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“CONVITE

Defronte da cabana de bambu
respira a esmeralda de um lago.

Viras quando tiveres tempo,
beberemos cha,

na casa de barro coroada de colmo
nao encontraras conforto.

E facil saber qual é:

frente a porta e antes da cabana de bambu
uma arvore pujante de eternas
afogueadas gemas

anuncia os futuros visitantés.

(in Oferenda Oriental, Aires Montenegro)






A Alice






THESIS EXAMINING COMMITTEE

The present thesis has been examined on March013, 2t the Faculty of Engineering of

the University of Porto by the following committee:
President:

* Dr. Rui Manuel Carvalho Marques de Faria (by ddiegaof the Dean of the Faculty of
Engineering of the University of Porto), Full Preder of the Civil Engineering
Department of the Faculty of Engineering of theuénsity of Porto, Porto, Portugal.

Examiners:
 Dr. Makoto Tanabe, Professor of the Department efcihnical Engineering of the

Faculty of Engineering of the Kanagawa Institutd e€hnology, Atsugi, Japan.

e Dr. José Maria Goicolea Ruigébmez, Full Professothef Escuela de Ingenieros de
Caminos, Canales y Puertos of the Polytechnic Usityeof Madrid, Madrid, Spain.

e Dr. Jodo Carlos Pombo, Associate Professor in Rgiliangineering of the School of
Energy, Geoscience, Infrastructures & Society o€ theriot-Watt University,
Edinburgh, United Kingdom.

* Dr. Raimundo Moreno Delgado, Full Professor (Enusjitof the Civil Engineering

Department of the Faculty of Engineering of theuénsity of Porto, Porto, Portugal.

* Dr. Rui Artur Bartolo Calgada, Full Professor oét@ivil Engineering Department of

the Faculty of Engineering of the University of ofPorto, Portugal (Supervisor).






GENERAL CONTENTS

GENERAL CONTENT S ..t tttiittteiti ettt ettt e et e et e eta e st e eaasaeenaesaaeaneetnaaetnseennaesnneesnaaeannneeenneeens IX
=1 12X @ P Xi
] 11T T Xlil
B ettt ettt et e et et aaaea e et et et e ee e e e eeeneens XV
L IST OF PUBLICATIONS. ...ctuuetttuneetetteeeeetiaeesetaeesstnnsasennnssaesstanaesssnaesstneessnnaeesssneessnnnaaeeees XVil
ACKNOWLEDGEMENTIAGRADECIMENTOS ... .cciitttiieeeeeeettieeeeeeesssneeessssrnnnnssneaeessessnaaeeseennes XiX
TABLE OF CONTENTS .1tuuuttetttttttteeeeeerttiteeeessrtuneaeeeeeesssttnaeessestnnaesessrtnaeeseessrnnnasseeees XXiii
IS O] 3 1T I XXXV
CHAPTER L - INTRODUGCTION . ... ittuiiteett ettt e ettt ee et e e et e e et eeemaee et e et eeaanaesneeannaesnaeennasnneennnns 1
CHAPTER 2 = STATE OF THE ART..uuiituiiitiieite et e et eett e st e et e seaaee st e esneetnaaetneetnseenneeenneeennnenns 19

CHAPTER 3 - RAMEWORK OF THE METHODOLOGY FOR THE ASSESSMENT OF THE TRAIN
RUNNING SAFETY ON BRIDGES........ciiiiiiiiiii i 49

CHAPTER 4 - DEVELOPMENT OF A METHOD FOR ANALYZING THE DYNAMIC TRAINSTRUCTURE
INTERACTION. ..ot e as 73

CHAPTER 5 - VALIDATION OF THE TRAIN-STRUCTURE INTERACTION METHOD........uvviviieennnnn. 111

CHAPTER 6 - RUNNING SAFETY ANALYSIS OF A HIGHSPEED TRAIN MOVING ON A VIADUCT UNDER

SEISMIC CONDITIONS. ..t ttuetttuetttneeeteetiseanse et eesnsesnnasesnsesn e et aeesnaeesnseesneesnnaees 149
CHAPTER 7 - CONCLUSIONS AND FUTURE DEVELOPMENTS .....cuvtttruiisasseeeeeeeeaeeeeeeeessssnnnnnns 211
APPENDIX A - IMPLEMENTATION OF A CONTACT LOOKUP TABLE. .....cuvvtuuuiieaseeeeeeeeseeeeeennnennnnnns 221
APPENDIX B - COEFFICIENTS FOR THE NORMAL AND TANGENTIAL CONTACT PROBLEMS........ 229
APPENDIX C - BLOCK FACTORIZATION SOLVER ... ctttuuieittieetttnseeessnnesssnneessssnasessssneassnnneeees 233

= = =] N TP 237






ABSTRACT

This thesis focuses on the development of a methgygdor the assessment of the train
running safety on bridges. Particular attentiogiv&n to the running stability against moderate
and frequent earthquakes which, although may neée @osignificant threat to the structural

integrity, can jeopardize the train running safety.

In light of this objective, an overview of recemtidies carried out in the field of rail traffic
stability over bridges is presented, along witheaiew of the different existing methods for

analyzing the dynamic response of the vehicle-giracsystem.

