switch panel due to the
consideration of the whole vehicle and the shorter computational times, the FE approach
produces more accurate results and is suitébl@ssess the influence of component

properties, such as trackbed stiffness.

Solving the wheetail contact problem at the switch and crossing pheebeen the
focus ofsome studiesFor example, in Re[¥6] a practical methodology to determine the
locaion and the entity of two contact patches in a turnout is presented and applied to optimise
the top height of the nose. Burgelnjdii] describes a new computer program called WEAR,

which is anextension of the CONTACT algorithm of Kalker and which is able to take into
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account conformal contact situations by using influence numbers for agyaager space

as well as the local and varying spin creepage in each element in the contact patafly Simil
Sebeg78] presents a sentiertzian method to solve the wheall contact problem for high

speed switches with moveable frog. This consists on dividing the rail in narrow strips and
assigning a stiffness, which depends on the local curvatures and plagterties of the
material, to each of therven if nonHertzian theory seems to be necessary in the particular
case of wheetrossing contact, it has been shown in Wiédi] that similar trends of
calculated contact pressure, contact patch size and penetration depth can be found when the
Hertzian contact theorythe nonHertzian contact theory implemtea in CONTACT and
theelastic FE contact modale considered.

322 7TUDFNGHGBUDGDWLRAQ

The topic of trackbed degradation at turnout has not been fully addressed in the
literature. It is possible tdivide the few relevant studies found on the basis of two main
approaches, i.e. trgtatistical approach, when measured gaéaailable and thenumerical

modelling approach.

Using the time series of measured longitudinal level of turnouts $wedish bavy
haul line,Khouy [79] demonstrated thdhere is a limitto the settlement at the location of
the crossingBefore reaching that limit, the higétdegradation rate occurs at the crossing
position while afterwardst propagates in the vicinitfKennedy[80] presented a practical
application of polyurethane ballast reinforcement to reduce track settlement at the crossing
panel. Ithas been demonstrated how it helps greatly to save up to 30 maintenance cycles, as

the site has never required any intervention for 10 years.

Somepapersadopt an iterative procedure to numerically calculate the track settlement
in a turnoutusing either stablished settlement equations (e.g[14], Nielsen[81]) either
proposing new approaches (e.g[&2]). The results obtained cdre used both in a design

and mantenance phase.

33 ORGHOOIGRQMMHUP EDOODVW EHKDYLRXI

A detailed critical literature review abosgttlement equati@nhas been presented in
Dahlberg[21], considering Japanese models (Sato models), US models-Haado

model, Ford model), European dels (ORE mod¢] German model¢Dietrich model,
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Hettler model, Holzlohnemodel) British modelShenton model), French mode@ugérin
model), South African modeF(dhlingmodel), Australian models. Also Indrara{i@&8] and
Abadi [84] presented a comparison between settlement ciragsd on the form of the
proposed equation form (i.e. exponential type in the ford-N¥ or logarithmic type in the
form of C-logN\P). Recently, Grossor[@] publisheda literature review from the vehiele

track interaction point of view.

Various authors have used these models in an iterative process to calcelate
evolution of the track geometry over time. For example, M@} presents a dynamic
settlement model to calculate the track growth evolution of some theoretical rail geometry
deviations using the exponential Hetgettement equatiorFrohling [86] applied a similar
approach using settlement equatiowhich takes into account measurable track parameters
and validated it againgt Stu tests. lwnicki[87] compared Sat{88] and TU Munich[89]
settlement equati@nusing VIRail commercial package and showed that the predicted
settlement rate is significantly dependent on the model used. Finally, Nguy§0Gaad
Ferreira[91] applied theGuérin[92] equationto analyge the degradation behaviour in high
speed linesFurther details about the link between dynamic vekigek modelling and

long-term predictions will be given in Secti@®.

In this Section, a number of thesettlement equatienwill be examined and
compared highlighting how they have been derived (in laboratorynositu). Although
geotechnical characteristics of the granular materialsfuar@amental in the settlement
process, only the directly available following parameters will be used for the comparison

(see GrossorjB] as main regrencé:
x the type of traffic: equivalent axle load, speed;
x the superstructure characteristiosareitype,bearerspacing;

x the conditions of ballassubballastandsulbgrade layers: ballast depth.

331 /DERUDWRU\ WHVWLQJ

In the triaxial tests, the axial €ss (axial load) is varied between -pletermined
limits, as well in Jeff$93], Guérin[92], Indraratnd83, 94, 95] Thom[96] and Abadi84].
Cedex[97, 98]takes into account a full bogie atiae partial unloading between the first and

second wheelset. Finally, Stewd®®] does not provide any information about the loading
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methodology.

x Tri-axial tests
Shenton[100] presents standard -@ixial tests of dry ballast. A serhydraulic
compressive/tension loading system has been used in order to be able to simulate high speed
cases as well as large number of loadinglesy in a realistic time scale. The testing
frequencies go from 0.1 Hz (loading of the first 8 cycles in all the tests to keep consistent
test conditions) to 30 Hz. Three axle loads (10, 20.5 and 30 t) has been considered in the

experiment.

Laboratory triaxial tests on ballast as well ballastbox tests using woobearer
segment have been presented in S¢li§l]. The vertical loading varies between
0.22 kN (unloaded condition corresponding to the minimum siting loading) and 21.8 kN

(loaded condition representing a 35 t axle).

X Reduced scale ballast box tests

Steward99] carried out laboratory box tests using the apparatus including half timber

bearer The load applied corresponds to an equivalent 30 t axle load.

In Jeffs[93] the ballast elastic and plastic response to a variety of accurately controlled
vertical load conditions have been studied in laboratory using a box apparatus. Two loading
frequencies (6 and 10 Hz), thregleaload values (32.5, 40 and 50 t) and thibearer
materials (steel, concrete and timber) have been considered.

Guérin[92] carried out an extensive series of dhied scded tests to simulate the

passage of 20 t axle load at 250 km/h. The loading frequency is 30 Hz.

In Indraratngd83, 94, 95]a largescale test rig has been used to predisetiement
equationin the case ofiew and recycled ballast in combination with geosynthetics. A single
rail is accommodated on timbkeareron top of ballast, suballast and subgrade layers. A
harmonic sinusoidal cyclic stress load corresponding to a 25 t axle load is applied at a

frequency of 15 Hz in order to simulate a speed of 109 km/h and a wheelbase of 2.02 m.

X Full-scaleballast box tests

The Nottingham railway test facilifft02] is afull-scaletest box faiity consisting on
three concretdeares loaded with servgontrolled hydraulic actuators through loading

rollers and spreader beams. The vertical loading varies between 4 kN and 94 kN at 3 Hz,
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corresponding to ca. 27 km{h03].

The CEDEX Track Box, which includes a 21 m long trackl{8ares also with three
bituminous mix subballast sectiors), has been used to evaluate the it ballast
behaviour[97, 98] The load is applied througsix actuators commanded by a servo
hydraulic system. Three loading frequencies (7, 27 and 40 Hz) have been used to simulate
three carriage types travelling at 30360 km/h.

The Southampton Railway Testing Facility (SRTF) is capable to replicate the long
term ballast behaviour after millions of cyclic loading. It includes a single G44 concrete
bearemwith two 60E1 short ragectiors and wooden and steel panedtdhat a fixed distance
of 0.65 m (typical UKbearerspacing)[104]. A loading beam transfers the vertical and the
lateral load to the superstructure. The testing procedures are discussed in detail in Abadi
[105]. The vertical loading varies between 5 kN (unloaded condition) and 98.1 kN (loaded
condition representing a 20 t axle) at 3, Mhich has been chosen as trafiebetween a

reasonable testing timescale and maintenance of-giai® conditions.

Figure3.11 shows a comparison of tisettlement equati@nobtained with laboratory
tests Table3.2).

Number of load cycles (X 1000)
100 200 300 40 500 600 700 800 900 1000

lemmesee o= N T I = ==

-
(9}

Shenton (1978): Triaxial test
\ — — —Selig (1994): Triaxial test
N i Guerin (1996): Triaxial test

N
o

Steward (1984): Reduced scale box test
= = = Jeffs (1978): Reduced scale box test
~ e Indraratna (2007): Reduced scale box test
---------- Indraratna (2013): Reduced scale box test
- Thom (2006): Full scale box test

Rt = == Cedex (2011): Full scale box test
P i =+ Abadi (2016): Full scale box test
"""" Cedex (tbp): Full scale box test

Vertical settlement [mm]
w N
o (6]
7/
&

w
(82}
/
/
/

S
o
!
!
!

S
[$)]
|
1
|
|

50 -

Figure 3.11: Comparison oettlement equatienobtained with laboratory tests.
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Table3.2: Settlement equatisrobtained with laboratory tes(Sy is the vertical settlement at the cycle

number N).
;I;/Tosg Author Empirical equation Constants
Thaial [Slr(‘)%?to” 5 L 5 ®SE?KJIGP %0; const= 0.2
test Selig 5 L?2KJO@C2aes constl = 4.3;
[101] const2 = 0.17
Steward > const = 0'3.5
[99] % L5®RSE?KRBZO; (0.63 if
uncompacted)
constl = 90;
L \?KJQEP?KJo@‘g@o E?KJO@®a 0 Otrrrrr| const2 =0.006
?2KIJOP?KJIJ®@4a O Rtrrrrr|const3 =
Reduced| Jeffs[93] 0.00015;
scale const4 = 125
ballast const5 =
box test 0.000015
Guérin Oaagec constl =
[92] @5 @A ?KIO@Bs 06 0.00000144;
const2 =2.51
Indraratna| 5 L 5 @©2334=¢ const = 0.106
83, 94, 5 L5 ®RSE?KJIOF 0 Erave@ KJOF 0°5; constl = 0.43
95] const2 =1.6
Thom 5 L :Z'%0 Fta;:®
[96]

) 5 L?2KJO@Oaaks constl = 0.07
Full L?2KJO@OCaase const2 =
scale Cedex X L:
ballast | [97, 98] 0.1625
box test const3 = 0.85

const4 = 0.18
Abadi
[84]
The results presented igure 3.11 highlight how thesettlement equatiois strictly

connected with the laboratory conditions and assumptions that have been made. It is worth
noting how theequationdeveloped aCedex[97] gives the lowest results. This is certainly

due to the fact that a bituminous nsxiyballastlayer is preent to replicate the Spanish high
speed line constructiofi06]. As noted previouslyall the equations in the table can be
categorised in two main groups: (1) logarithmic form, when the settlement is predicted as
function of logN, and (2) exponential form, when the settlement is predicted as function of

NexP

Some discussions are presertiedeafter

x Axle load

! The first settlement equation has been derived ustogimous mixsubballastSectiors.
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Shenton[100] showed through a fulcale laboratory tests that thack settlement
increases linearly with axle load for the first 100 loadings. This is in line with [9&ffas

shown inFigure3.12.

3

o
=3
I

(a)

[ooao ) INITIAL SETTLEMENT (200,000 cyc.) mm

@
<]
I

§

§

3

3

g

o
3
[0 00] POST -CONSOLIDATION SETTLEMENT

3

325

(b)

40 50
AXLE (OAD (TONNE]

8

5

(200,000 cye.] mm

Figure 3.12 The effect of axle load according to (a) Sherjfid0] and (b) Jef{93].
Considering all thequationsanalysed irFigure3.11, the relationship between vertical
settlement and equivalent axle tonnage is presentEdyiume 3.13 for the first phase (left

plot) and he second phase (right plot). The grey dotted line represents the regression line

excluding the Selig model.
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Figure 3.13: The influence of axle load on vertical settlement considering aédbationsanalysed in
Figure 3.11.

From Figure 3.13 it is possible to conclude that there is an evident asereof
settlement with increasing axle loadthe case oboth first and second settlement phases.
The influence is more evident in the second phase (ca. 33% higher slope). Therefore, the

axle load should be included in thettlement equatioas a main dver.
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It is necessary to highlight that the coefficient of determinatibis Relatively low in
both plots shown. This can be explain with the fact that different types of test {@eatri
test, reduced scale ballast box tdatl-scaleballast boxtest) and different procedures
(i.e. loading frequency, ballast specification, material of the loading plate etc.) have been

considered simultaneously.

X Loading frequency

No obvious effect of loading frequency on ballast settlement has been shown in
Shentor{100] andGuérin[92], while Indraratn§107] has shown how the loading frequency
deeplyaffects the permanent deformatidhgure3.14).

(a) (b)
Figure 3.14: The effect of loading frequency according to (a) Shefit0@] and (b) Indraratng107].

Consideringall theequationsanalysed irFigure3.11, the relationship between vertical
settlement and loading frequency is presentediganre 3.15 for the first phase (left plot)
and the second phase (right plot). The dashed line represents a spline data fitting.
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Figure 3.15: The influence of loading frequency on vertical settl@ngensidering all thequationsanalysed
in Figure3.11.

There is no clear trend between ballast settlement and loading frequency as shown in
Figure3.15in both settlement phases. It seems that there two main behaviours depending on
the loading frequency. Up to 15 Hz, the vertical settlement slightly increases for increasing
loading frequency, while it reduces drastically for verghhioading frequencies (see
experiments formGuérin [92] and CedeX97]). This is against the results obtained by
Indraratna[107] as maybe different types of test and different procedures have been

considered simultaneously.

x Bearematerial

Jeffs[93] shows thatgeteribus paribussoft timbebearetends to settle less than steel
and concretbearer This can be explained by the fact that the wodsbameroffers a more
conformal area of contact with the ballast stones than the hard cdreaetainder surface,

thus helping spread the path loads through the granular layers and reducing pressure overall.

332 ,Q VIMMXWLQJ

Partington[108] used the R&D Division track research laboratory of British Railway
Research (BR) to derive tlsettlement equatiomhe track irregularity is represented by a
0.10 rad dipped joint profile, which has been dressed to avoid significant effect on track

properties. Two different configurations of vehicle (high/low load) have been considered.
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The test cosisted in 1000 passes of the rolling load rig over the irregularity.

Four test sites have been used in Ste\@dtto calculate the elastic and plastic ballast
behaviour, considering both wooden and condretges. Both tangent and curveectiors

have been considered.

Selig[101]used the FAST test track in Colorado to determine the relationship between

ballastsettlement and loading cycles.

By analysing measured data of average track settlement with accumulating traffic,
Frohling[109] developed an expression that, whdgarithmic inform as explained in his
PhD thesisalso takes account of thewatoric stress at the sleegmllast interfaceNote
thatthe parametere Table3.3 are only valid for track stiffness between 60 and 132 kN/m
as defined here by Frohling, becausedtes? product term of the equation cancels out the
K1 part and the square bracket expression then becomes negative for values akibive132
Above this value, there is a reversal tramthe settlement equatidhat does not match any
realistic physical behaviour. Differemonsii andcons parameters would need to be
defined to simulate continuous settlement change for stiffuakes abovel32kN/m.
Below 60kN/m, however, the equation tends to converge to larger settlement values and

could be applied as is with reasonable output.

(7}
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©
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Trackbed stiffness [kN/m]

Figure 3.16: Variation of settlement predictions with trackbstdfness using therdéhling equation as
defined(INN = 1; Pay/Psac= 1) ([9])

Figure3.17 shows a compason of thesettlement equati@obtained withn situtests
(Table3.3).
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Figure 3.17: Comparison obettlement equati@obtained withn situtests.
Table3.3: Settlement equatisrobtained withn situtests (K is the vertical settlement at the cycle number

N).
Equation Constants
Partington108] -, Oaaec constl= 0.29 (0.38 if high load); consta
% L ?7KJOPZ 350 1.77 (1.71 ithigh load)
Steward99] % L5 ®sSE?KJI@P %0; const= 0.9
Selig[101] 5 L ?2KJO@OCaa&e constl= 0.0035; const2= 0.21

Frohling[86]

5 E::]
S L P KIOP?KIOB - ——p,
Oaa&ec

2x‘|é -«
®——ph ®& 9
cO

constl= 194; const2s1.96; const3= 1.34

Figure3.18 shows the final comparison between se¢tlement equatienobtainedn

situ and thesettlement equati@obtained with laboratory tests.
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- Indraratna (2007): Reduced scale box test
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===x= Abadi (2016): Full scale box test

"""" Cedex (tbp): Full scale box test

== === BR(1979): in situ

""" Steward (1984} in situ

=== Selig (1994): in situ

== === Sato (1995): in situ
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Figure 3.18 Comparison ofettlement equatieobtained withn situtests and laboratory tests.
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Figure 3.19: Comparison oettlement equati@obtained at 100,000 cyclasing the input values ihable

3.4 (9]).
Table3.4: Overview of the experiments conside(f] ).
Equivalent Average / O
VES R HIHED axle load [f] | axle load [
Shentor{100] | 20
Triaxial test Gueérin[92] 20
ORE[110] 20 20/0
(20°t)
Alva-Hurtado 20
[111]
Triaxial test| Shentor{100] | 32
(32¢1) ORE[110] 32 32/0
Alva-Hurtado 32
[111]
Reduced ﬁ]tsg?;g]?] 20
scale ballast [112] 25 23.3/5
box test Indraratng83] | 25
Full-scale Thom[96] 20
ballast box | Cedex[97] 17 19/3
test Abadi[84] 20
In situtest Partington 22
[108] 2414
Frohling[86] 26

FromFigure3.19andTable3.4 it is possible to draw the following main conclusions:

X There are large discrepancies in most of cases between the laboratory and the
in-situ prediction. This suggests that the local in sitadatons, such as the
actual load acting in the ballast layer and the confining pressure, play a
fundamental role in the ballast degradation process and difficult to be
correctly reproduced in laboratory. An example that compares thiati
test conditons and thdull-scaletest conditions is presented in Aursudkij

[113], who concluded that the best agreement is obtained with 30 kPa
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confining pressure and deviatory stress to maximum normal pressure ratio

equal to 2.

X The average of the values obtained witsitn tests are higher than all the
other laborairy test results, even if the axle load observed during the

measurements is not higher than the triaxial tests with 32 t.

x The average value for triaxial (20 t) afudl -scalebox results are similar, but

the latter category presents higher dispersioheftiata.

X The average value for the axle load used in reduced scale tests is similar to
the in situ tests, but the average vertical settlement is about 21% lower w.r.t
the in situ tests, meaning that there are other influencing factors, including
the stresslistribution and the excitation frequency.

x Comparing the triaxial tests, it is possible to notice a high dispersion of the
data, especiallin the case o0 t, that cannot be 1®nducted only to the

axle load used.

Figure3.19 highlights the fact that, even though there is a large numlsstiddment
equatiors available in literature, it is very difficult to find an agreement betweenetie t
conditions under which they have been derivedthedeforebetween the results. Another
fact is that it is very difficult to translate the laboratory conditions edtial tests to real

track condition (i.e. definition of the confining pressure).

This reveals that moving forward it is highly important for the scientific community
to agree on a common test specification and procedure to further the current understanding
and enable a direct comparison of future lab arsitintesting possible. It Blso suggested
that numericalvehicletrack interactionmodels able to replicate loading pattern in
components anttackbedlayers are used both to determine the loading regime required in
test. Furthermoreghey can be used as a mean of testingétidanent equatios obtained in

applications taken beyond the prescribed limits of the laboratory tests as presented next.

34 &RXSOLQJ WKHREDOODVW EHKDYLRXU .
WUDFN LQWHUDFWLRQ PRGHOV

Vehicletrackinteraction(VTI) may generate high variations in tvbeetrail vertical
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forces, especialldue togeometical irregularities on track (e.g. welds, crossings, joints, ...)
or vehicle (e.g. wheel flats, ...), leading to high deflections and stresses and, consequently,

plagic deformations in the ballast and supporting layers.

From a modelling point of view, the shderm vehicletrack interactioncan be
coupled with the longerm track degradation using an iterative procedure based on time
domain simulationKigure3.20). The outputs of the VTI model, including forces transmitted
to the supporting structure, the ballast displacements and accelerations ahtdos
forces, are used to inform the ballast plastic model chosem¢t®® relaing them tothe
permanent settleemt, the number of train passages and the structure charactefisgcs
total settlement after N cycles is then calculated as the acatedwalue. If the total number
of passages is reached, the program ends, otherwise the iterative routine continues until that

point.

Initialisation of the program

Dynamic response using VTl model

Incremental settlement at the i-th sleeper
AS,; due to the incremental traffic AN using
a settlement equation

Updated rail top level

Total settlement at each sleeper

Is the total number of passages reached?

End of the program

Figure 3.20: Coupling thevehicletrack interactionmodel with the longerm ballast behaviouf{9] ).
Three models are frequently used, Geterinf V. 6 D WRINWhPIFE RGHOV GXl

the fact thathey explicitly consider outputs of the dynamic model.

/JRRNLQJ LQ GHWD L OtwD WaisfDrinshgvé bieehpDpudpE 4

L 172 34
@®2@F2§0;6 GARD EB@PZQD 35

Where P is the bearerballast contactpressure Pw the thresholdsleepetballast contact

pressureN the number of cycles arajb,c,d,ethe model constast(Figure3.21 andTable
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3.5). It is worth noticing that the thresholch Rt which the ballast plastic behaviour starts

and the degradation rate a play a fundamental role in the track geometry evolution. They
both depend on superstructure and material factors, such as ballast grdidisigéametry,
subgrade type and load cycle. Nevertheless, there is a lack of experimental and numerical
data andhusit is difficult to set reasonable values.
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Figure 3.21: Settlement rate according to (a) Ejy4and (b) Eq. 3 [114].
Table35 3DUDPHWHUV XVHG[I1gQ.6DWRYTVY HTXDWLRQ

200

Parameter Value Parameter Value Parameter Value

a 1.403-10° b 1 c? 0.33
9.411-10° 2 0.66

4.382.10'% 3 1.40

1.839.10% 4 2.50

d 2.70-10%° Pin(hp=15cm) | 37.5 e (h=15cm) | 1.30
Pin(ho = 20cm) | 38.6 e (h=20cm) | 1.14

Pin(ho = 25cm) | 39.6 e (h=25cm) | 1.00

P (hy =30cm) | 40.6 e (bh=30cm) | 0.88

Sato has proposed also a formulation to calculate the rate of growth of irregularities in
mm/100 days ag88] :

5L=@&% &8 @& @ ®&° 36

whereais a correction factofl, the tonnage (million tons/yeaN the average traffic running

speed (km/h)M the structure factol, the influence factor for jointed rail or CWR (1 for

CWR and 10 for jointed rail) an the influence factor for subgrade (1 for good subgrade

and 10 for bad subgrade). The values of th6e RQHQ WYV . /| DQG 0 REWDLC
0.31, 0.98, 1.10, 0.21 and 0.26, respectively.

2 Note that this parameter is added to match the figures in the reference.
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The structure factavl is further defined as:
| L 25 ®E®* 3.7

wherePy is the maximunbearempressure due to a wheel loddzhe maximum ballast
acceleration, also to be understootd@areracceleration antthe impact coefficient defined

as:

S
Yi+ &G

+»

3.8

Which is inversely proportional t&l the flexural rigidity of the rail and the equivalent

support system stiffness per unit length.

As anticipated, a number of these analytical expressions can directly be substituted by

VTI analysis outputs, including:

X The structure factot) containing théveareracceleratior{ Uf and ballast pressure
( 29 are direct output of VTI analysis. The remaining impact factor () is also
directly accounted for in VTI analysis in the building of the track system, and has a
direct influence on the other two quantities.

x The influence factor for joined rail or CWR)( attempts to capture the effect of a
wide range of track quality (good quality CWR=1 and jointed rail =10), including
discrete irregularities such as dipped §siar welds and their local effect on
dynamic transient loads. indeed, there is a wide range of dynamic loading response
to a wide range of track geometrical features falling in between these two values,
and it remains up to interpretation how to set plaisameter. This is especially true
as dynamic load responds differently to different input wavelengths: <20 Hz for
typical vehicle dynamics modal response, < ~90 Hz for theaed P2 dynamic
force[19] locally influencingtrackbedcondition and > ~90 Hz for dynamic forces
influencing wheekail behaviour and track components, both responding to shorter
track geometry featuse Simple formulae exist to derive P2 forces acting locally on
joints and crossings, or alternatively VTI models can be used to predict them with

greater accuracy. However, this is an area where meestigations necessary to

-49-



Design methodology for track systems considering thetiemg ballast behaviour:
application to crossings

quantify the influence fdaor based on track type and quality, as well as the
propensity and magnitude of discrete defects.

x The influence factor for subgrade)(is considered as an independent parameter,
but may be better of incorporated into the structure factor as it directigtnges

to the overall stiffness.
Table3.6 summarise the physical quantities considered, advantages and disadvantages
of the identified settlement equations that can be coupled with VTI models.

Table3.6: Summary of the different settlement equation considered for use in VTI.
Physical quantities

. Advantage Disadvantage
considered
Guérin Maximum ballast| Direct output from| Maximum displacement cannot [
displacement VTI models directly related to plastic deformatio
of ballast under varying conditions
Sato Maximum ballast pressur|{ Derived output from Given equation and factors cannot
Maximum bearer| VTl models and alsq directly applied to settlement as it h
acceleration considering a been derived for track quality. Only th

threshold pressure | more simplistic form using the balla
pressurg114] can be directly used fg
calculating settlement.

Frohling Dynamic wheel load w.r.| Derived output from| A number of factors are used which ¢

nominal VTI models, | difficult to calibrate for different case
considering a analysed and track configuration,
threshold value particular the way the load is distributs
from the contact level to the balla
level.
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4 O6WDWWLFDO DFQRO WAL RU F

In this Chaptey a summary of thestdistical analysis of the most common turnout
failure at rail level is presentedihe full analysis can be found in Grosssii. It is worth
noting that in addition to the frequency of occurrence of different damage types, as
considered here, it is also important to consider the impact of the different damage
mechanisms in terms of the maintenance tioost and availability (delays), but these are
out of the scope of the present work.

First, the type and formatof data analysed is described in Sectibd The
classification of failure types based Rail Defect Management System (RDMf&}ta codes
for only the crossing pand discussed in detail in Sectidt2 The main recommendations
for future research on crossings are liste8ectior4.4.

41 'DWD DQDO\WVHG

Seven years d&B retwork Rail Defect Management System (RDMS) data from 2011
to 2017 has been evaluated. Each failure included in the database has beendefadnted
thelocation (route and site nam#)erail type(i.e. leftfight rail, S&C panel)theassembly
type, thetrack category and track codég rail profile, thesteel gradeetc.. A threedigit
codeis used desdoe the locationThe failures occurring at the switch panel are labelled
ZLWK TV FRABYVOXQUG WRAFXUULQJ DW FURVVLQJ SDQH
WKH IDLOXUHV RFFXUULQJ DW ERWK SDQHOV TV FRGF
tomdUDLO GDPDJHYV fV FRGHV WR IDLOXUHY DW ZHOG

failures at machined rails.

Additional information is included in a commersectionof the database in freext
data format. Manual analysis of these records would be time prohibitive and therefore a
novel automated text analysis technique has been usedessahis informatioHughes
[115]). Themainpurpo® ofthis exercise was identify correlations between the occurrence
of key terms in the free text with structured and numerical Adtattomup searcthas been
performedbased on @& ontology of terms and synonynaevelopedin accordance with

earlieranalysis(see Appendix D)
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42 &ODVVLILFDWLRQ RI WKH IDLOXUH W\SH

The occurrence percentage of the 22 most common degradation mechanisms occurring
at S&Cs according to theB network data between 2011 and 2017 is presentéahle4.1.

Table4.1: The 22 most common degradation mechanisms registered at S&Cs in the GB network from 2011
to 2017.

Occurrence in swtch Occurrence in crossing Occurrence in both

Defect description panel [%] panel [%] panels [%]

Switch blade damage 20% - -

Squat on a casting - 13% -

Misshapen nose or - 8% -
wear/damage in wheel transfe
area >3mm deep

Stock rail and switch blade 7% - -
both sideworn

Lipping on crossing - 7% -

Lipping - - 5%

Flaking or Shelling of the - 5%
wheel contact surface

Squat - - 4%

Rail head deformation - - 4%

Lipping on reduced section rg| - - 3%

Crossing nose wear - 3% -

Sideworn stock rail associate| 2% - -
with alittle-used switch blade

Transverse defect from RCF | - - 2%

Metal Breaking out in the - 2% -
wheel transfer area

Switch blade with a sharp 1% - -
gauge corner profile

503- Stock rail headwear 1% - -
associated with a less
headworn switch blade

Transverse cracking of castin| - 1% -
- crossing vee

Transverse defect from RCF || - 1% -
a casting

Flash butt weld at stainless | - 1% -
steel insert

Untestable rail - - 1%

Vertical transverse cracking g - 1% -
the foot in a casting

Progressiveransverse crack | - - 1%
(tache ovale)

Table4.1 shows the weakest point of S&C is the switch blade. The number of damage
failures is ca. 1/8 of all the registered failures during the seven years considered. This is

expected as the switdilade is characterised by a redusedtionas it needs to be moved
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laterally to correctly direct the train. High dynamic forces, and thus contact stresses, are
appliedin a very short time framéo this structurally already weak part of the track

contributing to develop damage.

The crossing panel accounts for the highest cumulative number of failures, reaching
almost half of the total failures, followed by the switch panel (up t8 dfghe total failures).

Within the codes referring to both panelssidifficult to distinguish withinfailures
occurring at theswitch panel orcrossingpanel Thus, anadditional analysis has been
performed as followsOn the basis of rail profile type in tiRDMS databasé€Table4.2), it
has been possible teassign o the relevacategoryof reportedfailures (i.e. 79% for codes
100s, 73% for codes 200s, 69% for codes 400s and 15% for codes 600s, rdgpective

Table4.2: Division between switch and crossing panel based on rail profile type.

Switch panel Crossing panel Others
Adjustment switch Casting apron CWR
LH Lead rail Casting check rail Jointed
LH Stockrail Casting leg end Tri-metal zone
LH Switch rall Casting nose
RH Lead rail Casting point rail
RH Stock rail Casting wing rail
RH Switch ralil Nose in fabricated crossing

Switch Diamond LH SwitchH Point rail in fabricated crossing
rail
Switch Diamond RH Switchf Splice rail in fabricated crossing
rail

Switch Diamond LH Wing ralil
Switch Diamond RH Wing rail
Vee rail

Wing ralil

Leg end

The remaining percentage per each code category has been evaluated useg the

text analysisnethodologymentioned in Sectiod.l

Eventually the percentage S&C failure occurrence at each panel are repoftgaen
4.3.
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Table4.3: Percentage S&C failure occurrence at each panel using only the databbasing database and
word analysis.

Databaseand word
Database analysis
Switch panel 32% 43%
Crossing panel | 42% 53%
Other 26% 4%

43 'DPDJHV RFFEXUULQJ RQO\ DW FURVVLQJ

The occurrence percentage of the most common degradation mechanisms occurring at

the crossing panel according to BB network data between 2011 and 2017 is presented in

Figure4.l.

Crossing panel - Data from 2011 to 2017

w727 - Squat on a casting

# 701 - Misshapen nose or
wear/damage in wheel transfer

area >3mm deep
Il 709 - Lipping on crossing

L 705 - Crossing nose wear

7= 722 - Metal Breaking out in the
wheel transfer area

. 711 - Transverse cracking of
casting

=~ Others

Figure 4.1: Degradation mechanisms at the crossing panel irGBaetwork from 2011 to 2017.
Although thedatabaseshown inFigure4.1 suggests 19 types of failures within the

crossing panel, 80% of the failures are accounted for bgijiEdilure types.

The most common cause of failure at the sirgg panel is squat on a castiagd is
ca. 1/% of all the failures, and the second largest defect catedogyre 4.1). The data
analysis and thextanalysis has shown that the most common occurring location is the nose

(i.e. 46% of the total occurrence), followed by the leg end (i.e. 10%) and the wiigerai
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10%), while in the 34% of cases it is not possibledentify a location Although high
contact stresses resulting from wherdssing contact is the primary source of degradation,
especiallyat the vertical impactirea ofthe nose area, the seigrof these stresses is
amplified by noroptimal profiles, incorrect installation and insufficient maintenance. They
can be further exacerbated by the presence efstface flaws that are more prevalent in
castings compared to rolled rails used in feditied crossings. This is confirmed by the data
analysis which shows that 41% of the squat failures occur in cast crossing, 4% in fabricated
crossing, while 55% is not stated. Unfortunately, thgt analysis did not add any
information. Even if the matetiaspects are usually acknowledged as crucial, it is believed
that the major contribution toward the occurrence reduction would come from a reduction in
the wheelrail impact loading optimising the contact geometry as well astrdukbed

stiffness

RCF mehanisms, such as squats and shelling, represent half of all the failure
occurrences, while plastic deformation one third and wear mechanisms one quarter.
Regarding the plastic deformation defects, it would be relevant to better understand the
dependence ro yield strength of materials, looking for instance to thetallographic

assessment of the plastic flow at different key crossegors.

The transversal cracking of casting is caused by the exceedance of total stress over the
material yield thresholdral usually occurs in the proximity of stress raisers, sudhi-as
metalic welds, near thevheelrail impact location within the wheel transfer area or the wing
rail. Its occurrence is about 5% of all the failure mechanisms (i.e. 2.6% occurring at the
casing vee, 1% at the wing rail, 0.6% at the leg end and 0.4% elsewhere). Nevertheless, this
failure mode represents one of tim@st expensive ones.nCe it is cracked it needs to be
immediately substituted as it is not possible to weld repaiititsfmade ofcast manganese

or if the cracks are not superficial.

44 OSHFRPPHQGDWLRQ

The following recommendations for future research based ofaithee analysis are

proposed.

High contact stresses resulting from wheslssing contact is the primary source of

degradation, the severity of these stresses is amplified bypptonal profiles, incorrect
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installation and insufficient maintenance. They can be further exacerbated by the presence
of subsurface flaws that are more prevalent in castings comparedié¢d rails used in

fabricated crossings.

The material aspects are usually acknowledged as crucial. Nevertheless, it is believed
that the major contribution toward the reduction of squatsurrence(31% of all the
crossing panel failures) would come fronreduction in thewheelrail impact loading

optimising the contact geometry as well astthekbed stiffness

Regarding the plastic deformation defects (ca. 1/3 of all the crossing panel failures), it
is suggested to understand better the dependenceldrsiriength of materials, looking to
the metallographic assessment of the plastic flow at different key crdssatmns

Even if the transversal cracking of casting, which is caused by the exceedance of total
stress over the material yield thresholas la low occurrence rate (about 5% of all the failure
mechanisms), this failure mode represents one ohtys expensive onesnCe it is cracked
it needs to be immediately substituted as it is not possible to weld repairig ih cast

manganese of the cracks are not superficial.

Finally, it has been seen thditete is a high proportion of failure modes that are
classified with codes referring to both pandlhus, it is difficult to distinguisibetween
switch and crossing. Therefore, it wouldlmEneficial to change the reporting methodology
introducing, for example, illustrative examples and a tick list leading the operator to the

correct classification.

441 ,PSDFW RI WKH UHVXOWYV RQ WKH SUHVHQW U

The analysis carried out has shown that temages at the rail level can be caused
and/or exacerbatdaly danage at the support level, especialiyiats ad transversal cracking
of the casting. The first onepresents ca. 1F3of all the crossing panel failures and the
second largest defect category for all the failures reported. The occurrence of the second one,
on the contrary, is very low (i.e. 5%)pweverit is a very expensivéailure typeas the
crossing needsirgentreplacement.Therefore,it is clear that considering and correctly
representing the degradation at the support level in a crossing panel is a key aspect during

the design process and the present study goes in this direction.
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5 O9HKLWQUHLRNVHUDFWLRQ PF

This Chapterpresents thevehicletrack interactionmodel that will be used in the
optimisation procesd.he track model and its assumptions are present8ddtion5.1and
the vehicle model in Sectidh2 The vertical and the lateral contact models coupling the
vehicle and the track are analysed in Seciid Some early resulis terms of wheetail
contact geometry and forcase discussed in detail in Sectd. Finally, anearly validation

against the commercial softwavé-Rail is shown in Sectiob.5.

51 ORGHOOLWMDUDWKHV\VWHP

An example othreedimensional trackystemmodelis shown inFigure5.1. Note that
this is just one possible configuration, as other arrangements have been considered, including

presence obaseplates and ballast masses.

ST ST S S S ST N N N S N N N N S W)

(b)
Figure 5.1: Track model in the (a)-x plane and in the (b)-¥ plane.
511 )XQGDPHQWDO DVVXPSWLRQV
The main assuptions are listed as following:

i.  The track is modelled as a thréenensional discretely supported ballasted

track systemincluding the raHpad and théearertrackbedresilient layers
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This type of model is necessary when a crossing panel is considered due to the
nonsymmetrical geometrical properties (e.g. rail mass and inertia, geometry

configuration) as well as nesymmetrical dynamic loading

ii.  The rails are representedthseedimensional beams wittinite length.A FE
model isdevelopedapproximating the displacement within an element through
nodal values of displacemean(i.e. vertical and lateral displacemeat)d
rotatiors (i.e. rotation around the gndz-axis). The rotation around theaxis
(i.e. torsion) has been omitted as the main focus of this work is the vertical
settlement and, thus, the vertical motion of thekir&arther validation of this
modelling cloice should be considered in the futufée Timoshenko beam
theory is assumed valid for this stutdycapture the rail response to vertical
excitation frequencies above 500 [24]. In order to obtain accurate results
and capture correctly the abrupt change in the geometrical properties, four
beam elements are considered within ebelarerspacing This is a tradeff

between requiredrecision(see Shij116]) and low computational cqgst
iii.  Thebeares are modelled as rigid bodies;

iv.  The formation stiffness is neglected he foundation is assumed rigithus,
the lower layer includes the resilience of the ballast layer considering its depth

as well as its quality.

The positive axis system is shown kigure 5.2. The vertical displacement is
considered positive downward, the lateral displacement p@sdithe right of the direction
of the travel, and the longitudinal displacement in the fodverection. The rotations are
taken according to the rightand rule.
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Figure 5.2: Positive axis system.

512 7UDPRGHO

FE model of railwith discrete support

Eachrail can be modelled as a periodic structure consisting of equally sized elements,
connected entb-end to form the entire structure. In order to simplify the problem, firstly

only one element is considerand then the proceduregasilygeneralized.

The generig-th element is shown iRigure5.3.

Force applied

Node (j) MNode [j+1)
¥, Y

L

e

Ld

Figure 5.3: Generic beam element

Each element is modelled using two nodes j and j+1 at both enldsaément and

four DOFs per each nodewhich are vertical]yand lateral\, displacementand rotation

around the z axis\and around the y axit} Hence, each element has ghtDOFs:
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UL &Ves o 5.1
A5 A
O w50
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The deformation of the beam is approximated within an element using the nodal values
of displacement and rotatiofihus, he rail displacement, ;[ ; at the generic point&an be

written as follows:

WgT; L 026U 5.2
Where
[N] = the shape function vector:

>0 ?L >05040,057? 5.3

In this study, the thirdrder Hermitian interpolation is used. The Hermitian polynomial
is a 2n+1degree polynomialga+1(xi) which is built using n+1 distinct points xL «Q
and satisfies the 2n+1 conditions:

Loaos T L BTy

) § 5.4
Where:
f(xi) = the fitting polynomial.
In the case of beam elements, the shape vector can be expre@sgdras.4):
T 6 T7
OsLsFul—p Etl—p
- @ )
T T6 T7
OgL.g@H—pFtl—p El—pl
) ) - @ 55

TE6 T
O;LI—p @&UF tI—ph
- @ )

T6 T7
OgL F.y@—p E.g@—pl
% %
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Where:
(x/L) = relative longitudinal position of the generic point x;

Le = element length [m].

Hermitian interpolation

Figure 5.4: Hermitian interpolation.
Thus, it is clear that at the start node, in which:.iglequal to 0, the shape vector [N]

becomes:

02 L >srrr? 5.6
Whereas at the final node, in which xi& equal to 1, it becomes:

02a L rsr? 5.7

x Rail mass matrix

The rail mass matrix [Mdi can be divided in two main blocks, referring to the left rail and

the right rail respectively:

sowg X7

>
LY

5.8

Where:

[Mraili] = mass matrix for the left rajlimension: 4 X 4n);
[Mrail,r] = mass matrix for t@right rail (dimensiordn X 4ny);
nr = number of rail nodes.

The analytical formulation of each block can be foum@/u [117].
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The other blocks are equal to zero as there is no interaction bethvedwo rails at this

level.

x Rail stiffnessmatrix

The rail stiffness matrix [kdi can be divided in two main blocks, referring to the left rail

and the right rail respectively:

C204dE C as > 7
> 250le H a6 &4 a kY | 5.9
7 >s0afECam

Where:
[Kraill], [Krailr] = stiffnessmatrix for the left and right ra{dimension: 4nX 4ny);

[Krp, ], [Krp,] = stiffness matrix for the left and right rail due to the-pal layedimension:
4n X 4nr).

The analytical formulation ahe stiffness matrix for the left and right radn be found in
Wu [117].

Regarding the stiffness matrix for the left and right rail due to thepaaillayer, they are
expressed as:

o

-

(o Q@QL 5.10

— ) —) =—)

{Na-
r
r
r
r
r
r

ﬂﬂﬁﬂﬁgﬂ
N«
-
.
-
al

_ = = =
““,Z“_‘_‘“
N«

Where:
krv, ki) = vertical and lateralail-pad stiffness [N/m].

Note that the rotational stiffness is neglected because thgahihas been consideredaas

point connection.

X Rail damping matrix

Similarly to thestiffness matrix, the rail damping matrix [&i]can be divided in two main

blocks, referring to the left rail and the right rail respectively:
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o 4dE 2
9% o olg H 10 8AE TRzl | 5.11
X7 HoadE Qs

Where:
[Craill], [Crail,f] = dampingmatrix for the left and right rail (dimension: 4% 4ny);

[Croil, [Crp.] = dampingmatrix for the left and right rail due to the rpid layer (dimension:
4n X 4nr).

Assuming Rayleigh damping foretfrail structure, the damping matrix can be calculated as:
Ghowdl Usx0 30wdE UixC 2018 5.12

Where:

«d rda = Rayleigh damping coefficients [Ns/(i)], [N/(kg A)].

In SDUWLFXODU WKH FRHIILFLHQWY FDQ EH GIHWG'UPLQH
thei-th andj-th mode, respectivelji18]:

S

i o

= ng. -~
San I\IL%x RJ\
-3 <O+ EL\ 5.13
t:S ~,,:RJ$1>< =7

iy O

Regarding thelampingmatrix for the left and right rail due to the rpid layer, they are a
can be expressed as:

_—
o =

—)
-~ = = =

h a0l 5.14

-_—) -
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r
r
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FUY
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]
;
Where:

Crv, G, = vertical and lateraail-paddamping[Ns/m].

Crossinggeometry

The methodology described in the present Section has been devayadpednstitute
of Railway Researctvithin the European FP7 Project Capacity4RElL9].
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The threedimensional geometry of the crossing is modelled using SOLIDWORKS
[120]. The model is created based on an initial solid block and then all the geometrical
operations are defined sequentially by adopting a similar methodology to that used in the

machining process.

The 2D crosssectons are imported to MATLAB and are further ppeocessed to
obtain the final geometry.he geometrical properties, including area and second moment of

area have beefinally calculated per each crossction

Bearermodel

In this study, thébeares are nodelled as rigid bodies with 3 DOFs: verticaland
lateral y displacement and roll rotatiol®. Hence, thebearervector can be written as

follows:
Ve
UL JUeK 5.15
I &

The equations governing the vertical, lateral and roll motions of beaales are
developedstarting with the equilibrium conditions:

x Vertical direction

| 2®LE Gg &K\VLF \POE Gg @\F VVOE t Gog ALE 2% &\BF \fo
E %s &VBF BOE t %54 ®BL T 5.16
Where:
ms = bearemass [kq];

\Z \& .= bearewertical acceleration, velocity and displacement fin[s/s], [m];

\.@ \.é3 \.ﬁ \.é: nodal vertical velocity and displacemémit the left and right railm/s], [m],

[m/s], [m];

krv = vertical railpad stiffness [N/m];
kb,v = verticaltrackbed stiffnesgN/m];
Crv = Vvertical raitpad damping [Ns/m];

Co,v = Vertical support damping [INs].
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X Lateral direction

| x®EE Gg &UF LPoE Gg &UF L 0E t Gyg @LE %g &UEF Wo

E 2%z &UBF WBOE t 2 ®BL 1 >4
Where:
ms = bearemass [kg];

\Z W U= bearedateral acceleration, velocity and displacement m[sv/s], [m];

B W W LE=nodal lateral velocity and displacement for the left and right rail [m/s], [m],

[m/s], [m];

kr, = lateral raitpad stiffness [N/m];
kp, = lateraltrackked stiffnesgN/mj;
cr1 = lateral raitpad damping [Ns/m];
Co, = lateraltrackbeddamping [Ns/m].

X Roll rotation

%@ ZE @@@FTae@t'E'F\%@?EC%@FTae@?F\éG@?E?%

5.18

@FTQ@I—?F\&;@I—?E?%(@FTQ(@?F\@G(@?L r

Where:
Is = bearerroll inertia [kg Al;
14 16 1 4= beareroll acceleratn, velocity and rotation [rdsf], [rad/s], [rad];

\B \& \§ \E= nodal vertical velocity and displacement for the left and right rail [m/s], [m],

[m/s], [m];
lg = gauge [m];
krv = vertical raitpad stiffness [N/m];

Crv = vertical raitpad damping [Ns/m]

Track model
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The mass, damping and stiffness matrices of tlaekt system arealeveloped

consequentlyncluding the matrices of the rail and the matrices obteres.

x Track mass matrix

S Zoun X?
Y 2Ld h 5.19
1 X? ¥ %rooaca

Where:

[M] T = track mass matrix;
[M] rail = rail mass matrix;

[M] bearer= bearemass matrix.

x Track damping matrix

90008 Fw
L Ay Menpoiss 520

[C]T = track damping matrix;
[Clrail = rail damping matrix;
[Clbearer= bearedamping matrix;
[C]r-s = rail-bearedamping matrix
[Clsr = beareirail damping matrix.

x Track stiffness matrix

> 280 > 3
aouRr a?
>3Ld 5 ., %h 5.21
®a ROBada

[K] T = track stiffness matrix;
[K] rail = rail stiffness matrix;
[K] bearer= bearerstiffness matrix;

[K] r-s = bearefrail stiffness matrix.

51.3 9DOLGBWWHK® WUDFN PRGHO

The main scope of this investigation is to compare the model which has been
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developedn the previous Sections and the FE model of the complete turnout currently used
by Li [12] at ChalmerdJniversity in Sweden

Description of the present track model applied to a crossing panel

Figure 5.5 shows the model described in Sect®i.2 and adapted to a crossing

application.

Quter rail + Check rail (beam)

Figure 5.5: Present model (not in proportion).

The geometry considered in the curr8attionis a half cant CEN56 acute manganese
cast centre block (CCB) crossing with a 1 1 &rossing angleHalf cant” refers to the flat
surface of the wing rail crosectionhalf way through its width, whileéfull cant” refers to
1 in 20 inclined surface across the entag width. A direct fixing to concretdeares is
modelled since it is common practice foER56 crossing typeNote that the varying
bending properties of the crossing have been captured using the Cad draveimgsrdder

of cross sections and then interpolated between the given positions.

Note that thecheck railhas been modelled as part of tleft runningrail, modifying

locally thesectionproperties.

Description of theChalmers track model

A representation of the Chalmers track model is shoviigare5.6.
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" ! | through route
S diverging route

fe====  Switch panel ----#k- Closure panel»js--- Crossing panel---»|

[: Rail =
v —X .xu_.\g_._i,fr? _
- Baseplate - ""_{Z‘Rail pad: ”
vS 1E11L) E
TR g
Baseplate pad% 3 * 3 %i : ?o
(BUSH) .
Slg..pgr

(T 1) S

Ballast

(AUSH A i
(e e e ez e —— T BaSC pl:uc

Figure 5.6: Chalmers FE modégi2].

The FE model of a complete 60EA604.:15 turnout includes the switch panel, the
closure panel and the crossing panel considering all the rails (stock rails, switch rails, closure
rails, crossing nose, wing rails and check rails), rail pads, baseplates ategepls and
beares laying on ballast. In particular, the rails and bieares are modelled using beam
elements and the remaining components are modelled using lineardpmpgrs elements.

Note that the parameter values are set in order to matdiethaneasurements diearer

strains and wheehil contact forces in a turnout at Eslov (Sweden)

The main input data used in the comparison are preseniedi@s.1.
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Table5.1: Main input parameters for theehicletrack interactionmodef

Parameter Present model Chalmers
Rail type 56E1 60E1
Crossingangle 1:13 1:15
Check rail type CEN33C1 Not given
Bearerspacing 0.71m Not given
Rail-pad stiffness Ref. [86] Ref. [86]
Trackbed stiffness | 150KN/mm? 150 KN/mm?
Baseplate system No Yes

Receptance at the crossing nose

In the frequency domaiassuming stationary harmonic vibration, the equations of the

vertical motion can be written as:
FA®Y ?E EBORE > 2\ifi; L @f; 5.22
Where:
& IUHTXHQF\ RI HIFLWDWLRQ >+]@ & &EI
[M], [C], [K] = mass,damping, stiffness system matrices;
V; fi ; = amplitude of the complexalued displacement [m];
@ f ;= amplitude of the complexalued input force [N].

7UDFN UHFHSWDQFH + & DW IUHTXHQF\ & LV WKHQ FI

. Vi, S
* A, L :>9fﬁ_GL

5.23
@ 'Ffi®5 ?E E MFE > ?

The results from the two models in terms of receptance of the innérealéft side
of the track)and outer raili.e. right side of the traclgt the crossing nose are compared in
Figure5.7.

3 The trackbed stiffness is converted to linear spring taking into account the actual sleeper area.
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Figure 5.7: Receptance magnitudé the crossing nose for the Chalmers model pragent model (|&|:
direct receptance at the inner railjHs3|: direct receptance at the outer rail).

Figure5.7 shows a general good agreement of the results. The main differences are
listed inTable5.2.

Table5.2: Main differences between the present model and Chalmers model.

Present model Chalmers Difference [%]
Frequency at the®peak Inner rail [Hz] 70 69.35 0.9%
Frequency at the®peak +Outer rail [Hz] 82.5 81.52 1.2%
Magnitude at the®1peak tinner rail [10° m/N] 7.01 7.402 -5.3%
Magnitude at theStpeak +Outer rail [16° m/N] 8.872 9.251 -4.1%
Magnitude at 0 HztInner rail [10° m/N] 3.693 3.631 1.7%
Magnitude at 0 Hz+Outer rail [10° m/N] 6.425 6.19 3.8%

The differences in terms of magnitude can be explained with the fact that the Chalmers
model uses a heavier rail (60E1) than the one used in the present model (56E1). Also the use
of baseplates shifts the resonantade towards lower frequency due to an added mass and

stiffness.Regarding the frequencies considered, a very good agreement has been reached.

Static stiffness along the crossing panel

The normalised static track stiffness has been evaluated for the teropesing
panel and the results are compat@dLi [12] in Figure5.8, where the reference shows the
stiffness for the entire turnaut

-70-



Chapter5 - Vehicletrack interaction model
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Figure 5.8: Normalised static track stiffness along through route of turnout for the (a) Chalmers model and
(b) present model.

Also in this case it is possible to notice a good agreement between the two models. For
example, at the crossing nose the normalised tridftkess for the inner rail is ca. 1.74 in
the Chalmers model and ca. 1.7 in ineseninodel, with a relative difference of 3%ote
that in the current model the normalisation has been done against the start of the crossing
panel instead of against teevitch toe position as in the Chalmers model. This is because
the switch panel has not beeonsidered in the present mod€hus,a slight vertical shift

expected

The main difference between the two models is at the outatthi crossing panel,
with a relative difference of ca. 6%. This discrepancy can be explained with the fact that in
the presenimodel the check rail is considered as an additional mass to the nominal profile

and a different crossectionis used tacalculat inertial properties.

52 ORGHOOLQJ WKH YHKLFOH
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521 )XQGDPHQWDO DVVXPSWLRQV

The fundamental assumptions are:

a. A single axle with primary linear suspension stiffness and damping (lateral,
vertical and yaw) is considered and the sprung mass is applied as external
force;

b. Vertical and lateral dynamic forces are considered in the model. The
longitudinal forces (i.e. traction and braking forces) are neglected as the case
of constant speed has been considered,;

c. The wheelset flexibility is neglected as the point of inteiettiewheetrail
contact forces and the track behaviour;

d. Five DOFs are considered per axle: vertical and lateral displacement, roll,
pitch and yaw rotation.

522 ORGHOOLQJ WKH YHKLFOH VA\VWHP

Thevehicletrack interactioomodel considered in the present stiglghown inFigure
5.9.

Pl

. =3 8
H r1 1
= i I

(@) (b)

Figure 5.9: Vehicletrack interactionmodel considered ((a)¥ plane and (b)-z plane).
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The mass, damping and stiffness matrices of the system are:
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SR | r r r
| 5]
i T VI ¢ r r g
¥ Ll r mag I g 5.24
ir r r ma, I KN
Ir r r r ™ £

Where:
Mw = wheelset mass [kg];

I vy, vz ZKHHOVHW LQHUWLD DURXQG WKH [ \ DQG ] D[L

d esace T r r r a
Tor t .sas r r r <1
HRL L v ot 4@ r roooN 5.25
ir r r r r Ki
ir r r ot .sa@@0

Where:

Cs1.% Gs1y Gs1,2= damping constant of the primary suspension along the longitudinal, lateral,
vertical direction [Ns/m];

d = lateral span of the primary suspension system [m].

toisae T r r rooa
O t .sas r r r 0
>2L. v ot .sa@®D T roooN 5.26
Tor r r r r R
T r r r t .s4@90

Where:

Ksix Ksiy Ksiz = primary suspension stiffness along the longitudinal, lateral, vertical
direction [Ns/m].
The external force vector is:

/¢ ®@F (55 F (65 F 055 F Og5
F(sa F(6a F 053 F Ogs

—_ -

-
Zzizize Y

X3L] “o5 ®(ss E 055 0F = 5 (g5 E 0s5 OF N (54 E 055 OF N &(5 E Ogs 0 5.27
i N ®&sze EN ez E =5 @ @(sa E 053 O =55 @ ®(sa E0sa OE/ 55 E/ 6a
1= 5 &K(s& E Os30F = 5 &K(6s E 064 0F = 5 @ (53 E 054 OF = 5 ® @&(ga E 06a OE/ 55 E/ 50
Where:

Mw = wheelset mass [kg];
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Nixy,2 = component of the normal force along the x,y,z direction foftieel (i=1,2) [N];

Fixyz = component of the creep force along the x,y,z direction fof'tadeel (i=1,2) [N];

Miy.- = component of the creep moment along the y,z direction fof thiséel (i=1,2) [Nm];

aw,1, aw,2 = distance of the left, right contact point from the whealeatre of gravity [m];

r1, r2 = left, right rolling radius [m];

% ZKHHOVHW \DZ URWDWLRQ >UDG@

53 ORGHOOLYHKWHKOMHEFN LQWHUDFWLRQ
531 )XQGDPHQWDO DVVXPSWLRQV

The fundamental assumptions are:

a.

d.

e.

The contact problem is divided in two sploblems: normal atact and
tangential contact. The first is solved using tioear Hertzian theory and
the second using linear Kalker the@{], corrected with Shen, Hedrick and
Elkins theory[57];

The irregularity is inherently represented by the motion of the wheel onto the
crossing surface. Short wavelength corrugation of the orde26Donm is
neglected;

For the calculation of Hertzian constant, the actual curvature of wheel and
rail profiles are assumed constant in the area of contact;

Material properties for standard steel are used for both wheel and rails;

It is assumed that there isiagle point of contact at each wheel.

The positive axis system for the vehicle sylstem is the same as that of the track
subsystem(Figure5.2).

Thevehicletrack interactioomodel considered in the present study is shovifigare

5.10.
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-
o i

Figure 5.10: Vehicletrack interactionmodelconsidered (yz plane)

532 &RQWDFW PRGHO

On-line approach

Since the crossing panel is characterised by an abrupt change in geometry within few
meters, it is sensible to adopt an online calautatvhich consists on determining tiveeet
rail contact data (e.g. example the contact point, penetration between wheel and rail, contact
angle and rolling radius) at each integration time step. In thisithaypossible to avoid the
interpolation betwen contact tables, which can easily cause remarkable errors when
consecutive profiles with different widtlor rapidly varying contact conditionare

considered.

It is necessary to highlight that in this study a-wmensional search of the contact
pointis considered, neglecting the influence of wheelset yaw asgbaly the through route

is considered

At each time step, the wheel and thecewise cubicallynterpolated rail profiles are
imported and placed in the correct position according to thectgp coordinate system.
The origin of the wheelset coordinate system is its centre of gravity, while the origin of the
track coordinate systemthe track centreline at the gauge height (i.e. 14 mm below the top

of the rail) in order to bring simplification to the calculations

Therigid contact position ithusfound searchingpr the minimum vertical wheefil
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distance. In the range of the possible contact point, both profiles-aremgolated with a

cubic spline function in order to achieveettler precision.

Normal problem

According to the notinear Hertzian theory, the normal contact force can be expressed
as:
Qg "® .
=P EBLaRY 5.28
r EBL; Or

2LP

Where:
lwr = Nnormal penetration between wheel and rail [m];
Kn = Hettzian contact constant [(m/R].

The first equation refers to the case in which the bodies are in contact. Otherwise, when

there is a jump, the contact force is set to zero.

It is worth underlining how the normal penetration is the normal distance between
wheel and rail. Therefore, it may be different from the vertical distdhée.possible to
express the vertical displacemeafteach contact point as function of the vertical wheelset

displacement:

Bas ?KOQETs; &M E ¢des E Mas F E NN 5.29
Uas KA FTs; kVUE ideg E Mag F ENN 5.30
Where:

h 2= leftandright contactangle[rad;

3v = wheelset roll angle [rad];

(zx 2 = left, rightincremental wheel vertical positi¢gm];

Rw,1 UOwe = left, right incremental rollingadius [m];

OJr1 G2 = left, right incrementalvheelrail vertical relative position [m];

irry, irr = vertical irregularity athe left, right wheel [m].

Tangential problem
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There are three components of creep forttes:longitudinal Fand lateralF creep
forces and the spin bicreep moment. They can be calculated integrating the tangential

stresses in the contact area A

(Lu iy @Jed) 5.31
(Lu i, @5 5.32
I Ly i, @JF iy @4@IDL) 5.33

0=~
|

Assuming that the adhesion area covers the entire contact area, the three components

of creep forces are calculated as following:

( L FBsU 5.34
( L FBsGFRi; 5.35
/| L B,GFBi, 5.36

Where:
f11, f2o, f23, f33 = Kalker coefficients Appendix Q;
1 2 &= longitudinal, lateral and spin creepages.

In particular, the creepage components can be expressed as function of the wheelset
DOFs[121]:

~ uk= 408 N =4
) N 5.37
QoL sG——45—F Y G—, ELsd
. ux 0s ..
QgL | S@Fwﬁepoft:LbGTé; EL s& 5.38
ecey;GTs:  uxob
fzgl ‘ Lbu °' G 8e EL sd 5.39

Where:

aw,1, aw,2 = distance of the left, right contact point from the wheelset centre of gravity [m];
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%, V.= yawrotation, velocity of the wheelset [rad], [rad/s];
V = travellingspeed [km/h];

ry, r2 = left, right rolling radius [m];

ro = nominal rolling radius [m];

R = curve radius [m];

W= wheelset lateral velocity [m/s];

l1 o= left, right contact angle [rad].

6LQFH WKH &RXORPE T \In hdcaséE dbcyeEidepagds e YoteGtion
proposed irShen[57] is applied as follow

»

02 (e ps) (e Ppsy (e

s or TuEa” FiyRgP ! FROWA
é% E& P udp2
Where:
Ha = available friction coefficient;
P, = normal force [N];
Fr = linear resultant creep force [N].
Finally, the creep forces are corrected:
(L U 5.41
(L U 5.42
/I L W 5.43

533 1XPHULFDO VROXWLRQ RI WKH ZKHHO WUDEFN

The dynamic interaction between the track system and the vehicle systemireno
due to the geometrical effects of the contact. This is the reason why it is not possible to
calculate directly the contact force between these systems.

In order to simplify the resolution of the vehidkack coupling model, the whole

structure is dividednito two main suksystems: the vehicle system and the track system.
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Each suksystem is solved independently with an iterative scheme and the model is coupled

through the contact force which involves also the track irregularities.

In this Section theadopted iterativemumerical calculatioscheme is presented. It is
worth underlining that this scheme leads to a very short computer simulation time because

generally the convergence is reached after a limited number of iterations.

At each time step- B +the following calculations at the generidhkiteration are
performed, assuming that the track displacement velocity < &and acceleratiorx &
vectors and the vehicle displacements, velocity < & and acceleratior< & vectors at

time sep t are already known:

1. Initial computations:

X The position of the-th contact point is calculated through the equation of linear

motionwith constant speed.

x The Hermitian interpolation functiodevelopedin Equation5.5 is applied to

calculate the rail dplacement at thieth contact point

X The irregularity functionis derived from the oitline contact calculatiorat each

contact point.

2. lterative process:

a. First stage (calculation of the track system):

x For the first iteration of each time step, it is assumed that the wheel and rail
displacement at theth contact pointire equal to the value of the previous time .step

x The normal contact force @alculatedaccording tdEquation5.30.

X The tangential coatt force arethen calculated according to Equatiod 345 in

the local contact coordinate systamd projected in thi#gack coordinate system
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x The total contact forcés applied to the track system as external force and the
response is calculated in ntes of track displacement =g, velocity < &_E;_and
acceleration < EZE;_ vectors through theNewmark Beta numerical integration
method(Appendix D.

x The rail displacement valuas each contact poiare updated through the Hermitian

interpolation function.
b. Second stage (convergence):

x The convergence of the solution is chec&enhparinghe track displacement vector
calculated at the curreiterationandthe track displacement vector calculated at the
previous iterationwithin a specified tolerance. Usually, the tolerance value is

assumed betweear’?and s r’< In this model, the considered valuess’-.

x If the convergence criterion is sdiégl, the vectors calculated in the current iteration
are equal to the vector at the current time step and it is possible to go to the next time
step. Otherwise, it is necessary to continue the iteration process, which leads to the

third stage.
c. Third stage(calculation of the vehicle system):

x The normal and tangentiatontact force are updated according to the newly

calculated rail displacement.

x The gravity force and the contact force are applied to the vehicle system and the
response is calculated in tesmaf vehicle displacemert ::E.ﬁ velocity < GE_E;_and

acceleration < € _ vectors throughthe Newmark Beta numerical integration

method
x The wheel displacemeraluesare updated.
X The kth iteration is finished and the (k+fl) iteration starts.
In order to summarize the above iterative method clearly, the flow chart of the

resolution algorithm is presentedfigure5.11.
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( START
1 Trock parameters {inchoding rail profiles)
| Input data \iehicle parameters |including whesl profiles)
1 )—[ﬂrag.'rr.‘:ﬂ parameters |{incheding spesd and
| Initialzation of the variables | lfme step]
1
( L=t AL l=
1
] [SEy . ]

DMN-LINE AFFROACH
| Interpolation of surfaces and calculation of contact data |

| Non-linear Hertzian contact |

| Calculation of creepages according to Kalker linear theory |

| Carrection of creep forces according to Shen, Hedrick and Elkins |

| Application ofvertical and lateral forces [creep and contact) to track and numerical integration |

| Check the convergence inthe track displacement ]

]
=

| Application ofvertical and lateral forces (creep and contact) to vehicle and numerical integration |

2 END ]

Figure 5.11: Flow chart of the resolution algorithm.

6LPXODWLRQ UHVXOWYV
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This Section presenthe simulation results in terms of wheelset motion and contact

geometry (Sectiob.4.1) and wheerail contact forces (Sectidn4.2. Since the main focus

is the contact algorithmgnly for this purpose, the FE model developed in Se&iarmas

been replaced with a goinning track model whose characteristicsnot have a physical

meaning, but are chosen in order to match the frequency response of a complete layout

In Table5.3 the main properties of the track and the vehicle system are listed.

Table5.3: Main parameters of the track and vehicle system.

Parameter Value | Units
Rail type (plain line) 56E1
Rail type (crossing panel) 195 kg
Bearermass 500 kg
Bearerroll inertia 128 NJAP
o Rail-pad vertical stiffness 150 KN/mm
S Rail-pad vertical damping 350 kNs/m
= Rail-pad lateral stiffness 400 KN/mm
Rail-pad lateral damping 240 kNs/m
Trackbedvertical stiffness 500 KN/mm
Trackbedvertical damping 240 kNs/m
Trackbedateral stiffness 40 KN/mm
Trackbedateral damping 240 kKNs/m
£ o | Wheel profile P10
> © | Wheelset mass 1500 | kg

4This is a typical UK wheel profile.

-81-



Design methodology for track systems considering thetiemg ballast behaviour:
application to crossings

Longitudinalprimary suspension stiffnesq 1.8 KN/mm
Lateral primary suspension stiffness 1.8 KN/mm
Vertical primary suspension stiffness 10 KN/mm
Static load 200 kN
Travelling speed 80 km/h
Initial lateral displacement 0 mm

Note that he crossing is placexh the right side and nominal 56E1 vertical railfijeo

is used for the left side.

541 :KHHOVHW PRWLRQV DQG FRQWDFW JHRPHWU

The wheelset vertical and lateral displacement and yaw rotation are preaéfigenie
512

Axle behaviour

T
Vertical displacement
— — —Lateral digplacement
*Yaw ratation

Displacement [mim;
-
~
~
Yaw rotation [mrad]

g | | 1 1
0 05 1 1.5 2 25 El
Distance [m]

Figure 5.12 Wheelset outputs: vertical displacement (black line), lateral displacement (black dashed line)
and yaw rotation (grey line).

The vertical displacement of the wheelday(re5.12 black line) shows how the axle
follows the vertical dip due to the crossing panel gdgoméote that positive vertical
displacements occur when the wheelset is going downwafis.the wheel load transfer
lowest point, which occurs at ca. 1.1 m, the axle tends to stabilise to a constant vertical

position

Regarding the lateral and yanotions Figure5.12 black dashed and grey lines), the
axle starts centrally aligne#irstly, theright wheelmoves onto the wingail andthis pushes
the axleto the left (0 to 0.55 m) due to the changehi rolling radius differenc@~igure
5.13) and, thus, creepage compotsiThen the wing rail moves away and the right wheel
rolls onto a reduced radius, the axle then yewwards the right (crossing) and the lateral
displacement is reversed (0.55 to 1.1 m). After the load tralosfstion the contact on the
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right wheelsuddenly moves towards the flange root and rolling radius is now larger than on
the left. The axles yaw displacement returns towards being aligned and the axle lateral
displacement is reversed to follow driginal deviation to the lef\When it reacheshe end

of the panelthe wheelsetoes not selalign. This can be explained with the fact that the
transverse profile of the crossing is not the same as on the left side, as in sltoguran

5.14. Therefore, the contact geometry characteristics are different, leading-temoed

steadystate position.

Rolling Radius Difference
35 T T T T T

0 ns 1 15 2 25 3
Distance [m]

Figure 5.13: Rolling radius differene along the crossing panel.

Comparison between nominal rail and crossing profile
0015 T T T T T T T

001

0.00aF

—56E1 vertical
First crossing profile

z[m]

-0.005

A0k

0015 I I I I 1 I 1
a7 072 073 074 a7 076 77 078 a7

y [m]

Figure 5.14: Comparison between nominal rail (black line) and initial crossing profile (grey line).

The threedimensional contact point trajectory of the wheel negotiating the crossing

panel is shown ifrigure5.15.
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¥ ] 0 ¥ ml

Figure 5.15: Threedimensional wheel trajectory on the crossing surface.

FromFigure5.15it is possible to notice how the wheel follows the wing rail geometry
edgeuntil it jumps onto the crossing nose. The pathtvhich there is the change in the
contact point depends on varsfactors, such as:

x Crossing geometrywing rail inclination, flange way, crossing topping,

crossing nose geometry, tolerances;
x Track geometrygauge, check rail distance, cross level;

X Vehicle characteristicsprimary suspension stiffness values, in paféc the
longitudinal componentnfluencing leading and trailing axle attitudes (lateral

offset and yaw angle of attack)

542 KHHODERQWDFW IRUFHV

Figure 5.16 presents the dynamigheelrail contact forces at the left and the right

wheels as well as the vertical irregularity seen by the right wheel.
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Vertical dynamic contact force - left and right wheel
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Figure 5.16: Dynamic contact forces at lgfjrey line) and right (black line) wheel compared with vertical
irregularity seen by the right wheel

The right wheel firstly unloads up to circa one third of the nominal static load while
passing on thdivergingwing rail, that is between 0.5 and Iiktre from the starting point.
As soon as the contact point jumps from the wing rail to the crossing nose, there is an impact
leading to dirst peak in the contact force (P1 force) and then a second one (P2 force), lower
in magnitude and longer in duratidhan the first oneOn the contrary, the left side is
characterised by a progressive loading, corresponding to the unloading of the right wheel,

and then is also affected by the impact at the crossing nose.

Unfiltered and filtered contact forces below 289 are shown ifrigure5.17.
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Filtered and unfiltered vertical dynamic contact force - right wheel
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Figure 5.17: Unfiltered (black) and filtered (grey) dynangontact force at right wheel.
A cut-off frequency of 280 Hz has been used as it is equal to 1.5 times the first

resonancdrequency(i.e. first track modedf the equivalent track modekhich is mainly
linked with the support characteristida this way,it is possible to detect the force levels

that actually causes the track deterioration.

The characteristicgvheetrail vibration modes represented in the current dynamic

models are described @=Sgure5.18):

x First mode rail coupled with wheel bouncing in phase with bearer raasis
ballast

x Second modeail bouncing in phase with wheel agaibstremass;

x Third modewheel moving oubf-phase against the rail

=

Sleeper Sleeper Sleeper

.
"
.

-
-
P

Figure 5.18 Typicalwheetrail vibration modes.

The degradation mechanisms corresponding to each mode are as follows:
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x First mode it is usually known as P2 force (main part). As the mode frequency
and ballast natural frequency matches, the energy flows to the ballast layer,
leading to settlement and localised defects such as voided bearers

x Second modet is usually known as P2 force (awibution). The damage is
concentrated at the superstructure level, leading to component degradation and

failure

x Third mode it is usually known as P1 force. The energy is transferred to the
contact, leading to high contact stresses and therefore flasticurface and

subsurface initiated defect and abrasive wear

Applying the Fast Fourier Transform (FFT) to the dynamic contact féigare5.19),
it is possible to see how the first impact force is within the typical frequency range of the P1
peak force (40600 Hz[29]), while the following peak within the frequency range of the
P2 peak forced0-200 Hz[29]).

|
|
|
1 P2 fi >
L orce

|Force(f)|

10! 102 10°
Frequency [Hz]

Figure5.19: FFT of the vertical dynamic force at the right wheel.
Lateral contact forces are presente&igure5.20.
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Figure 5.20: Lateralwheelrail contact forces at the left (grey line) and right wheel (black line).
The trend of the lateral forces at both left and right wheels is following the same as that of
verticalforce Figure5.16).

For the sake of completeness, the results of vertical and lateral forces in the time and
frequency domain obtaineditiv the model inFigure 5.10 are compared with the same
guantities obtained from the model Figure 5.21, whichincludesthe bogie and the car

bodysprungmasgs

2

Sprung mass

3

r

| r
ﬂ%‘ﬂ?mﬁ

Figure 5.21: Vehicletrack interactionmodel including sprung masses.

The comparison in terms of vertical contact forces in the time domain is shown in
Figure5.22, in the frequency domain figure5.23 and the comparison in terms of lateral
contact forces irFigure 5.24. Note that the grey line refers to the model with only the

unsprung massHgure 5.10) and the black line to the model with unsprung and sprung
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massesKigure5.21).
Comparison of vertical dynamic contact force
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Figure 5.22 Dynamic vertical contact force at the right wheel considering only the unsprung mass (grey
line) and considering unsprung and sprung masses (black line).
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Figure 5.23: FFT of the vertical dynamic force at the right wheel considering only the unsprung mass (grey
line) and considering unsprung and sprung masses (black line).
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Lateral dynamic contact force - right wheel

Force [kN]

~o 05 1 15 2 25 3
Distance [m]

Figure 5.24: Lateral contact force at the right whesdnsidering only the unsprung mass (grey line) and
considering unsprung and sprung masses (black line).

As expected, the effect of considering the sprung masses is to add to the contact forces
a low frequency content corresponding to the sprung mass bgumtitop of the unsprung
mass. The typical range is between 5 and 15 Hz, as shdwguire5.23.

55 ,QLWIDIDO GBWARE FROQOWDFW DOJRULWKP

In order to validate the moddévelopedn the previous Sections, a comparison of the
main outputs has been carried out against the same ocfbeitated using the commercial
softwareVI-Rail [122].

In both models, a single wheelset is considered without connections to the Jroeind.
mass is set equal to 1500 kg, the roll and yaw inertia equal to 88 &gd the pitch inertia

equal to 112 k¢m?.

Regarding the superstructure, it consists on-eunaing track model, including two
rails and &eareyas shown ifrigure5.25. In particular, théearerroll stiffness is introduced
due to the presence of a single vertical connection with the ground at the centtecairéne
mass.
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Figure 5.25: Track model irvI-Rail.
The parameters for the above track model are adjusted in order to match the one from

the model developed in Matlab and summaris€ethinle5.4.

Table5.4: Main parameters of the eaunning track model.

Parameter Value Units

Rail mass 195 kg

Bearemass 1200 kg

Rail-pad vertical stiffness 530 kN/mm
Rail-pad lateral stiffness 430 kN/mm
Rail-pad vertical damping 350 kNs/m
Rail-pad lateral damping 240 kNs/m
Trackbedvertical stiffness 390 kN/mm
Trackbedateral stiffness 37 kN/mm
Trackbedvertical damping 480 kNs/m
Trackbedateral damping 480 kNs/m
Trackbedroll stiffness 10 kN/mm
Trackbedroll damping 10 kNs/m

The main differences between the contact algorithms considered are pres&atgd in

5.5.

Table5.5: Main differences between the contact algorithms considered.

VI-Rail Matlabl
Number of contact points Upto 10 1
Normal contact Non-Hertzian Hertzian
Tangential contact Non-linear Kalker Linear Kalker with
saturation
(Shen&Hendrick
theory)

551 &RQWDFW JHRPHWU\

The rolling radius difference is presented-igure5.26, thewheelrail lateral contact

position inFigure5.27 and the wheel vedal trajectory inFigure5.28.
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ARolling radius - right wheel
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Figure 5.26: Comparison between the present model @h&ail in terms of rolling radius difference along
the crossing panel.

Contact position - right wheel
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Figure 5.27: Comparison between the present model @hRail in terms ofwheelrail lateral contact
position along the crossing panel

In both cases presented, the match is definitely satisfyigure 5.26 and Figure
5.27). The maximum difference at the crossing nose location is less than 4%. This slight
difference can be explained with the different contact algorithm utilized in the present study
and inVI-Rail (i.e. Hertzian single point of contact and rAdartzian multiple point of

contact).
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Vertical wheel displacement - right wheel

= Matlab
— Vi-Rail
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Figure 5.28 Comparison between the present model @h&ail in terms of wheel vertical trajectory along
the crossig panel.

Also in the case oivheel vertical trajectory, the match is definitely satisfying with a

maximum difference of 2.5% at the crossing nose.

552 &RQWDFW LQGLFHV

Figure5.29 shows the vertical component of twvbeetrail contact forces anBigure

5.30the lateral component.

Vertical dynamic contact force - right wheel

Force [kN]

-100 !
0 0.5 1 1.5 2 25 3

Distance [m]

Figure 5.29: Comparison between the present model ¥h&ail in terms of verticalvheelrail contact force
along thecrossing panel.
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Lateral dynamic contact force - right wheel
30

Matiab
VI-Rail

Force [kN]

-30
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Figure 5.30: Comparison between the present model @h®&ail in terms of lateraivheetrail contact force
along the crossing panel.

Also in this case, there is a very good agreement between the cuRigsines.29.
Both peak forces P1 and P2 are well captured by thiaMaodel. The maximum difference
between the P1 forces is about 0.5% and between the P2 circa 2.1%.

It is worth noticing that, as in the previous plots, there is a difference located at about
0.6 m from the front. fle Matlab results show a peak whicma in theVI-Rail results. It
can be interpreted taking in account the slight difference in the contact point at that location
(Figure5.27) which leads to slightly different rolling radius difference in the two cases and,

therefore, slightly different creepages

Similar conclusions can be drawn feigure5.30, although the differences are slightly
largerthan for the vertical forces due to the accumulation of variation of both normal and
tangential contact approaches

-94-



Chapter6 - Validation of he dynamic model with experimental data

6 9DOLGDWLRQ RI WEHBAOBAKL
H[SHULPHQWDO GDWD

This Chapter discussesthe validation of thedevelopeddynamic vehicletrack
interactionmodel. Details arealso shown in Grossonj7]. The validation is carried out
against experimental data b&arerdisplacemerst at a crossing panefitted with Under

Sleeper Pad (USR)at ha been collected usingerticalgeophones.

In Section6.1 the description of the mainte characteristics and the field dasa
presentedincluding the geophone measurements and the Track Recording Coach (TRC)
data In Section6.2the behaviour of long bearer in time and frequency domain is analysed
and justifications for the modelling approach adopted hereafter are given. Se8tihe
methodology adopted to tune thdeltrackbed stiffnesagainstthe experimental data is
detailed.In Section6.4the comparison of numieal results with site data in termsladarer
vertical displacement is discussddnally, Section6.5 discusses thénfluence of track

flexibility on the dynamic behaviopredictedalong the crossing.

61 6LWH GDWD
6.1.1 6LWHVFULSWLRQ

The experimental data originates fromiauble crossovesitein UK. The site has been
monitored on repeated occasions by the University of Southampton (UoS), a pattteer in
EPSRC project Track to the Futwéo is gratefully acknowledged for the data provided

which the author has contributed to.

The monitoring mainly consists on capturing bearer vertical and lateral movements
using geophones, accelerometers and MESéd8sors. Geophones used here are ground
motion transducers usually adopted by geophysicists and seismologists to observe the
ground movementd hey are made of a spring suspendeks, whictstarts moving only
when the exciting velocity frequencies are Berdhan the resonance system frequency. The
mass movement depends on magnets or coils, whose response is proportional to the exciting
velocity. Note that the resonance frequency is the key aspect of this equipment and strictly

depends on the type of measd signal.
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The geophonewereapplied directlyat selectedeares at the top of bearer on cess
and 6ft side some distance away from bearer,edgexplained in Le P¢b23] and inFigure
6.1 +HUHDIWHU WKH QRPHQFODWXUH 3FHVV VLGH™ ZLOO U
3 I W VLGH” WR WKH LQWHUQDO VLGH LQ OLQH ZLWK WKH .
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Figure 6.1: Site plan. Thbeares PRQLWRUHG DUH PDUN2E).ZLWK 3Y " /H 3HQ
In this studyZone2 of theDownline (i.e. righthand crossing with a 1:13 angle) has
been used for the comparison aradibration of the model. The rail type is 56E1 on type
001E concrete bearer spaced 0.71 m. Long bearers are present on site and they are linked
together with a steel plate and bolts. After the site complete renewal in 2012, the crossing
panel has been egpped with UndeSleepeiPads (USPs), whose static bedding modulus is
0.15 N/mnd.

Several records have been performed and the typical train composition is a pulling
Class 91 locmotive nine Mark IV coaches and a tractor locomotive. A recorded passage

on the crossing panel at 33 m/s (ca. 119 kns/byed hereatfter.

6.1.2 )LHOG GHWMXUHPHQWY ZLWK JHRSKRQHYV

The geophones used are able to record the bearer velocity in the range betwveen 1
250 Hz.This range is enough to capture the main system dynamics due to the train passage
and the P2 impadbrceoccurring at the crossing nosegure6.2 shows thé?ower Spectral
Density of theraw velocity measurements up to 250 Hz.
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Figure 6.2: Geophones measurements up to 25@ttearer(a) 3, (b) 4 and (c) 6 for cess and 6ft side.

The wheelset spacing for a Class 91 train is 3.35 m and the bogie spacing 10.50 m.
Since the travelling speedis equal to 33 m/s, the corresponding theoretical vibration
frequencies are 9.85 Hz and 3.14 Hzpextively. These values are found consistent with
the ones in the grapls Figure6.2 (i.e. 9.40 Hz and 4.00 Hz).

The theoretical frequenapnge for the P2 impact for¢gee Sectiob.4.2) is coherent
with the experimental spectruwhich shows peaks in the range between 38 Hz and 60 Hz

at bearerd under the 6ftail closest to the wheel load transfer onto the crossing nose

6.1.3 )LHOG GDWD 75& GDWD

The Track Recording Coach (TRC) is anstrumented/ehicle that periodically runs
along the whole network to acquire and process the main thefaateristics, ilading

alignment, gauge andil top level, for maintenance purposes.

Data of the monitored site covering the period between June 2014 and March 2016
have been aligned and analys@&tbte that only the latestet hasbeenincluded in the
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dynamic analysissince it is closest in time to the geophone measuremehitso it is
important to highlight that the TRC data is valid for plain line track, while for the crossing

panel its validity is questionable. Nevertheless, this is the onlyadtatkable for this site.

The main dimensions and features around the turnout, such as the presence of an
underbridge, switch toe and crossing nose, are shokigume6.3. All the following figures
(i.e. Figure 6.4, Figure 6.5 and Figure 6.6) refer to the distance between ttart of the

underbridge ad the crossing paneh the down line.

00073 miles (11.83m) 0.0376 mies (50.53m)
Down line MP 337531536m) | — ©
— — —
Up line
0.0048 miles (7.71m) 0.0168 mies (27.01m) 0.0208 mies (33.52m)

0.122 miles (197.09m)

Figure 6.3: Main dimensions of the analysed site.
Note thathe TRC axes systeused in the following graphs accordingo theBritish
standardRT/CE/C/038124].

Top level

Figure6.4 shows the top level measurements and the rageowfth for left and right
rail. Note that the latter has been calculated as the difference betwessnsecutiveurves
and averaged by tredapsed time.

Looking atFigure6.4(a), it is possible to notice that the turnantéa on the cess side
is characterisedby cyclic patterns Wwose wavelength corresponds to the typical vehicle
dynamics dynamic responsEhere are threelearly detectableycles whose wavelengths
are 14.9 m, 13.2 m and 16.7 m, respectivetyresponding to frequencies between 2 and
3.4 Hzat the travelling speeds registered (i.e. 51 m/s on the switch panel and 33 m/s on the
crossing panel)These frequencies avathin the rangeof the bogie(5-6 Hz) and cafbody

(1-2 Hz) bouncingfrequencies

On the other hand, théft rail top level isundoubtedly influenced by the change in
mass and stiffness properties at the crosgarglarea, as shown by the peaikca. 43 m
(Figure 6.4(b)) corresponding to the wing rail/crossing nose wheel transfer area. It is

interesting noticing how the left cess rail follows locally a similar trend with lesser
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amplitude.

Also, the underbridge at ca. 10 m causes a local variation in stiffnbsshis expected
to cause a high point in the signal. Nevertheless, the data shtowmspoint at each rail
which can be explained with the presencdefbrmed raipotentiallydue to the presence of
a welded joint

Regarding theop levelrate of growth within the turnout, the peaks occur on the right
6ft side, as expected, at the switbck rail assembly areat the weld in the closure panel,
at the crossing nose and at the start and end of the long bearer area. It is worth highlighting
how the highest value growth rate for left and right side is locatbdaaers just after the
crossing nose

Top level (Cess side)

Top level [mm]
- T N N T )
)

10 15 20 25 30 35 40
Distance [m]

(@)

Top level (6ft side)

Top level [mm]
S LU b bH kb b L s o now s oo o
!

. .
10 15 20 25 30 35 40
Distance [m]

(b)

-99-



Design methodology for track systems considering thetiemg ballast behaviour:
application to crossings

Top level rate of growth (Cess side)

12r

"

or

©w

®
T

Rate of growth [mm/100 days]
(=]

Py
T
0 A i
10 15 20 25 30 35 40
Distance [m]
(c)
Top level rate of growth (6ft side)
122r
|
|
nro
wofF !
|
o |
]
& I
o 8 !
=] |
= |
£ |
= 6F |
= |
2 5r
- I
o L
o 4
= |
S
L/l
21
1
10 15 20 25 30 35 40
Distance [m]

Figure 6.4: (a, b) Top level measurements ard ) top level rate of growth in mm/100 daysdessand 6ft
sides respectively + + +Welded joint; + + Wnderbridge; + + +Switch toe/crossing nogse

Gauge

Figure6.5 shows the gauge measurementsitsate of growth.
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Figure 6.5: (a) Gaugemeasurement and (lgrugerate of growth in mm/100 days- + *Welded joint;
Insulated joint;x +Wnderbridge + + +Switch toe/crossing nose: At Airst/last long bearey.

The measurements of gauge reveal very small changes in the gauge, in the-range
mm. The exceptions of very high peaks are revealed at the sstatck rails assembly and
load transfer area due to remarkable lateral shift in rail and contact positibe 6ft side

(i.e. right rail) and therefore noticeable apparent local increase in gauge measurement.

Alignment

Figure6.6 shows the alignment measurements filtdretiveen 1 and5 m wavelength

for cess and 6ft sides.
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Figure 6.6: Alignmentmeasurementiitered at 35 nfor (a) cessand (b) 6ft side( Welded ¢int;
Insulated joint;+ +Wnderbridge + ++Switch toe/crossing nose: At Airst/last long bearey.

As expected frorfrigure6.5, the alignment measurements sHavge and sharp peaks
This isa limitation of the measurement method when rail shape changes r@gidét the
crossing nose, where there is a sudden junvghekelrail lateral contact position, as shown

in Figure5.15, or at the switctstock rail load transfer area)

62 &RQVLGHUDRQREGWDRY WPER GHHOEQRV VL
SDQHO

Long bearers are a key element in a crossing panel as they ensure the correct rail
position in both through and diverging trajectories. Due to manufacture and transportation
limitations, usually they are built in two parts and then assembled togetheghhaou
mechanical connection. These can vary from country to country and a detailed review of
connection types is presented in the European project In2Tta8k From a modelling
point of view, their potentialhigh variability and nonlinear stiffness behaviour

representation can be challenging especiallyvMahacletrack interactiorcontext.

A FE model of long bearerbas beendevelopedand theresultsin terms of
displacements for various load and trackbed conditions are presented in $e2tion
Section6.2.2focuses the attention to the influerafd@rackbed stiffness transversal stiffness
on the dynamic system behaviourSaction6.2.3a study in the frequency domain is carried
out to choose the most suitable bearer model to be integrated in the-ttratuklmteraction

analysis.
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6.21 /RQJ EHDUHU )( PRGHO

Under load the long bearers mightdject to nomegligible bending compared to
shorter plain line bearers. In order to understand better the influence of bearer flexibility, a
two-dimensional vertical FE model of a single bearer has been developed using the
Timoshenko beam theory and dilstited trackbed support using localised springs at each
node. This approach is able to capture the static bearer shape under symmetrical or
asymmetrical loads with different configurations of dmmear trackbed t#fness also

allowing lifting.

The main learer characteristics that will be considered in the present study are reported
in Table6.1.

Table6.1: Bearer input values.

L
el

)

]

>

W

Parameter Value | Unit Considerations
Bearer material Concrete
<RXQJYV PRGXO0O|43 GPa Thompsor{126]
Shear modulus 18.7 GPa Thompsor{126]
3RLVVRQYV UDW 0.15 - Thompsor{126]
Density 2500 kg/m? Thompsor{126]
Shear coefficient 0.84 -
Length 5.99 m Monitoredsite, 2.75 m and
3.24m

Width 0.295 m In2Rail[127]
Height 0.165 m In2Rail[127]
Second moment of area A4 m* In2Rail[127]
Connection Neglected |
Rail spacinggauge 15 m SeeFigure6.7
Loading points 0.625/2.125 m SeeFigure6.7
Trackbedmodulus 50 KN/mm/m In2Rail[127]

Eﬁm 1.500 m D.Eiﬁ m

. 279m 3.24 1m

Figure 6.7: Bearer loading point configuration.

Four types of loading configurations will be analysed as follows (refErgiare 6.7

for notation):

X Passenger train: a typical regional passenger train has a 12 t axle load. Assuming that

half of the load transfers on thearey both Pa and Pb aegual to 29 kN;
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x Freight train: the maximum allowable axle load in the European infrastructure is 22.5
t. Assuming that half of the load transfers onltkarer both Pa and Pb are equal to
55 kN;

X Symmetrical mpact loading: high impact loading can occuithe crossing nose
location, up to 34 times the static wheel load. Assuming that half of the load transfers
on thebearerand a dynamic factor equal to 3 for a passenger vehicle, both Pa and Pb

are equal to 88 kN;

x Asymmetrical loading: the crossing pansl characterised by an asymmetrical
loading between cess and 6ft rdil. the case of passenger train, assuming a

dynamic factor equal to 1.1 and 2.2 respectively, Pa is equal to 32 kN and Pb 64 kN.

Regarding the trackbed stiffness, each bearer is asistmnie divided into Sectiors
(K1 to Ks) as shown irFigure 6.8 corresponding each to three main stiffness regions (i.e.
under the rail seats, at the external part of rail seats, between the rails) for the loaded and the
unloaded part of the bearer. The total trackbed stiffness is then calculated as the product of

ead coefficient K at thei-th region and the trackbed modulus reporte@iahle6.1.

0.625 1.500 0.625
2.750 3.240

A B1 B2

[HIMTMT /M{LMMJ K, H I-k SHI K| H k“[ K]

K3

Figure 6.8: Stiffness distribution arrangements along the bearer.

Three main cases will be analysdalle6.2):
x Constantrackbed

x Variable trackbed 1:thiF DVH UHSOLFDBRHYGWEH HFIHEWU N HH Q
laboratory experiments after 3 million cyclg8] where the ballast tends to
migrate towards the bearer center stiffening this region and leading to bending

cracks

x Variable trackbed 2:his case replicates the facts that the highest number of

bearerballastcontacts points is concentrated under the rail seats while a low
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concentration is shown below thearercentre.

The total number of casestimus12.

Table6.2: Cases analysed in terms of loading configuration ttadkbed stiffnestype.

Case Loading configuration Pa Pb Trackbed stiffnesstype
1 Passenger train 29 29 Constant
2 Passenger train 29 29 Variable 1
3 Passenger train 29 29 Variable 2
4 Freight train 55 55 Constant
5 Freight train 55 55 Variable 1
6 Freight train 55 55 Variable 2
7 Symmetrical mpact loading| 88 88 Constant
8 Symmetrical impact loadin¢ 88 88 Variable 1
9 Symmetrical impact loadin¢ 88 88 Variable2
10 Asymmetrical impact 32 64 Constant
loading
11 Asymmetrical impact 32 64 Variable 1
loading
12 Asymmetrical impact 32 64 Variable 2
loading

Same cases are then analysed for thelinear trackbed stiffness, i.e. considering the
bearer upfting. Figure6.9 shows some exampleslodarerdisplacement for different types
of trackbed configuration and applied load.
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Loading 2, linear
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Sleeper displacement [mm]
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- 3 o
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Length [m]
(©)
Figure 6.9: Bearerdisplacement for different type of loading and different tygeackbed((a): constant;
(b): variable 1; (c): variable 2).

Figure 6.9 shows the importance of correctly modelling the trackbed transversal
stiffness distributionFor instance, considering a constandtribution leads taelevant
differencesn displacementz U W WKH 3YDULDEOH ~ VXSSRUW W\SH
(up toan average of5%) as well as under the cess rail seat (wptto an average of 16§%
2Q WKH FRQWUDU\ VLPLODU UHVXOWY DUH IRXQG LQ FI
comparise with constant one. This means that when the support is in a good state (i.e. new
construction or after maintenance cycle) flexural behaviour of the bearer tends to be
uniform acrossts length, while in a degraded state the behavioay tendto be atreme

rising tensional stresses améylead to potential fractures in the concrete structure.

622 ,QIOXHQFH RI WUDFNEHG VWLIIQHVV WUDQVY
YHKILWOBFN G\QDPLFV
In the previous Sectignt has been seethat the type of trackbed anbet impact
loading considered botimavea very strong influence on the displacement results obtained.
This means that it is crucial to use the correct assumptions for both. In order to assess this
aspect in the dynamic context, a thokmensionalehicletrack interactiormodel in plain
line has been built following the same approach as in Seétiand considering two
independent wheelsets runningeo 15 flexiblesleepers The main input parameters are
listed inTable6.3. Three rail irregularity types are considered. perfectly smooth track,
dip joint of 1 mm overl metreandtrack irregularities according to class 6 in the AAR

regulations.
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Table6.3: Main input values for thelain line model.

Parameter Value | Units
Rail type 56E1
Bearertype G44 concrete monobloc
No. of bearerelements 6 -
Bearerspacing 0.65 m
Trackbed stiffness 89 kN/mmv/bearerend
Vehicle type Freight
Axle load 24 t
Wheelset spacing 2.50 m
Speed 80 km/h

Figure6.10 shows the results of the cases considered in terimsasérdisplacement

for the cases dfackbeddistribution and top level irregularities defined.

Sleeper displacement

0.2

o o o
- @ o -

Displacement [mm]
"

0 05 1 15 2 25
Sleeper length [m]

Figure 6.10: Bearerdisplacemenat the middle of the tradior varioustrackbeddistributions and different
impact types. Continuous lines refemterfect track, dashed lines to dip joint case and dotted lines to top
level irregularities YellowOLQHY UHIHU WR FRQVWDQW GLVWULEXWLRQ EOX
3Y D ULDE O Rhe'vaftic@® dashed lines refer hoth loads transversal position

As expectedrigure6.10 confirms thathetrackbedconditions playa fundamental role
in the system behaviour for all the top irregularity cases considered. Looking in more detail,
Table 6.4 summarises thelisplacements at key locations for the irregularity types and
trackbeddistributions consideredlso the percentage differences of the variatdekbed

cases w.r.t. the constanackbedcase are reported.

-107-



Design methodology for track systems considering thetiemg ballast behaviour:
application to crossings

Table6.4: Summary of displacemer#nd percentage differencaskey locations for the irregularity types
andtrackbeddistributions considered. Atlisplacemenvalues are in mm.

Irregularity type Position Constant Variable 1 Variable 2
Perfect track Bearerend 0.683 0.858 26% 0.638 -7%
Bearercentre 0.528 0.427 -19% 0.530 1%

Under loading point| 0.637 0.641 1% 0.608 -5%

Dip joint Bearerend 1.436 1.891 32% 1.388 -3%
Bearercentre 1.145 0.793 -31% 1.228 7%

Under loading point| 1.253 1.200 -4% 1.252 0%

Top level irregularities | Bearerend 0.619 0.756 22% 0.582 -6%
Bearercentre 0.481 0.378 -21% 0.487 1%

Under loading point| 0.578 0.565 -2% 0.555 -4%

FromTable6.4 it can benoticedthat the highest differences w.r.t. the case of constant
trackbedRFFXU ZKHQ WKH 3Ycbrididdddd @speciallyat3deatend and the
bearercentre. The differences calculated under the loading point are negligible in all the
cases considered, ranging betwes¥ to 1%.

Itis possible to conclude thiie effect osupportvariationis relevantespeciallywhen
the outer displacements are uséor example looking at the behaviour of different bearer
connections Neverthelessthe settlement routineshat are usually implemented in
conjunction withvehicletrack models (see Sectid®4) account for displacements and/or
other physical quantities calculated under the rail seats as the result is an average value along
thebearerarea. Inthat case, then, the differences between models are negligible and can be

interchangeably use&ection8.2will discuss these compariseim detail.

6.23 JUHTXHQF\ DQDO\VLV RI WKH ORQJ EHDUHU EI
VHOHFWLRQ
It has been seen in the crossing area (see Sé&ctioinat the frequency content of the
contact force P2 component, that is transmitted to the lpasrof the trackis up to 100
120 Hz. Using the Nyquist theorem for sampling analog signals, the frequency of interest
results to be up to 500 Hie. fivetime the required frequencyysing the input parameters
listed inTable6.1 and a bearer length of 2.75 m (i.e. bearer length under the crossieg
along the down line through route), a modal analysis has been performed to find out the

bearemode shapes and the natural frequencies. The results are sHégure®.11.
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Figure 6.11: Modal analysis for the bearer under the crossing nose.

In order to appropriately capture the P2, is necessary to consider at least three modes

andthusfour elements.

Note thatERWK WKH OHQJWK DQG W K Hnflednt®tHeJdebding< R X Q .
modes as shown irFigure 6.12. For example, looking at the first on€aple 6.5) it is
possible to conclude thancreasing thbearerOHQJWK IRU D JLYHQ <RXQJYV
WKH PRGDO IUHTXHQFLHY ZKHUHDV LQFUHDVLQJ WKH <

increases the modal frequencies
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Figure6.12 ,QIOXHQFH RI WKH EHDUHU OHQJWK DQG WKH PDWHULDO <R

considered.
Table6.5: Natural frequency for théirst bending mode considering differentlergf Q G PDWHULDO <R XQJ
modul.

<RXQJYV PH |bending mode
Lemgitn i) [C?Pa] frequengy [Hz]
2.50 30 91
2.75 30 75
2.50 59 127
2.75 59 105

As stated in the modelling assumptions, only the through route is considered in the

present study. An equivalent bearer model is tteesled to correctly capture the frequency

response of the full bearéefhreemodelapproache(i.e. fully flexible beareras developed

in Section6.2.1, semiflexible flexible considering four elements in line with the modal

analysis and rigicbearey are compared consideringet case of passenger vehicle and
3Y D U L Diachhedype (see Ection6.2.1for details).The adjacent track is accountied

using an equivalent verticatiffness, which is equal to the sum of the stiffnessesalunder

the cess and the 6ft side of the adjacent tyakd rotational stiffnesswhich is equal to

product of the stiffness at each support side in the adjacent track and the distance of each

support end to the connection jo{igure6.13).

> These are assumed equal to the respective ends in the considered track.
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Figure 6.13: Equivalent vertical and roll stiffness to account for the adjacent track.

Figure6.14 and Table 6.6 show the comparisobetween the three bearer models

terms ofbearerisplacement.

o
-

o
o

<
=

Sleeper displacement [mm]
o
[#+]
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0.6

0 0.5 1 1.5 2 2.5
Distance [m]

Figure 6.14: Comparison between fully flexible (black), sdlakible (blue) and rigid (redpearermodels in
terms of displacement. The continuous lines refers to case of no additional stiffness, the dashed lines to case
of vertical stiffness addition, the dotted kit case of roll stiffness addition and the dastietied lines to

case of vertical and roll stiffness addition.
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Table6.6: Summary of displacements from thearermodels considered and differenees.t. fully flexible
model All displacement values are in mm.

Under cess Under 6 ft Under 6ft

Bearer model type

side load side load end
Fully flexible 0.45 0.42 0.22
Semiflexible | No additional stiffness | 0.47 | 5% 0.51 | 22% | 0.25 | 16%
Additional vertical
stiffness 0.47 | 5% 051 | 22% | 0.25 | 16%

Additional roll stiffness | 0.45 | 1% 0.48 | 14% | 0.37 | 70%
Additional vertical and

roll stiffness 043 | -3% | 0.39 | -6% |0.21 |-5%
Rigid No additional stiffness | 0.42 | -5% | 0.42 | 0% 0.42 | 93%

Additional vertical

stiffness 042 | -5% [0.41 |-1% |0.41 |87%

Additional roll stiffness | 0.44 | -1% | 0.41 | -2% 0.39 | 78%
Additional vertical and
roll stiffness 043 | -3% | 041 | -3% 0.38 | 76%

Since the ballast settlemeunnder the rail seats the focus of the thesis and it is
generally linked with the force/displacement, the displacement valueach simplified
model (i.e. semrigid and rigid modelgt theselocation are compare the displacement
values of the full FE model minimisirtge differencesFromFigure6.14 andTable6.6it is
possible to conclude that when the séiexible model is usedhe model with both vertical
and roll additional stiffness should be considered. On the other hand, when the rigid model
is used the roll additional is sufficient to replicate the displacement under both loading

points.

63 7XQLWBMUDFNEHGDORIQIOMKN FURVVLQJ

It has beerrecognisedthat there generally exist a longitudinal variation of track
stiffness on railwg track (see for example the study by Grossoni 8for plain lines).
Additional variations such as ballast voids can appeastly in the vicinity ofshortwave
irregularities (e.g. crossing panel or welds)which the high dynamic impact forces may
lead to ballast migration and/or ballasediing andthus localised decrease of the total

trackbedstiffness.

Above all the site uncertainties, the longitudinal variatiotrackbed stiffnesalong
the turnout is one of the biggest. To ease the numerical model validation process, an

optimisation routine iproposed in order tcalibrate the model

The methodology is presented in Sect®B.], the initial estimationof trackbed
stiffnessdistribution along the crossing panel Section6.3.2 and, finally, the results in
Section6.3.3
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6.31 OHWKRGRORJ\

The methodology flow chart is reportedrigure6.15.

First attempt of stiffness variation from site data

VTI dynamic simulation

Calculation of the ADispl at each known point i:
ADispl(i) = ADisplyym (1) — ADisple,, (i)

Check the solution obtained against the previous

Calculation of the AStiff at each known point i

Linear interpolation between known points
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Figure 6.15: Methodology flow chart
At the first step, the stiffness variation is calculaten the basis of the site data

considering the differences of displacement of each bearer w.r.t. a refererffiz details

see Sectior6.3.2. After calculating the numerical displacement solution for the given
configuration, the percentage difference between numerical and experimental data at each
known point is computed for botihe cess and the 6ft rail. Assuming linear relationship
between applied force and displacement, the same percentage variation is applied to the
trackbed stiffnessafter checkingthat the current solution is on average better than the
previous one. A lineanterpolation is applied between known points in order to get the
stiffness at each simulatdmbarer which is then used as input in the next iteration. The
process is stopped when the average of the percentage difference at #mel ¢beoft rail

is less than %. This value has been chosen as a sensible-afidetween accuracy and

computational time.

Note that, since no information is given on the l&#arerend, the same variation

between second and thipgarerasthat calculated fothe cess end assumed

6.3.2 ,QLWLDO HVWLPDWLRQ RI VXSSRUW VWLIIQH
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In order to avoid théransient effect in the geophone measurements occurring when
the first coaches pagbe deflection under the trailing bogie of the middle passenger carriage
and next lading bogie has been used. In addition to that, the cess end has been considered

in order to avoid the dynamics induced by the impact on the 6ft rail in the area of the crossing

Consideringoearer6 as a referendeearer it is possible to calculate thawation of
VWL IIQHAbWg the crossing in relation with this referermarerstarting from the
variation ofbearerdisplacementlz/ (z(6). Note that the assumed valueldeare6 trackbed
stiffnessis the results of the combined referetigekbed 8ffness(Ko) 40 kKN/mmbearer
end (taken from Lj129)) in series with the USP stiffness of 53.5 kN/rhadrerend.

The results are reported Trable6.7. The values are then usedigigial estimationin

the iteration calculation pictured Figure6.15.

Table6.7: Initial estimationfor the variation of totatrackbed stiffnes@ll stiffness pebearerend).

searer |t | 00 | per | povim

1 1.525 126% -26% 16.9
2 1.232 102% -2% 22.5
3 1.287 106% -6% 21.4
4 1.756 145% -45% 12.6
5 2.128 176% -76% 55

6 1.210 100% 0% 22.9
7 1.819 150% -50% 11.4

6.3.3 7XQHG WUDFNEHG VWLIIQHVV GLVWULEXWLRQ

The results in terms of percentage displacement difference between measurements and
numerical simulations as well as the tdtalckbed stiffnesare reported imTable 6.8 and

Figure6.16. The reduction of the objective function is showifrigure6.17.
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Table6.8: Variation of totaltrackbed stiffnesafter the tuningall stiffness pebearerend).

Cess end 6ft end
Bearer [ iDispl Kb (Displ Kb
[%] [kN/mm] [%] [KN/mm]
2 3.2 231 - 28.1
3 5.8 211 34 28.1
4 13 18.2 4.2 13.8
5 1.2 20.4 - 6.4
6 10.3 44.8 1.5 26.6
7 11 9.8 - 16.6
.60 w .
2 -4 Cess :
850 Crossing nose i
Q nitial estimation !
% & Lrot:nldal:setl : .
E407 i
£ i
2. |
:30 [ u : - :
8 & o R -
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Figure 6.16: Variation of totaltrackbed stiffnesafter the tuning.

® 30 :
© O Cess
2 m O Bt
© 25+

£

i=1

€ 207

Q

£

]

s15r g

g <

%10 O

) O o g

et O O g

8 —————O ———————————————— = —Q—J-_—‘——G-—E]
o] Optimisation objective

© ST

o e}

o “o0o0oo0o0000o0
Zo e

2 3 4 5 6 7 8 9 10 11 12 13 14
lteration no.

-

Figure 6.17: Objective function evolution with number of iteratioris €ess end;j : 6ft end).

Figure6.16 shows that the dynamiasfluence therackbed stiffnesg-or example, at
bearer6 low displacement is registered, which can be explained with theibidity of the
structure due to the long beardre localised rigidity from the castirapdtherebound load

after load transfeiOn the contrary, ddearer7 high displacement is registered and a possible
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explanation is linked with dynamic lomd at the leg endassociated witkransition toplain

line rail.

From Figure 6.17 it can be deduced that the solution may vary depending on the
threshold imposed, however a reasonable conversion is observed after six or seven iterations,

particularly for the cesisearererd.

64 %YHDUHU GLVSODFHPHQW YDOLGDWLRQ I

The vehicletrack interactionmodel developedin Section5 has been usefbr the
following comparisons with experimental datansidering (a) twoandependentvheelsets
with external forces simulating the total axle |@ad (b)two wheelsets linked with a bogie
and half catbody. The main inputs of the track and the vehiclstesnsare reported ifable
6.9.

Table6.9: Main parameters of the track and vehicle system.

Parameter Value | Units

Rail type (plain line) 56E1
Bearertype 001E concrete
Rail-pad vertical stiffness 70 KN/mm

% Rail-padloss factor 0.3 -

© Rail-pad lateral stiffness 60 KN/mm

= Trackbedvertical stiffness As inTable6.8
Trackbedoss factor 1.0 -
Trackbedateral stiffness 40 KN/mm
Trackbedateral damping 25% of the values imable6.8
Vehicle type Mark IV coach
Carbody mass 34300 kg
Bogie mass 2469 kg

2 Unsprung mass 1850 kg

% Primary vertical suspension stiffness 1.035 KN/mm

> Secondary vertical suspensistiffness 0.484 KN/mm
Static axle load 110 kN
Travelling speed 33 m/s
Initial lateral displacement 0 mm

The comparison between experimental data and numerical results in terms of bearer
displacement time history of the 6ft side at location 3, 4 and 6 in the time domain are shown
in Figure6.18.

-116-



Chapter6 - Validation of the dynamic model with experimental data
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Figure 6.18: Bearer displacement of the 6ft end at location (a) 3, (b) 4 and (c) 6 (red line: experimental data;
blackline: numerical results with ufinked unsprung masses; blue line: numerical results with complete
vehicle).The displacement data has been collected by the Infrastructure Group team at University of
Southampton, which is greatly acknowledged.

All the plots in Figure 6.18 show a very good agreement between the experimental
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data and the numerical results from both models considertee low frequency range. In
the higher frequency range, it is not possibledmment as the measured signal is low pass

filtered and does not show any of the higher frequencies shown from both models.

The comparison for the first Bxin terms of totabearerdisplacement at the cess and
6ft end is presented Figure6.19.
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Figure 6.19: Comparison between numerical and experimental regulisrms obearervertical
displacemenat (a) cess sidand (b 6ft sideat first axle

Figure6.19shows a very good agreeméetween numerical results and experimental

datg with an average difference below 8%.

Looking at the measured datawbuld beexpected that the trackbed stiffness at the
6ft side would be stiffer than the cess side at the crossing nose location hNlessttthe
increased bending stiffness of the whole track system (i.e. increased bending stiffness at the

rail level and presence of long bearer) coubtances this phenomenon and a lower
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trackbed stiffness is calculated instead. Also, loss of trackingport at the 6ft side around
the crossing nose can be explained with the impact force, especially the P2 force component

which is recognised to be influencing the trackbed degradation.

6.5 7KH LQIOXEHIFUBIR|LELOLW\

In this Section the influence bbearerflexibility on the model results is discussed in
detail. An additional set of results have been produced substituting théemjidrmodel
with the flexible model using four elements in total (see Se&idrBandFigure6.20), i.e.
two within the track gauge and two external. Note that the length of the external elaetments
the 6ft sidevaries along the track while the length of the internal elensmshe exteral

elements at the cess sidekept constant and equal to 0.7%nd 0625 m respectively

Figure 6.20: Semirigid bearer model.

Regarding the distribution of stiffness along thearer length, the folleving
assumptions have been made. Five springs are considered. To calculate the stiffness of each,
the equivalent ones in the rigid model for the cess side and 6ft side are divided by 2.5. A
nonconstant distributionHTXDO WR 29DULDEOH 3FH@ERAYHD GE XA VRIQIL
explained in Sectiof.2.]) is then assumed to reflect the results from the FE work carried in
the project Track2Future by khdeh Otorabafll30], showing that the best approximation

of the experimental results is obtained.

The trackbed stiffness has been tuned again following the same methodology proposed
in Section6.3.1 The comparison of rigid and flexibleearermodel in terms of trackbed
stiffness distribution anith terms ofbearerdisplacement at cess side and 6ft siceshown
in Figure6.21 andFigure6.22, respectively
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Figure 6.21: Comparison of rigid and flexible beararodel in terms of trackbed stiffness distribution at the
(a) cess and (b) 6ft side.
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Figure 6.22: Comparison between numeria&lsults with rigidbearermodel and flexibl®earermodeland
experimental results in terms lo¢arervertical displacement at (a) cess side and (b) 6ft side at first axle.

Figure6.22 shows that a change in equivalent trackbed stifffe¥dsoth cess side and

6ft sideis neededn order to better match the experimental results available. Generally
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speaking, stiffer trackbed is required for the cess side and slightly softer for tioke 6Ttr8s
can be explained with the fact that in the flexitdaremodel an equivalent vertical stiffness
is considered at the 6ft end of edigarerin addition to the equivalent rotation (deigure
6.13 andSection6.2).

The threedimensional distribution dbearerdisplacement along the crossing panel is
shown inFigure 6.23 and the threelimensional distribution ofmaximumballast forces in
Figure6.24.
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Figure 6.23: 3D map ofbearerdisplacement along the crossing panel considering the flexible model. The
rail positions are marked in red’he cess side is at node 2 and 6ft side at node 4.
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Figure 6.24: 3D map ofmaximunballast force éong the crossing panel considering the flexible model. The
rail positions are marked in red’he cess side is at node 2 and 6ft side at node 4.

Figure 6.24 shows thathe highestvalue of themaximum ballast forcelistribution
occurs at théearemunder the crossing nose at the cess side dhe tong bearer rothotion
The additional force at the cess side is a result of the low stiffness at the 6ft side making the
outer rail heaving to support more passing load, in line with the finding[@RLilt can be
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anticipated that this beti@ur will change over time as the cess will degrade loose

support.

66 O6XPPDU\

In this Chapterthe validation of the vehiclrack interaction model against site

measurements has bgamesented, includingnodellingconsideration$or thelong bearer

The chosensiteis a double crossoverquipped with USPthat has been monitored
using geophones, accelerometers and MEMS sebgodniversity of Southamptonrhe
crossing of the first turnout in the Down line (i.e. rigfaind crossing with a 1:13 angle) has
been used for the comparison and calibration of the mddeC datahas then been
processed. For the rail top level irregularity, the turnout area oreseside shows cyclic
patterns whose wavelength corresponds to the typical vehicle dynamics dynamic response.
In addition the 6ft rail top level is undoubtedly influenced by the change in mass and
stiffness properties at the crossing panel amsle the cess rail follows locally a similar
trend with lesser amplitud®egarding the top level rate of growth, the peaks occur on the
6ft side, as expected, at the swistbck rail assembly area, at the weld in the closure panel,
at the crossing nose and la¢ tstart and end of the long bearer areas. It is worth highlighting
how the highest growth rate value for left and right side is located at bearers just after the

crossing nose.

It is acknowledged that the long bearers are a key element in a crossingrhimair
flexural behaviour plays an important role in the system response. Therefore, a study has
been carried out to justify the modelling approach used hereafter. First;dannensional
vertical FE model of a single bearer has been developed hsifignmoshenko beam theory
and distributed trackbed support in order to capture the static bearer shape under symmetrical
or asymmetrical loads with different trackbed configurations. The FE model is then
compared to two other approaches (i.e. siemible flexible considering four elements in
line with the modal analysis and rigid bearer) that can easily be integrated in the numerical
vehicletrack interaction routine. Since only the through route is considered in this research
work, an equivalent shortbearer is examined and the adjacent track is accounted for using
an equivalent vertical stiffness and a rotational stiffness. The results show that when the
semtiflexible model is used the model with both vertical and roll additional stiffness should

be casidered in order to best match the displacements under the rail seats of the full FE
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model. On the other hand, when the rigid model is used, the roll additional stiffness is

sufficient to replicate the displacement under both loading points.

It has beeneen that above all the site uncertainties, the longitudinal variation in
trackbed stiffness along the turnout is one of the biggest. To ease the numerical model
validation process, an optimisation routine is proposed in order to close the gap between the
numerical and experimental data. The results using the rigid bearer model show that stiffer

trackbed is evaluated for the cess side and slightly softer for the 6ft side.

In a second stage, the sengjid bearer model is incorporated in the dynamic routine.
The results in terms of optimised trackbed distribution are compared with the ones using the
rigid model. Generally speaking, stiffer trackbed is predicted for the cess side and slightly
softer for the 6ft sideThis can be explained with the different dedling assumptions in
terms of equivalent stiffnegs.e. only rotational for the rigid model and rotational and
vertical for the semiigid). Also, distribution of ballast forces is plotted along the crossing
panel the increase force under the 6ft is algnificant compared to the rest of the panel and
more significantly under the cess side due to the long bearer roll motion. The additional force
at the cess side is a result of the low stiffness at the 6ft side making the outer rail heaving to
support nore passing load, in line with the finding of [1i2]. It can be anticipated that this
behaviour will change over time as the cess will degaadieloosesupport.
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7 ORGHOOLQJ WRMNHD®ODVW
EHKDYLRXU

As explainedpreviously in the literature reviegection(Section3.3), there is a very
wide range of equations available than to capture the ballast lortgrm behaviour. The
settlement equations are principally driven by axle load and number of axléipasyer,
few of them consider the actual track dynamics under the passage of a moving load using
SK\VLFDO TXDQWLWLHV VXFK DV VOHHSHU GLVSODFHPHQV
6 DWR TV Hdad Briplifiea@on factoand trackbed stiffnessVHH )U|KOLQJfV HTXEL
The general trend of these quantities, though, can vary with different applied loads and when
the trackbed stiffness varies and, thus, the trend of the settlement prediction can be very

different.

This Chaptediscusses thmfluence of the loading and trackbed characteristics on the
main physical quantitiest the sleeper and ballast leusing a simplified track FE model
for plain line under guaststaticexcitation (Sectioff.1) and a moving sinusoidal excitation
(Section7.2). The first approach is developed to captmainly the loading frequencies
typically used during laboratory tests (i.e13 Hz), while the second approach is used to
capture higher loading frequencies that are typical of \Wfl.Section 7.3 the main
conclusions are discussed in relationhte €quations that are commonly coupled with VTI
modellinghighlighting the strengths and the weaknesses of Aawéw settlement approach
is then proposed to overcome the main issa&sed

7.1 $SSOLFDWLRQ R XDYW DWH. B QCORD G

A verticaltwo-dimensional ballasted track modath 20sleepersias beendeveloped
in Matlab(seeFigure7.1) in order to assess the influence of load characteristics and trackbed
stiffness on the main physical quantities involvadthe track degradation proce3se
outputs investigated adeeperdisplacement, velocity and acceleration and force, energy
(i.e. product between the force and the displacement) and power (i.e. product between the

force and the velocityat the sleepeballast interface

The vehicle load is applied as an external sorda force with(1) a given amplitude

reproducing different axle loads amdlative dynamic amplificationgnd (2) a given
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frequency reprodting different travelling speed. This is designedeplicate the saip of

ballast settlement laboratory tesfdso, the trackbed stiffness is assumaa be constant

1P = P, - sin(wt)

0 56 660 s B0 6 0D
£ 8 68 6588 66 B 5e

Figure 7.1: Vertical twodimensional ballasted track model with sinusoidal force input.

along the track

The main inputs and the parametric variation considered are listédhle 7.1 and

Table7.2, respectively.

Table7.1: Main inputsfor the track model.

Parameter Value
Rail profile 60 E1
Rail-pad stiffness 140 kN/mm
Rail-pad loss factor 0.2
Trackbed stiffness (reference) 80 kN/mmbearerend
Trackbedoss factor 0.5
Bearertype G44 concretdearer
Bearerspacing 0.65m
Load amplitude (reference) 100 kN
Load frequency (reference) 3 Hz
Table7.2: Parametric study on the track model.
Parameter Value
er]?jgkbed stiffness (kN/mroéarer 20 t0 150wiith a step of 10
Load amplitude (kN) 40to 360° with a step of 20
Load frequency (Hz) 1to 15" with a step of 1

Figure 7.2 shows the variation obearerdisplacement, velocity and acceleration

varying load amplitude and frequency.

6 These values correspond to axle loads between 12 t and 24 t with a dynamic loading and unloading of
50%.

" Considering an axle spacing of 3.0 m, the corresponding vehicle spebdsregen 10 and 162 km/h.

These frequencies are typical of laboratory tests.
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Figure 7.2: Variation of (a)bearerdisplacement, (b) velocity and (c) accelerations for different load and
frequency considered.

While thebearerdisplacementKigure 7.2(a)) is mainly influenced by the load, both
load frequency and amplitude influence the velocity and the acceleratipmg7.2(b) and
Figure7.2(c)). This means that, for a given wheel load, a faster train causes higher velocity
and accelerationsf the sleeper over the balldlsan a slower onét is commonly recognised
that high sleper accelerations leadhallast migration at the sleepeallast interface as well
as stone breaking with a consequentimangement of the particles, leading to a local
acceleration of degradation process. Therefore, it is expected that fastecdtemasigher

settlement than slower one, for a given wheel load.

Figure7.3 shows the variation of ballast force, ballast energy and power varying load

amplitude and frequency.
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Figure 7.3: Variation of (a) ballast forces, (b) ballast energy and (c) ballast pdaedifferent load and
frequency considered.

From Figure 7.3(a) andFigure 7.3(b) it is possible to notice that both the force and
energy transmitted to the ballast increase with increasing load anepbnlg, while the
frequency effect is negligible. However, the ballast power is as much influenced by the load
frequency as by the load amplitu@ee the velocity trend iRigure7.2(b)).

To summarise, all the physical quantities presented show an increase with increasing
load, as expected. However, a few (i.e. sleeper velocity and acceleration and ballast power)
also vary with the loading fregncy and, thus, with the travelling speed when the moving
load is considered (see following Section where the effects of the travelling load are

discussed).

Figure 7.4 shows the variation obearerdisplacement, velocity and acceleration

varying trackbed stiffness for three load values.
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Figure 7.4: Variation of (a)bearerdisplacement, (b) velocity and (c) accelerations for different trackbed
stiffness values and three loads considered.

All the quantities considered are exponentially decaying function of increasing
trackbed stiffness. The highest responses are concentrated in the region of soft trackbed (i.e.
20-50 kN/mm), while for medium/stiff trackbed (i.e. higher than 60 kN/mm) the response
convergs to lower values. This means that the variation of sleeper geantit stiff
trackbeds is much lowethan the case of soft trackbedBhus, evenin the case of
longitudinally variabletrackbed stiffnesshe relative variationof the physical quantities

are limited leading to expected lower differential settleniee¢ Nielserfl31])

Figure 7.5 shows the variation of ballast force, ballast energy and power varying

trackbed stiffness for three load values
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Figure 7.5: Variation of (a) ballast forces, (b) ballast energy and (c) ballast power for different trackbed

energy content is higher.hiis, increasing trackbed stiffness there is a slight increase in
ballast force associated with a significant decrease in ballast energy and powienpliss

that soft trackbeds are characterised by higher energy transmitted to the ground than stiff
trackbed andhereforeexpected higheballastsettlementUsing an analytical formulation

of a vehicletrack interaction model in frequency dom&sadri[132] has arrived to similar

conclusions assuming that the only contribution to the ballast degradation is given by the
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As expected, soft trackbed experiences a lower force level than a stiff one, but the
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stiffnessvalues and three loadnsidered.

viscous forcesised to represent energy dissipation in most of linear track models

simultaneously consider the effect of load characteristics, frequency of loading and trackbed
stiffness.The colour of markers indicasghe relative magnitude of the quantifyhey are

Threedimensional maps of sleeper and ballastrdiies have been plotted in order to

shown inFigure7.6 andFigure7.7, respectively.
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Figure 7.7: Threedimensional variation of (a) ballast forces, (b) ballast energy and (c) ballast power
considering loaccharacteristicsand trackbed stiffness.

FromFigure7.6(a), it is possible to notice that the case ofleepedisplacement the
trackbed stiffness is the major influencing factor a given load considergdavhile the
frequency is reasonably nagible. On the contraryin the case ofelocity and acceleration
the loading frequency is as critical as the trackbed stiffiéigsire 7.6(b,c)). This means
that the settlement models that take into accskaeefpenelocity and/or acceleration are able
to capturenot onlythe effect oftrackoed stiffness but also the effecttadvelling speed.

As adirect consequence tfis, Figure7.7 shows that out of the other quantities the
ballast power is the only one that is influenced by both the loading frequency and the

trackbed stiffness

Table7.3 summaries the main findings.

Table7.3: Summary of théindings fromthe parametricstdy. 9 LQFUHDVH ZLWK WKH: SDUDPH
decrease with the parameter considerno influence The intensity is marked with the number of arrows
from 1 (low influence) to 3 (high influence)

Load amplitude Load frequency | Trackbed stiffness
Displacement 999 - P
Bearer Velocity 99 99 s
Acceleration 99 999 s
Force 999 - 99
Ballast Energy 999 - 1
Power 99 999 P

The simultaneous variation of the three parameters consideoses thatn the case
of sleeper displacement, the trackbed stiffness is the major influencing factor for a given
load considered, while the frequency is reasonably negligible. On the comntrtdrg,case
of velocity and acceleration the loading frequency is as critical asattided stiffness. This
means that a settlement model that would take into account sleeper velocity and/or

acceleration would be able to capture not only the effect of track bed stiffness but also the
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effect of travelling speed. If that is the case thenahllast power is the only quantity among
those considered that captures both the loading frequency and the trackbed stiffriess and

might be considered as a suitable proxy for settlement calculations.

72 $SSOLFDWLRQ RI DQ H[WHUQDO PRYLQJ

Furtherinvestigations have been carrieat to include theadditionalloadingvariation
in mid-frequenciesange up to1000 Hz, in order to capture not only the effects of the
vehiclepassing load equivalent frequencias¢overedin the previous Sectiojsbutalso
the effect otthe trackdynamics includingwheetballast resonanggn the range 400 Hz)
rail-sleeper resonan¢im the range 4@00 Hz) sleeper passage resonainghe range 100
200 Hz) and raitailpad resonance (in the range 4&W Hz)[133].

Travelli d .
ravelling spee l‘D — Puy + Payn - sin(wt + )

I%II%I I%I I%:%‘I I%:%‘I I%II%I I%:%‘I I%I I%:%‘I I%I I%II%I
EORC T T T T

Figure 7.8: Vertical two-dimensional ballagtd track model with travelling sinusoidal force input.

The set of parameters used are reportebainle 7.4. Note that theappliedload has
been divided in two parts, i.the quassstatic partof the moving loadPs: andthe added
dynamiccomponentpart Payn, assumedo be50% of thequaststaticload. The dynamic
component is represented by asddd YH ZLWK D 3 SKDVH WR UHDFK D PD
monitored middle sleeper. This is especially important when low frequencies are considered,
to avoid a lag between peak load and measured track response

Table7.4: Parametric study on the track model with travelling load.

Parameter Value
Trackbed stiffness ,
(kN/mm/bearer end) 20 to 150 with a step of 10
Wheel loadkN) 40 t0210® with a step of 20
Dynamic load| 1/3/5/10/4050/60/70/80/00/100/110A20/30140
frequency (Hz) 200/250/3004#00/500/700/800/900/1000
Travelling speed ,
(km/h) 40 to 310 with a step of 30

Threedimensional maps dfleeper(Figure 7.9) and ballast quantitied=igure 7.10)

8 To match the range used in the static analysis (Section 7.1.1).
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have been plotted faa travelling speed equal t@00 km/h, in order to simultaneously

consider the effect of loadharacteristici.e. magnitude and frequencgnd trackbed
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Figure 7.10: Threedimensional variation of ballast (a) force, (b) energy and (c) power considering load
characteristics and trackbed stiffness100 km/h.

Regarding the influence of trackbed stiffness and load amplitude, all the above figures
show similar trends tdve case of applied static load (Jeble7.3 for details), as expected.

In order to understand the influence of loading frequency, further analyses have been
performed.Figure 7.11 shows the influence of this parameter on sleeper displacement,
velocity and acceleration considering three trackbed stiffness values, a given static load (i.e.
100 kN) and a given travelling spe@e. 100 km/h).

-134-



Chapter7 - Modelling the ballast longerm behaviour

@ ~ ™

o

Sleeper displacement [mm)]
w £

[N]

o

Sleeper acceleration [m!sE]

——kb = 20 kN/mm
— ——kb = 70 kN/mm
.......... kb = 150 kN/mm

0 200

400 600 800 1000
Frequency [Hz]

(@)

——kb = 20 kN/mm
— ——kb = 70 kN/mm
.......... kb = 150 kN/mm

0 200

400 600 800 1000
Frequency [Hz]

(c)

Sleeper velocity [m/s]

bt
=

=
3

<o
n

It
w

I
(X}

0.1

——kb = 20 kN/mm
— ——kb = 70 kN/mm
.......... kb = 150 kN/mm

400 600 800 1000
Frequency [Hz]

(b)

Figure 7.11: The influence of loading frequency on sleg@@displacement(b) velocity and(c)
acceleration for three differérackbed stiffness. The static load considered is 100 kN and the travelling

speed isL00 km/h.

FromFigure7.11it is possible to conclude that the loading frequency is affecting all

the sleepephysical quantities considered. For instantlee maximum value of sleeper

displacement and sleeper velocity occurs at roughly the first resonance peak of the track

consideed cee the mobility plot irfFigure 7.12 showing the first and second resonance

peak$, which represents the natural frequency of the cougliédleeper mass bouncing in

phase against the ballast spring stiffnd3ss is mainly dominated by the sleeper and the

trackbed characteristic®n the other hand, the maximum value of the sleeper acceleration

occurs at the second resonance peak, wigphesents the natural frequency of the sleeper

mass bouncing out of phase with the rail n{a84]. This is mainly dominated by the rail

pad characteristics. Thaetectedfrequencies appear to be approximatelyariant with

increasing travelling speed considessdit is a function omass and stiffness of the track

unsprung massystem Combining these findings with the ones from the previdestion

it is possible to conclude that the sleeper velocity seems to be the gtlattitgn capture

not only the vehicle characteristics in the range of low frequencies (i.e. upl®HZL) but
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also thetrackbedcharacteristics in the range of medium frequencies (i-208(z).
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Figure 7.12 Mobility curve for threeselectedrackbed stiffness values.

Figure 7.13 shows the influence dbading frequencyn ballast force, energy and

power considering three trackbed stiffness values, a given static load (i.e. 100 kN) and a

given travelling speed (i.e. @&km/h).
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As in the case of sleeper quantities, the loading frequency plays an important role on
the ballast quantitied={gure 7.13). For instance, thenaximum valueof the ballastorce
seems to be dominated by the second resonance peak of the track conBidared.(2),
theballast energy by both the first and the second resonance peak and the ballast power by
the first resonance peald second peak tol@sserdegree These frequencies appear to be
approximately invariant with increasing travelling speed considered. Combining these
findings with the ones from the previo8sction the ballasenergyseems to be the quantity
that can capture mainly the whole track chaastics in the range of medium frequencies
(i.e. 50500 Hz), while théballast poweis the quantity for the vehicle characteristics and
the trackbed characteristics

To conclude it has been seen that therrent settlement equations accountdither
quaststatic forcesor peak deflectionsThe VTI modelor a moving load modgthough,
produces higher frequency dynamic loads that may have an infloeneettiement and
reveal more details into the triggering mechanisms for track deteriaraéhernresiis show
that the lkllast forcesincrease mainly around certain frequencies corresponding to the
second track mode while thelesper displacementsncrease around frequencies
corresponding to the first track mode.terms of settlement prediction using thumerical
coupling with a VTI tool, this means that using an equation based on ballast forces (for
HIDPSOH D 6DWRYV W\SH HTXDWLRQ ZLOO IXQGDPHQW
HTXDWLRQ EDVHG RQ VOHHSHU GLVSPdeFiatoH)IQWY |IRU H]J

All these effects depend on many factors, including trackbed stiffness, track and
vehicle characteristics and track irregularities and local defects. On the other hand, if
settlement is related to the energy transmitted to thestsubture there will be a tendency
for it to increase at frequencies corresponding to the first and second tracKtnsoderth
pointing out thathe energy transmitted to the ssifoucture is the sum ¢1) a partthat can
be considered as elastically recovdea mainly linked with the spring stiffnessnd(2) a
part that can be considered as dissipatedlanghassociated with theaterial degradation,
mainly linkedin terms of VTI modelvith the dashpot damping and the accelerdgoepls
Nevertheless, it is quite difficult toapturethe system damping characteristics, especially
usinga linear model. Thushis aspecis left as further work.

A summaryof the main dominating frequencies for the sleeper and ballast quantities
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Is presented iffable7.5.

Table7.5: Summary of the main dominating frequencies for the slespkballast quantities.

Parameter Dominating frequency
Sleeper | Deflection First track mode
Velocity First track mode
Acceleration Second track mode
Ballast Force Second track mode
Energy First and second track mode
Power First track mode

7.3 9DULDWERQOUVHEIWW GHMHKBEQWWLRQV

This Sectioncontains the main novelty of the preseesearchwork. It explores in
detail the consequences tbie different behaviour shown by the main physical quantities
varying load characteristics and traekbstiffness (see Sections1l and 7.2) on the
VHWWOHPHQW SUHGLFWLRQV DFFRUGLQJ WR WKH *XpULC
strengths and weaknessafseach approachre pointed out. A new formulation is then

proposed in order to overcome the main issues highlighted.

In Figure7.14 the variation of settlement rate predictions according taGihéring V
6DWRYV DQG )U|KOLQJTV HTXDW pliu@e ahD tHa tragkbad iffhedS SO L H-
is presentedThe static load model is used in this caseRWH WKDW WKH 6DWRYfV HT
in the form of[135]:

5 L v x v2s™® " @ 71

Where B is the maximunbearefballast contact force in kN and N the number of cycles
considered. Alsoate that the coefficients used in thehling I &quationare only valid for
trackbed stiffness between 60 and kBOmm andthusoutside this range it is not possible

to make predictions unless changing them.
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Figure 7.14: Variation of settlementate predictions according to theuérinf vV 6 D WIR§hihd@' G
equationvarying (a) theload amplitudeand (b) trackbed stiffness.

Firstly, Figure 7.14 shows clearly the large discrepancy between the settlematent
predictions considering th@uérinf vV 6 D WIRd&hIndY &@ationsnot only in terms of
actual values but also in terms oérid. For instance, the settlemeate according to the
Guérin vV D QFeoHngHyguationsslightly increases with increasing load and decreases
nortlinearly with increasing trackbed stiffnegég®. stiffersupports will settle less than softer
ones *this is in line with the series of track measurements shown by Nigl3&f), while
the settlementateaccording to the S®#fV PRGHO VKRZV WKH.eRsEfeRVLWH
supports will settle more than softer one$his can be explained with thepposite
behavioursrevealed by the main physical quantities involved, i.e. displacement for the
Guérinf&quation WKH EDOODVW |dgjuaiddaridr/ariatiok H [Gald svidRsfifhess
for theFrohling 1 ®juation(see the summary ifiable7.3).

In addition, from Figure7.14it is possible to conclude that for wheel loads lower than

N1 WKH 6DWRTV UHWGOIMGY VD KHS & HH W D HARENYOHIDDAR ZAHKLH
OLPLW RQHV )RU KLJKHU ORDGV LQVWHDG WKH 6DW
predictionsAlso, only or YHU\ VRIW WUDFNEHGY L H VWLIIQHVV C
equationpredicts lower settlemematethanGuérin] VvV Z RréhDrid I \eems to converge
WR W K estIB Wémiedium/stiff trackbeds (i.e. stiffnéstween 110 and 130 KN/mm

In Figure7.15 the variation of settlement rate predictions according tadahéring vV
DQG 6DWRTV HTXDWLRQV IRU LQFUHDVLQJ ORDGLQJ IUH!
is shownusing the travelling load modeThe static load consideresl 100 kN and the
travelling speed is 100 km/h.
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Figure 7.15: Variation of settlement rate predictions according to@erinfV DQG 6DWRYV HTXDWLR(
increasing loading frequency artldree different trakbed stiffness (20, 70, 150 kN/mm for increasing line
thickness). The static load considered is 100 kN and the travelling speed is 100 km/h.

Once againFigure 7.15 shows that increasing the trackbed stiffnesmds to an
LQFUHDVH LQ WKH 6DWRYV SUGLEIFW RRGY DQGDD GIHW URIQ WX
6DWRYYV SUHGLFWLRQ LV PDLQO\ GRPLQDWH nEitlelWdKH VHFF
andthusthe railpad characteristicgs its main driver is the ballast force (see previous
Section main results). On the othentatheGuérinf V S U H i in&My déh@hated by the

first resonance peak of the track consideredthunsthe trackbed characteristics.

Ideally, the settlement equation used should accourlifthe main track resonance
modes as well as the vehicleacacteristicsConsideringall the resultgreviouslyshown, a
possible solution can be written faiows:

5 L #5® ®a0s " 72

Where N the number of cycles considerggnaxthe maximumenergyin the ballast layer
and As, Axs the regression coefficient3hese have been tuned in orderrésult in a

settlement rate value between BeérinfV DQG WKH 6 DWdfH\As8dqual ®LFWLRQ
0.001 and Asequal to 2.5

The comparison of theettlement rate predictions variation with load, trackbed

stiffness and loading frequency is showrkrigure7.16.
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Figure 7.16: Variation of settlement rate predictions according toGeérinfV 6 DWRTV DQG SURSF
equations foiincreasing (a) load, (b) trackbed stiffness and (c) loading frequency (scenarios considered:
three trackbed stiffness values, i.e.20, 70, 150 kN/mm represented by increasing line thickness, static load
equal to 100 kN and travelling speed 100 km/h).

From Figure 7.16 it is possible tadeducethe main characteristics dfie proposed
approach:

X Anincrease in external load leads toecrease in predicted settlement rate
logarithmic naturg

X An increase intrackbed stiffness leads to a rapid decrease in predicted
settlement rate, especially in the region of §adt 2050 kN/mm)and medium
(50-100 kN/mm) supportsThis implies thamore energy is required to settle

stiff track than soft track, as from exeence on track

x Dynamic loads at certain frequencies corresponding to the first and the second

track mode lead to an increase in the predicted settlement rate.

All these attributesire in line with thdong-term ballasbehaviour seen in track.
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7.4 6XPPDU\

In this chapter, the fundamental physical quantities involved in driving ballast
settlement, including sleeper displacement, velocity and acceleration and ballast force,
energy and power, have been analysed in detail in response to variations in trackbed
stiffness, axle load and loading frequency. A simplified vertical track FE model under a

quasistatic and a travelling sinusoidal force has been used for this purpose.

The results from the quastatic load model with the simultaneous variation of the
three parameters considered show that considering sleeper displacement, the trackbed
stiffness is the major influencing factor for a given load considered, while the fi@gise
reasonably negligible. On the contrary, in case of velocity and acceleration the loading

frequency is as critical as the trackbed stiffness.

The results from the travelling load model show that the influence of the loading
frequencies are strictlinked with the main track mode resonance frequencies. For instance,
the sleeper displacement and velocity and the ballast power peaks occur around the first
modal frequency, while the sleeper acceleration and the ballast force around the second
modal freqiency. The ballast energy is the only quantity that reflects both track modal
frequencies as well as lower values linked with the vehicle characteristics. It has been noted
that the total energy transmitted to the-stroicture is the sum of a recoveraplat and a
dissipated part that is associated with the material degradation. Nevertheless, it is quite
difficult to capture the system damping characteristics, especially in case of a linear model.
Thus, this aspect is left as further work (see Se&i@ifor more details on how to develop

further the methodology).

Using the previous results from the qustsitic load model, the predictions of
setttemHQW UDWH DFFRUGLQJ WR *XpULQYfV 6DWRYV DQG )U|!
the load and the trackbed stiffness. The results show clearly the large discrepancy between
the predictions, not only in terms of actual values but also in terms of Fenthstance,

WKH VHWWOHPHQW UDWH DFFRUGLQJ WR WKH *XpULQYV D
with increasing load and decreases-finaarly with increasing trackbed stiffness (i.e. stiffer

supports will settle less than softer ones), wWeKH VHWWOHPHQW UDWH DFFR
model shows the opposite tendency (i.e. stiffer supports will settle more than softer ones).

This can be explained with the opposite behaviours revealed by the physical quantities
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involved, i.e. displacementfoV KH *XpULQYV HTXDWLRQ WKH EDOODV
DQG YDULDWLRQ LQ ORDG DQG VWLIIQHVV IRU WKH )U|
results are entirely satisfactory and the need of a more comprehensive equation that can
capture tharends seen on track as well as physical quantities that can be easily récorded
situis highlighted.

Using the main conclusions from the travelling load model, a new settlement equation
is proposed based on the maximum energy transmitted to thd tglérs which in essence
combines both deflection and forces quantities, both independent physical attributes of the

reviewed settlement equations.
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8 3UHGLFWLQJ WKH UDWH RI
WKH VWXG\ VLWH

The analysis carried out in Chaptieshowed that the most common failure type at the
crossing panel is the squatghich are mainly caused by an increase in contact stresses as
well as trackbed degdation. The findings of the previous Chapter are used in the following

Section to highlight howhe proposed methodology can predict these aspects.

Section8.1details the interpretation of track recorded geometry data together with the
backcalculated trackbed stiffness and the predicted wiadlelcontact forces. The
comparison between recorded data and numerical predictions is shown in S8eztion
Discussions about the importance of the sleeper flexibility are presented in Sc8tonl
discussions about the impact of correctly model the longitudinal variation of trackbed
stiffness in SectioB.4. Finally, the main findings of this chapter are summarised in Section
8.5

81 ,QWHUSUHWDWLRQ RI WUDHKEN UHFRUGHC

Figure8.1 showsthe rate of growth of the track tdgvel that has been calculated as
the difference between the data from March 2016 and the data from April 2016 (i.e. the
period closest to the bearespllacement measurement campaign presented in Séct)on
and normalised by 100 daykhe backcalculated stiffness and stiffness gradient (see@ect
6.2 for details)as well as theredicted wheetail contact forcesre presented in the same

figure. Note that thalisplacemenieasurementseretakenat every other bearer.
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Figure 8.1: (a) Rate of growth of the track tdpvel (b) backcalculated trackbedtiffness and stiffness

absolutegradient; €) predicted wheefail contact forces at théft side The crossing nose is marked with a
vertical dashed linand the locationsfleg endswith a green line

FromFigure8.1(b), it is possible to isolate four main areas where deterioration occurs:

X betweerbearerl andbearer2: this area is characterised by the watithe leg
end It is well known howthe changefarail sectionfrom standard to wing rail
shape in conjunction with the weld profilsee for example Grossofii36])

can trigger dynamic excitation at the wheal contactevel,

X betwea bearei3 andbeare#: this area is located just before the wheel transfer
between wing rail and crossing nose, wregeneral load reduction before the
load transfer areaccuss in addition to a relative higlrackbed stiffness

gradient;

X betweenbearer 5 and bearer this is where the highest degradation occurs,
corresponding to the highest displacement at the cess side and the lowest

stiffness at the 6ft side as well as dynamic forces leamgmitted to the lower
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ground

X betweerbearer6 andbearer7: this area is characterised by high longitudinal

stiffness variation as well as dynamic loading happening at the leg end.

82 &RPSDULVRQ EHWZHHQ QXPHULFDO PRG

The available traffic data has been analysed for March 2014, i.e. the meanéistto
the measurement period, and it has been assumed to be unchanged in the following two
years. Almost 90% of the whole traffic operating on the site is passenger traffic. Thus, for
simplicity of analysis, all the simulated trains have been givesdhee characteristics as

the Mark IV coacl{see Sectiol for the reference parameters).

The Class 91 locomotive is characterised by 32% higher eatethan the Mark 1V
coach, but the unsprung mass, which is considered the main driver of track settlement among
the vehicle parameters, is comparable. Moreover, in a typical train configuration running in
the site considered there are about 10 times mbexlsets of the Mark IV coach types.

Therefore, only the contribution of the Mark 1V coach has been considered hereafter

This Sectionis divided in two mairstagesThe firstone shows thprediction of ballast
settlement rates at the selected site uid H 6 DWRYV DQG WKH *XpULQTV HT
the areas that are characterised by the highest differences with the TRC data. In the second
part, the proposed settlement equation is improved and a good agreement with the site data

is reached showindpé validity of the tool.

In the first stagekigure 8.2 showsthe comparison between TRdata and numerical
predictionusingthe 6 D WaRd[theGuérin{ &juationin terms of settlement growtser 100
days The rigidbearemodel is considered.
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Settlement (mm/100 days)

N |

1 2 3 4 5 6 7
Sleeper no.

Figure 8.2: Comparison between TRC ddtaontinuous lineand numerical predictionsising the6 D W R  V
equation(dashed linepndGuérin vV H T X D W L-Ba@led tnB)vi keHNG of settlememéate. The crossing
nosepositionis marked with the dashed red line.

FromFigure8.2, it is possible to conclude that the general trersetifement growth
is captured by the numerical modeing ERW K WKH 6 DWVERANEgDaQoBs. \IV i€ H
therefore possible to uselgt of these within a reasonably fast methodology to compare
different design approaches and assess them not only considering the dynamic impact but

also the longerm ballast behaviour, as showrGhapter?.

Some differences are, though, present. For instancéuéeny &juation seems to be
more suitable for representing area 1, area 2 and area 4 characteaseddggly constant
rate while the 6 D WeBUattonappears to bmore suitable for area 3 which is characterised

by high transient ballast force linked to the P2 impact force

In a second stage, the equatoposed in Sectior.3 has beerslightly changed to

take into account the dynamic amplification happening at the ballast level as follows:

°/p
S L #5 @ ®@@©;-D@F%E 81
WhereN is the number of cycleg&p, maxthe maximum ballast energlyi, maxthe maximum
ballast force and, stat the ballast force under the statiwheel load The regression
coefficients As, A2s and Ass have then alibrated in order to achieve the best fit of the
predicted settlement with the TRC déta. 1.935-1%, 1.5 and 5, respectivelyJhe results
comparing theTRC data andhe numerical predictios in terms of settlement ratge

presentedn Figure8.3.
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Figure83 &RPSDULVRQ EHWZHHQ 75& GDWD FRQWLQXRXV OLQH DQG Q
equation (dashed linezuérin V H TrX(@aghéeeRotted line) and the proposed equation (dotted red line) in
terms of settlement rate. The crossing nose is marked with the dashed red line.

FromFigure8.3it is possible taeasonablgonclude that the proposed equai®able
to capture the settlement rate trend of the TRC data not only in the area around the crossing
nose (Area 2) matching adequately the peak values, but also in Area 3 where the collected
data show a local peak. The main difference appears to be in Area 4 théhpredictions
suggest an increaselotal degradatiomate This can be explained with the fact that locally
there is a low trackbed stiffness ahdsa high settlement prediction.

83 7KH LQIOXHQFH RI VOHHSHU IOH[LELOLYV

Figure8.4 shows the comparison between TRC data and numerical prediction using
the rigidbearermodel and the flexibleearemrmodel in terms of settlement growth per 100
days. TheGuériny ¥quationis considereds it is the one showing the best match with

measurement data within the equations available in literature
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Figure 8.4: Comparison between TRC data (continuous line) and numerical predictions using the rigid
bearermodel (dashedlotted line) and the flexibleearermodel (dotted line) in terms of settlement growth.
The crossing nose is marked with the dashed red line.

Thedifferences between rigid and flexildearemodel are rather negligible when the
settlement rate of growth is considered, as presentdeéigure 8.4. Nevertheless, the
advantage of the latter model is that it can give information not only on the longitudinal
variation of settlement but also on the transversal one, helping assesdiagé¢hstiffness

over time as well as its possible susceptibility to crack due to developed bending stresses.

84 T7KH LQIOXHQFH RI WUDFNEHG FRQGLW

From the experimental measurements presented in Clgajitbas been seen that the
variability of the trackbed stiffnegdays a fundamental role in defining the whole system
behavioumot only in the longitudinal but also in the transversal direction. Nevesthdn
the literature this aspect is commonly neglected and a constant value is considered along the
whole crossing panel. The main aim of this Section is to quantifyiriggact of this

assumption in the shernd longterm system behaviogrediction

841 '\QDPLF UHVXOWV RI WZR ZKHHOVHW SDVVD

Figure 8.5, Figure 8.6 and Figure 8.7 show the comparisons between the case with
constant trackbed stiffness and with variable trackbed stiffness in terms of bearer

displacement and contact forces along the crossing panel.
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Figure 8.5: Comparison between the case with and without considering variable trackbed stiffness in terms
of bearer displacement at the 6ft side.
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Figure 8.6: Comparison between the case with and without considering variable trackbed stiffness in terms
of contact forces at 6ft side.
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Figure 8.7: Comparison between the case with and without considering vatisulkbed stiffness in terms
of ballast forces at 6ft sidef bearer 4

-150-



Chapter8 - Predicting the rate of degradation at the study site

Table8.1: Summary of contact forces and bearer displacements for the cases analysed.

Baseline Variable stiffness
scenario azu
(constant Value :
stiffness) baseline
Contact P1 force 151.3 147.6 -2%
forces [KN] P2 force 97.2 101.8 5%
Standard Deviation (2to 7] 7.7 8.2 6%
I[i?\:l]ast forces| Force under bearer 4 34 33.2 206
6ft side bearej Maximum at bearer 4 0.00138 0.00162 | 17%
displacementy Maximum at bearer 5 0.00099 0.00146 | 47%
[m] Maximum at bearer 6 0.00085 0.00076 | -11%
Maximum at bearer 7 0.00061 0.00077 | 26%
Standard Deviation (2 to 7] 0.00025 0.00038 | 52%

Considering the actual variation stiffness (se€igure8.5, Figure8.6 andFigure8.7)
leads to slightly different response in terms of predicted iatadlecontact forces especially
in the areas where local support deficiency is not accounted for ¢¢.mcEease in the P2
force and6% decrease in the signal standard deviation). Regarding the bearer displacement,
differences between considering and cansidering the variable stiffness distribution range
betweenlland #47%. The signal standard deviation difference is very high, rea&iairg
These discrepancies can contribute to important urmlepverprediction of longterm

behaviour of the track

842 6HWWOHPHQW UDWH DQDO\VLV

Figure 8.8 shows the comparison of the case considering and not considering the
longitudinal variation of trackbedtiffness in terms of settlement growth rate along the

crossing panel.

35

1.5

Settlement (mm/100 days)
[\%]

—_

et
15

1 2 3 4 5 6 7
Sleeper no.

Figure 8.8: Comparison of the case considering (continuous line) and not considering (dashed line) the
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longitudinal variation of trackbd stiffness in terms of settlement growth rate along the crossing panel. The
crossingnose is marked with the vertidaie.

As expected from the previous Section, not considering the variation in trackbed
stiffness leads to significant errors in letggm predictions, namely a decrease in the mean
value of-47% and in the standard deviation -@G9% w.r.t. the case of considering the
variation. Therefore, it is crucial to include this aspect in the modelling used to predict the

long-term behaviour of thedck.

85 6XPPDU\

This chapter summarises the application of the findings fharprevious chapter to

the assessment of settlement rate for the selected study site.

The TRC rail top level data is used to calculate the rate of settlement growth at the
crossig panel. The main areas of the graph are highlighted in combination with the

backcalculated trackbed stiffness and the predicted wiadidiorces.

7KH UDWH RI GHJUDGDWLRQ LV SUHGLFWHG XVLQJ WK
compared with measureent. The general trend of settlement growth is captured by the
proposed numerical model. Some differences are, though, present and cannot be captured by

the settlement equations considered.

The new equation is then slightly modified to include a dyndallast force factor.
The results show a reasonably good agreement between TRC data and numerical predictions,
revealing the strength and advantages of the proposed methodology and proposed equation.
Therefore, this tool can be used as a methodology tpaandifferent designs proposed and
assess them not only considering the dynamic impact but also thdetomgballast

behaviour.

Finally, the differences in the prediction considering constant and variable trackbed
stiffness are quantified in the shad longterm system behaviour. The results consistently
show important differences between the two cases, up to 47% in case of vertical bearer
displacement and 79% in case of standard deviation of the rate of settlement growth. It is
thus clear how thesastrepancies can contribute to important underoverprediction of

long-term behaviour of the track.
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9 &RQFOXWGLRGXDQICRIXUWK}
ZRUN

Switches and Crossings (S&Cs) have been proven to be the central part of the railway
infrastructure and, ahé same time, are subjected to the highest failure rates. One of the
main root causes identified is the noemiform track degradation over time that leads to
further failures in the whole system. The main aim of this research was to propose a
methodology hat is able to assess a range of design options from the understanding of
transient loading and a losigrm point of view.

In Sectior9.1thesummary of the main achievementghis workand the conclusions

arepresentedand in Sectio®.2therecommendations for further work digted

91 6XPPDU\ RI DFKIDH}YGIFRQWOXVLRQV

A detailed review of the current methodologies to model the dynamic behaviour of the
vehicle and trackoupled system with a specifiscus on the S&Cwasgivenin Chapter3.
Additionally, the large variety of ballast settlement models present in the literature has been
identified, highlighting the fact that the lotgrm predictions are intrinsically linked to the
methodology adopted to develop the equation (i.e. from labgregst, fromin situtests or

IURP WKHRUHWLFDO PRGHOV DV ZHOO DV WR WKH FRQG
*XpULQTY DQG )U|KOLQJYYV ZHUH WKHQ VWXGLHG LQ GHW
track behaviour with the lontgrm ballast evolution, as these are models directly use the
dynamic outputs as input in the lotgym predictions. Nevertheless, all three present
disadvantages. The first equation is based on the ballast pressure and shows increasing
settlement for increasyntrackbed stiffnessvhich is against what it is usually experienced

on track (i.e. stiffer supports lead to less settlement than softer suppdsinaximum
displacement that is at the base of the second equation cannot be directly related to plastic
deformation of ballast under varying conditions. In the case of the third equation, a number
of factors are used which are difficult to calibrate for different cases and track configgration

in particular the way the load is distributed from the contactlléo the ballast level.
Therefore, the necessity of proposing a new settlement equation to be used in the vehicle
track interaction context is highhepcommended
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The statistical analysis of a large failure database from the UK railway netvagrk
preseted inChapter4 focussing on the types of failures occurring at the crossing ganel.
has been seen that even if the occurrence of the transwersiihg of castings very low
(about 5%), it represents a very expensive failure mode requiring the complete replacement
of the casting and is very much a priority for infrastructure managers in thi kA& been
identified that this failure mode isigkctly linked with the norhomogenous longitudinal
support conditions anithusthe ballast differential settlemempi,ovidinga major motivation

to supportthe whole work carried out.

As one of the major achievements of the current wdrk,developmentfoa three

dimensional vehiclé¢rack interaction model at the crossing pamasintroducedn Chapter

5, including the detailedhreedimensional FE model of the rail and its characteristic
longitudinal variability.In this way, it is possible to overcome the limitations of commercial
softwareavailable in terms of track flexibility. Furthermorbetmodel can beasilyadapted

to other track forms, including plain line and switch pahelorder to validate the wheel

rail contact routine,raearly validatioragainsthe commercial softwardl-Rail is proposed

and a good match of the main dynamic outpbts been achieved even if the contact
algorithm is quite simplified (i.e. only one point of contact considered per each wheel and

Hertzian contact model for the normal dynamics)

The successfuinodel validation against bearer vertical displacement measured at a
UK site equipped with Under Sleeper Pads is presems€hapter6. Tuning the trakbed
stiffness along the crossing panel it is possible to achieve a very good match between
experimental data and predicted numerical values, with an average difference lower than
7%, increasing the confidence in the model developkd measured data st®that the 6ft
side is stiffer than the cess side at the crossing nose location. The major learning point is that
the actual behaviour of the whole system is coudmteitive, as the increased bending
stiffness of the whole track system (i.e. increasedding stiffness at the rail level and
presence of long bearer) counb@lances this phenomenon and a lower trackbed stiffness is
calculated insteadin addition to that, the loss of trackbed supgesdnat the 6ft side around
the crossing nose can bepéained with the impact force, especially the P2 force component

which is recognised to be influencing the trackbed degradation.

One of the key achievements of tiesearchs the detailed discussigresented in

- 154-



Chapter9 - Conclusions, discussion and further work

Chapter7 about the basic mechanisms involved in the {tergh ballast behaviowand the
implicationsconsidering a range of settlement equations that are available in litefature.
simplified two-dimensional track FE model is proposed for plain line under a-gtets:
excitation and a moving sinusoidal excitation. The results from the-gtzdi load model

show that considering sleeper displacement, the trackbed stiffnesamsjtireinfluencing

factor for a given load considered, while in case of velocity and acceleration the loading
frequency is as critical as the trackbed stiffness. The results from the travelling load model
show that the influence of the loading frequenciesstrictly linked with the main track

mode resonance frequencies. The ballast energy is the only quantity that reflects both track
modal frequencies as well as lower values linked with the vehicle characteristics. Using the
previous results from the quastiatic load model, the predictions of settlement rate according
WR *XpULQYV 6DWRYTV DQG )U|KOLQJYVY HTXDWLRQV DUH
large discrepancy between the predictions, not only in terms of actual values but also in
termsoftUHQG )RU LQVWDQFH WKH VHWWOHPHQW UDWH DF
equations slightly increases with increasing load and decreasdiseanty with increasing
trackbed stiffness (i.e. stiffer supports will settle less than softer onai$g,the settlement
UDWH DFFRUGLQJ WR WKH 6DWRYVY PRGHO VKRZV WKH F
settle more than softer ones). None of these results are entirely satisfactory and the need of
a more comprehensive equation that can captergehds seen on track as well as physical
guantities that can be easily recordtedituis highlighted. Using the main conclusions from

the travelling load model, a new settlement equation is proposed based on the maximum
energy transmitted to the balldayer, which in essence combines both deflection and forces

guantities, both independent physical attributes of the reviewed settlement equations.

Finally, in Chapter8 the calibration of the proposed settlement equati@s
performed against the settlement rate at the same site used in Gapdeagood overall
trend is achieved, increasing the strength of the proposed methodotepssessmerdf
longitudinal variation of trackbed stiffness below the crossing partleén proposedt has
been shown that it is necessary to include this imtheerical model in order to correctly

capture the longerm ballast behaviour.

To conclude, the thredimensional VTI model proposed in this thesis offers a valuable
and independent instrumentdive insight intahewhole system dynamic behaviour taking

into account not only the ndmearities at the wheehil contact level but also the
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longitudinal and transversal variability of the track sugtencture characteristics. The main
application presented is in the crossing panel, but it can be convenisetl in other
contexts that require ldgh level of accuracy, such as the switch panel or transition zones.
In addition to that, it has been demonstrated how the tool, including thediongoallast
behaviour is flexible and can be used to quantitatihelp the key decisiemakers in the

assessment of various track design aspects.

92 )YXUWKHU ZRUN

Further work is listed as follows:

X Additional validation of the VTI model can be achieved using available on
track acceleration data not only at the bearer lewthlso at the rail level. The
measurements should be taken not only at crossing panel but also in plain line,
over transition zones and at switch panel. In this way, it is possible to capture
the supesstructure behaviour induced by different types»dafiwtions, i.e. no
excitations, excitations due to change in trackbed stiffness, excitations due to
change in wheetail contact surface and excitation due to the combination of
the above.

X The proposed equation for the letegm ballast behavious basedn the total
energy transmitted to the ballast. It has been pointed out that only the dissipated
part is the onassociated with the material degradation. Nevertheless, it is quite
difficult to capture the system damping characteristics, espeasafiga linear
model Thus, it is suggested to furthéevelop thelynamicmodel tocorrectly
capture the damping behaviour and the dissipated energy transmitted to the
ballast.Also, the proposed equatiohas been derived theoretically and tuned
against one seif data available for a given UK site. Further validations should
be carried out against laboratory tests in order to capture the overall behaviour
under controlled conditions and for low loading frequencies. In addition,
further measurement sites shob&lconsidered in order to assess the influence

of higher loading frequency.

x Additional applications of the tool developed incluthe assessment of the

following aspects
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(@)

Modification of the resilient track layers, such as-pats baseplate

padsand potential USPs;

Change of thecrossingstructural design on the lonterm system

degradation;

Variation ofthe crossing layout due to a change in bearer spacing,

which leads to a change in the whole system stiffness distribution;

Modification of sleepr design and sleeper material design.
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Appendix A Degradation modes at the rail level

Appendix A ' (*5$'$7,21 02'(6 $77+(
5%,/ /(9 (/

Al :HDU

Wear models can be generally divided in two main categories:

1 Energy transfer models

The materiallossis a function of the energy skipated in theontact patchAn example is the
PHWKRGYV EDV H-GanRr@) ivhictian, Avhich is defined as:

6U0L 63 E6Q E 6/ Xy 10.1
Where:
T1, T2, T3 = longitudinal, lateral and spin component of creep force [N], [N], [Nm];
1 2 &= longitudinal, lateral and spin component of creepagef],[rad/m].
7KHUH DUH VHYHUDO VWXGLHV D HERXK Y38\Wiknd récenitlf,@ Ra¥ L R Q
been applied to develop a wheelset management tool supporting the optimization of the maintenance
and renewal processgs39]. Change of material type and application to S&C might in practice
necessitate a modified damaged functidms has been done applying the methodology described in

Burstow[140] considering cast manganese.

2 Sliding models

The material loss depends combinations of sliding distance, normal formeg material hardness.
$Q H[DPSOH LV WK[tH1$ uhkichRAlcGgteth©l@sZvolume due to the wear as:

9 L%@@D 10.2

Where:
W = volume of material lost due to wearJm
kw = wear coefficient [rAIN];

H = material hardness [Pa];

® The main referenceis[5].
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P, = normal force applied [N];
s = sliding distance [m].

The wear coefficient depends on several aspects, such as the governing wear regime, the steel

properties, the sliding speed and the environmental conditions.

In several studies this formula has been applied due to the relativessasor example if2, 142
144]. In Johnssof®?], the wear damage has been included in a wider routine to calculate the evolution

of the switch profile due to the cumulative effects of wear and plastic deformation.

Some further consatations about the interactions between the wear and the fatigue phenomena are

reported in the followindgSection

A2 )DWLJXH 5&)

Two main approaches are possible to define as follows:

x Enerqgy transfer models

7TKH 7 1XQFWLIRI®QalspTused torpdictthe RCF growth.n reality wear andRCF are
competitive phenomena, as the wear tends to limit the propagation of cracks due to cyclic contact
stresses by removing material from contact surfaé8, 146] Recently, a model including these two
damage mechanisms has been developed by calculating accumualatagedon strips across the
head of the rail and comparing the totals with RCF damage observed in pybaétiteraking in
account the R260 steel grathere ardour main areas in which the graph is divideé(re10.1):

o] 7 - there is no surface damage on i

0 7 :theRCF increase©O LQHDUQ\ ZLWK 7

o] 7 . : both RCF andvearappear on the rail surface;

o] 7 ! : there is onlywear since the wear rate exceeds the rate of propagstion

RCF.

Figure 10.1: WLRM Damage Index algorithm, showing separate RCF and Wear functions as well as the
composite fornf147].

In the INNOTRACK final repor{148] the authors regard this method as more acewadtl useful
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than the shakedown map due to the unambiguous numeric output which is directly relatable to fatigue
life. Note that this model has been validated against specific conditions (traffic, rail types and material
hardness) from comprehensive stgdiethe UK.

X Shakedown map

In Ekberg[149] a fast predictive method using shakedown maps is presented. In particular, surface

and subsurfaemitiated fatigue mechanisms are considered through two indices:

o Surface fatigue index

L oS. .o te=%

(feab &F3 F&F 7 103

Where:
QRUPDOL]JHG YHUWLFDO ORDG
a, b = semiaxes of the Hertzian contact patch [m];
ky = yield stress in pure shear [Pa];
P, = vertical load [N];
W = utilized friction coeficient, defined as:
a L@ 104
3

Where:
Fx, Fy =

The surface fatigue occurs if the index is not lower t@' rel10.2shows the geometrical meaning

of the index in the shakedown map. Point X indicates the actual stress conditions: if it is in the left
part of the plasticity curve (bold continuous curve), thema be elastic state, elastic or plastic
shakedown. On the contrary, if it is on the right side, ratcheting may occur. Thereforesuthe FI
represents the horizontal distance from the plasticity surface.
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Figure 10.2: Shakedown map showing thejrindex[149].

The yield stress in pure shear is calculated as following. The yield stress S-foartensitic

materials is estimated through a liner relationship depending on the Vickers hardness HV. The vyield

stress in pure sheaps$s then equal toe yield stress divided by the square root of three. Since it is

known that the steel grade 350HT has vyield stress in pure shear equal to 430 MPa, it is possible to
calculate a rectified yield stress in pure shear for any maﬁa’lalelo.l shows the calculation for a

manganese crossing during the service life.

Table10.1: Yield stress in pure shear for manganese crossimmguhe service life.

S Ss Ky
HB | BV rvpa) [ MPa] | R | [MPa]
220 |232 |528 |305 |071 |213
250 | 263|612 |353 |082 |246
280 | 295 695 |401 093 |280
310 326 | 779 450 |1.05 |314
340 | 358 | 863 498 |1.16 | 347
370 390 946 |546 | 1.27 |381
400|421 1030 |595 |1.38 415
430 453 | 1113 | 643 | 1.49 | 448
460 484 | 1197 691 | 161 | 482
490 516 | 1281 |739 |1.72 |516
520 | 548 | 1364 | 788 | 1.83 |549
550 | 570 | 1448 |836 | 1.94 |583

0 Subsurface fatigue index
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3 ) .
vé:>:SEaG; E=,i%80= 105

(ted
Where:
apv = material parameter;
% res= residual hydrostatic stress.

This is an approximation of the Dang Van equivalent sffEs8], according to which the fatigue
damage occurs when the equivalent material stress exceeds the equivalent fatigue limit, usually

assumed to be equal teetfatigue in pure shear.

In the formula, the first term represents the approximation of the maximum Dang Van equivalent
stressn the case gbure rolling with a correction to take into account the slight increase due to lateral
loads. The second ternm the contrary, represents the influence of residual stress on the hydrostatic

part.

It has been proven how accurate this formulation is, comparing the results with the exact Dang
Van formulation: the differences are always not greater than 8%.

A3 )DWLIXABREKRHQW IDWLJXH

The fatigue of the track components is particular dangerous as it may leads to derailments and,
consequently, to accidents. In the following, two main parts of the track are considered: rail joints

andbeares.
x Rail joints

The joints repreent a discontinuity in the system. Thus, all the components are subjected to very high
impact loads, as investigated in several studies (for exd2f{I&80, 151, 153]

In Dunchevd153], particular attention is paid to the zones around the bolt holes, since they natural
stress riserand, then, potentially very dangerous. The fatigue life of a holed component subjected to
cyclic load can be increased by generating poessive normal stresses around the hafeithus
significantly reducing the maximum values of the operating tensile stresses at the critical points of
the components. In this way, it is possible to impede the formation of huvdeks(Grossoni5]).
The Authors propose a coldworking of the holes, based on split sleeve cold expansion (CE) method.
The essence of this approach is generating a field of residual compressive stresses around the hole,
pulling a tool with a diameter greater than the diameter of the preliminary drilled hole. The beneficial
effect is in enhancement of fatigue life byd® imes and significant savingsom reduced
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supervision of railway, current maintenance and rail replacement clsthis paper, the beneficial
effects are also demonstrated with a complete FE model, comparing the case with and without CE

process.

In Mohammadzade[154], a statistical approach is adoptegtovide a comprehensive probability

model of fatigue crack initiation prediction in railhead of joint aksiéer calculatinghe peak forces

as proposed in Jenkirf29], a quaststatic analysis iperformedwith the FE software ABAQUS
includingthe railmechanical propertieé&fterward, gplying an appropriate fatigue crack initiation

model, the fatigue life estimate for each wheel passing. Damage parameter is calculated for each train
SDVVLQJ E\ OLQHDU OLQHUYV O D zarmdd@b® @dvidirdgdad lappopriate W\ D C
limit state function.According to sensitive analysis and Monte Carlo simulatiaits Latin
hypercube sampling, it iundthat the axle load and yield stress htheePRVW HIIHFW DQG 3F

ratio havetheleast effect on output results.

X Cracked bearers

In this study only concreteeares are considered as they are the most common type in the main lines.
Failure in thebeares may be a critical issue in the railway track system, as it greatly reduces their
lifetime andthusincreases maintenance neads costs. Nevertheless, it has been shown how cracks

in beares have minor effects on the dynamic response of the entire[ ifask

In Thun[156], four types of tests (i.e. bending capacity of the-8édtion bending capacity
of the rail Section horizontal load carrying capity of the fasteners and control of the concrete
properties of the testdukares) have been performed in order to assess the load carrying capacities
of noncracked and crackdmkares. The results show that small cracks do not influence the horizontal
load carrying capacity. When the cracking becomes severe, the capacity is reduced that much to reach
the level of the applied load. Also, the weather conditions play an important role in increase the crack
deterioration.

A4 30DVWLF GHIRUPDWLRQV

Plastic deformation and ratcheting phenomena have been extensively studied, but most of the
developed theories are still very specific. In Bati7] the authors critically compare five constitutive
models to predict ratcheting responses, that are the Prager, ArrStemiegick, Chaboche, Ohno
Wang and Guionnet models. Kinematic hardening rule and backstress direction on ahultiaxi

ratcheting simulation are found to be strongly influent. In particular, it is commonly accepted that the
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AmstrongFrederick model is appropriate to simulate the hardening behaviour of metals for small
straing158]. Nevertheles, in railway applications it is very unlikely to have this situation. Therefore,

it is necessary to consider large strains under cyclic loading, as in Johfi8oMm60] where a
multi-axial ratcheting modehas been proposed using multiple Amstréingderick and Burlet
Cailletaud formulations. That has been applied in many studies (€916, 162)] involving S&C

and their components, as this is the main targdteofitodel [159, 160).

Instead of calculating the actual evolution of the rail profile, which may be highly costly, some
authors, for example ifiL63, 164] refer to overall quantities, such @& accumulated equivalent
plastic strain(PEEQ and the equivalent Von Mises stresses, both available in commercial FE

packages, as an indication of the plastic damage in the railway system.

Plastic deformtions cause change in the rail cr@sctionand thereforethe distribution of
contact stresses. Those changes are somehow captured within the wear model presented previously
especially the sliding models which quantify the material loss. As the apprbtuh present study

is to reasonably simplify the reality, this aspect will be incorporated in the wear part.
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Appendix B +(57= &217%$&7 7+(2%<

Bl *HRPHWU\ RI VXUIDFHVY LQ FRQWDFV

Given two generic bodig&igureA.10.3) and following the assumptions IistedSectioE.B.l

thetwo contact surfaces are expressed ascarsd order polynomial as follows:

VL#HTESYEERTU

L #5TS E $6L6 E %Te W A
Where:
X1, Y1, X2, 2= directions of the principal curvatures of ik body;
A1, Bi, Cy, Az, By, Co = coefficients depading on tha-th body geometry.
Figure A.10.3 £The normal deformation of elastic bodies in contact.
The gap between the two bodies is:
DLMVMFVGLA#TESPE®TU A.7

Where:

X,y =direcionsWKDW IRUP DQ DQJOH . DQG UHVSHFWAYHO\ ZLWK

10The main reference [48]
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Appendix B Hertz contact theory

Considering the principal radii of curvature of each bogyaRd Ry (i=1,2) and neglecting the
mixed term, it is possible to express the coefficiéngsd B as:

#E$LSFiESESESG
t 4sg 4o 4dsa dea

SF#

A.8
6 6
L—S"F—SFSGEI_—SFSGEII_—SFSGI_—SFSG7KO
t dsg 4oy des  d6a 4o 4sa  dea  dea

Where:

% DQJOH EHWZHHQ WKH SULQFLSDO|FglweAIBYYy rdhlQV RI WKH EF

Figure A.10.4 tAngles between the principal directions of contacting bodies.
In the case of contabetween wheel and rail, the rail curvature along the longitudinal direction
FDQ EH QHJI®HF\OHMR WKH ZKHHO FXUYDWXUH DORQJ WKH OR:
taking in account the total contact angle:

A s L4“ L & A9
Where:
/ FRQWDFW DQJOH >UDG@

0s = wheelset roll angle [rad];

Rw = wheel rolling radius [m].

B2 1RUPDO FRQWDFW SUHVVXUH

If the assumptions of Hertz theory are satisfied, the contact area is elliptical and is described by
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the semiaxes a and b along the longitudinal and lateral direction respectively. The pressure at the

contact point can be expressed as following:

uz

te=>

€:Tadd; L

Where:

Xc, Ye = coordinate of point of contact;

P, = normal force applied at the contact interface [N];
a, b = semaxis of the contact patch ellipse [m].

In particular, the serraxes a and b can be calculated as:

u_sFa& s
=L <3 .,_88
t 65 HES$
u_sF& s
> -2
L t 3 ‘o #ES

Where:

m, n = coefficientsDV IXQFWLRQ RI WKH SDUDPHWHU

A.10

A.ll

¢ 3RLVVRQTV FRHIILFLHQW RI WKH FRQWDFWLQJ ERGLHYV

Ec <RXQJYV PRGXOXV RI WKH FRQWDFWLQJ ERGLHV >3D@

,Q SDUWLFXODU WKH SDUDPHWHU

$F#
N K7
aL .K@I—#E$p
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Appendix G Coefficients for the tangential contact problem

Appendix C &2()),&,(176 )25 7+(
7$1*(17,%/ &217$&BB%/(0

The coefficients inEquations Bl-B.4 are expressedn function of the geometrical

characteristics of the contact patch:

BsL "ea= s B.1
Bel "ca= Fs B.2
B7L "esi=3" %%, B.3
B7L 'ea:=3%%;7 B.4

Where:
Ewrw <RXQJITV PR GWHeetrdil contatt KR4];
a, b = semaxes of the contact ellipse [m];

C11, G, Co3, Cz3 = Kalker creepage coefficients (Table D.1).

TableB.1 +Kalker coefficients.

In TableB.1:

ol ¥ e aS =% LE HUF wh B.5
usF & t = >;6p e '
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AppendixD 1(:0%$5. %7$ ,17(*5%$7,21
o(7+2'

Firstly presentedn 1959by Nathan M. Newmark for use inrattural dynamics, particularly
for the solution of structural dynamics problertigs methodhas been modified and improved by
many researcheriiring the timeThe most important aspects are the possibilith@finconditional

stability andthe second order accuracy.

D.1 '"HULYLQJ WKWV HRS)V

The accelerations assumed tovary linearly between two succeeding instants of time.
Moreover, t is possible tanodify the value of two constants in order to indicate how much the
DFFHOHUDWLRQ HQWHUV LQWR WKH YHORFLW\ DQG WKH GLV:!

,QVWHDG RI FRQVLGHU GLUHFWO\ WKH ¥R)0GadVelociyHULH\

[ 6. _vectors at the time- E+Newmark expressed them:as

P .
<ol S 7E PE: g_E—t [ {EU®P @S, _ C1l
8. L[:8E Pg:l EUGP @S, _ C.2
Where:

PRGHO SDUDPHWHUYV

Assuming the acceleration linear with the time step, the[j%ltE;__at the time W™ Wan be

written as following:

[ & FLL

[ o L4 =

Substituting the §uationE.3into E.1andE.2, it can be easily found in the standard form:

L P .
Sel"L S¢"E PE:QE:sFtU G- [[[EUGP@: L, C4
(8 L[S E:sFU®PE:{ EURP @: L, C5

11 The main reference [465]
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Substituting the equatiorisund previouslyinto the general dynamic equation of the motion,

the Newmark equations can be obtained with the following relation:
< o 7L R o™ .6
Where:
S@-= effective stiffness matrix [N/m];
<5'5g> .= effective force vector at the tim&/ GW >1@

In TableC.1, the algorithm based dwewmark Betanethod is reported

TableC.1 - Algorithm based olNewmark Betanethod
Initial computations:

1. Form stiffness [K]mass [M] and damping [C] matrices;

2. Calculate the displacement ,=vector, velocity < §=vector and force< ,=vector at the
time t=0 (initializing);

3. Calculate the acceleration 4=vector at the time t=0 as:
<f=L F> 75> %, =F > 75> X} {[=E> 7°<,3

4, SeOHFW WLPH VWHS oW DQG PRGHO SDUDPHWHUYV .

5. Calculate the integration constants;: LT;- afs Lﬁr afe L%r af, Lg F safg L

- F saf L%r S Ft;8f L c=sF>af L>®&=+

6. Form the effective stiffness matrix?®L > ?ET;- ® ’?E@r ® ?

7. Triangularize the effectiveiffness matrix: Y@L > 2> 2> X

For each time step:
1. &DOFXODWH HIIHFWLYH |IRYEHLYHEWRU?®W WLPH
kfs & Efe @ O Ef, & {OE>?&fs & =Efg @ 0 Efo & {0
1. 6ROYH IRU GLVSODFHFPARQWYLBR, WLPH W aW
2. Calculate the velocity vectdr &, .r_and the acceleration vectér /- g_DW WKH W
[ by L fa®<,=F<,SF fe &bFf, & (=
[Gu LICELAES @ oy

D2 ORGHO SDUDPHWHUYV

$V VDLG SUHYLRXVO\ LQ WKLY PRGHO WKH YDOXH RI WZR
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to indicate how much the acceleration enters into the velocity and the displacement equations at the
end of interval ¢~which depends on theptimumaccuracy stability and dissipative characteristics
that would be reachdd66].

IW LV UHTXLUHG WKDW ONRKZHH b DVUKCCPGH W H D Q G- WbRdR ttD UD P H'

SV\I/ A. Svy in order to have an unconditional stability. The possible cases vahgngarameters

are presented in Figure E.1.

Figure C.1 - Stability ofNewmark Beténtegration methods
It can appear that there are a large number of cases specifying diffeegrdion parameters.
Few of them are the most commonly used and are reporibieC.2.

TableC.2 - Main cases oNewmark Betanodel parameters with corresponding type of acceleration and stability
Type of acceleration Type of stability

1| 1/6 | 1/2 Linear Conditional stability

2 | 1/2 0 Constant Conditional stability

3 1/2 | 1/8 | Constant with two values
(changing in the migboint)

4 | 1/2 | 1/4 (tra;?eozr(])?élzrl]trule) Unconditional stability

Conditional stability

It is worth noticing that in the fourth case the largest truncation errors are introduced in the

frequency of response compared with other ones.

J)LQDOO\ IRU YDOXHV RI SDUDPHWHU GLITHUHQW IURP
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if equalszerq there wil be anegativedamping, which creates a seltcited vibration
due to only the integration method;
if isgreater tharD.5, there will be gositivedamping, which creates a damping effect

even without real damping in the problem
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