After going through the most common modeling akines, the train-structure interaction
method proposed in this work is presented. Specmdhasis is given to the wheel-rail contact
model used to calculate the contact forces thaganerated in the contact interface between
the wheel and rail. Most of the existing method=atirthe contact forces in the normal and
tangential directions as external forces, whereagptesent formulation uses a finite element to
model the behavior in the contact interface, basedhe Hertz theory and Kalker's rolling
friction laws. To couple the vehicle and structuhes governing equilibrium equations of both
systems are complemented with additional constegjnitions that relate the displacements of
the contact nodes of the vehicle with the corredpannodal displacements of the structure.
These equations form a single system, with disph&cgs and contact forces as unknowns, that
is solved directly using an optimized block factation algorithm. The proposed model is
based on the finite element method, which allovesahalysis of structures and vehicles with
any degree of complexity. The present formulatisnmplemented in MATLAB, being the
vehicles and structure modeled with ANSYS.

The implemented vehicle-structure interaction ta®lvalidated with three numerical
applications and with the results obtained in apeexnental test. First, the results obtained
with the creep force models implemented in the psed method are compared with those
obtained with the Kalker's exact theory of rollimgpntact implemented in the software
CONTACT. In the second application, the tests peném in the Manchester Benchmark are
revisited and replicated with the proposed numerical. The third numerical application

consists in the hunting stability analysis of apmmgled wheelset. The results obtained with the
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Abstract

proposed method for the lateral displacements amdrgtations of the wheelset are compared
with those obtained with a semi-analytical modekaldbed in the literature. In the last
application, an experimental test conducted in rbleng stock test plant of the Railway
Technical Research Institute in Japan, in whichilasicale railway vehicle runs over a track
with vertical and lateral deviations is reproducednerically. The results obtained with the
proposed method are compared with the experimesdalts and also with the results obtained
using the software DIASTARS.

Finally, a study regarding the running safety dfigh-speed train moving over a viaduct
under seismic conditions is conducted using theeld@ed train-structure interaction method.
The studied viaduct is based on an existing flydype structure of the Portuguese railway
network, while the vehicle consists of a Japandsek@nsen high-speed train. The seismic
action is represented in terms of artificial acomygams generated from the elastic spectra
described in EN 1998-1, while the irregularity pled are generated based on analytical power
spectral density functions. Since no significanblmear behavior is likely to be exhibited in
the columns for the levels of seismicity considerethis work, all the analysis are performed
in the elastic domain with a reduction in the sgfs of the columns to account for the concrete
cracking. The running safety analysis of the rajlweehicle running over the viaduct is
assessed based on four derailment criteria, beangfluence of the seismic intensity level, the
vehicle running speed and the track quality onrtirening safety evaluated separately. At the
end, all the information obtained in the dynamielgses is condensed in the so-called running
safety charts, which consist in the global envelopeach analyzed safety criteria as function

of the running speed of the vehicle and the seismgnsity level.
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RESUMO

A presente dissertacao centra-se no desenvolvindentoma metodologia para avaliagéo da
seguranca de circulacio de comboios sobre pontesd& particular atenciio a estabilidade de
circulacdo na presenca de sismos de intensidaderadalque, embora possam néo constituir

uma ameaca a integridade estrutural da ponte, ppdeem causa a seguranca de circulagéo.

A luz deste objetivo, comeca-se por apresentar esnmo dos estudos levados a cabo
recentemente no ambito da seguranca de trafeguviftio em pontes, conjuntamente com
uma revisdo dos diferentes métodos apresentaddsibliagrafia com vista a analise da

resposta do sistema veiculo-estrutura.

Apés avaliar-se o atual estado do conhecimentorea, &presenta-se a formulacdo do
método de interacdo veiculo-estrutura desenvolaimi@resente trabalho. E dada uma énfase
especial ao modelo de contacto roda-carril usad® @paalculo das forcas de contacto geradas
na interface de contacto. Na maioria dos métodistegnes, as forgas de contacto nas direcdes
normal e tangencial sdo tratadas como sendo fesgasnas, enquanto a presente formulagcao
utiliza um elemento finito para modelar a interfalgecontacto, baseado na teoria de Hertz e
nas leis de atrito de rolamento propostas por Kalkem vista ao acoplamento do veiculo com
a estrutura, as equacgbes de equilibrio dinAmico csioplementadas com equacdes de
compatibilidade que relacionam os deslocamentosndssde contacto do veiculo com os
correspondentes deslocamentos nodais da estriistas equacdes constituem um sistema
anico, cujas incognitas sdo deslocamentos e fodgasontacto, que pode ser resolvido
diretamente através de um algoritmo de fatorizagdo blocos. A ferramenta proposta é
baseada no método dos elementos finitos, permitisdon a analise de veiculos e estruturas
com qualquer nivel de complexidade. A presente titagiio encontra-se implementada em

MATLAB, sendo os veiculos e a estrutura modeladwos recurso a ANSYS.

A ferramenta de interagdo veiculo-estrutura implegaca € validada através de trés
aplicacbes numéricas e de um ensaio experimensaimA a primeira aplicacdo consiste na
comparacao dos resultados obtidos pelos modeladridle de rolamento implementados no
presente método com os resultados obtidos atravésoda exata de Kalker implementada no

software CONTACT. Na segunda aplicacéo, os test@&zados no Benchmark de Manchester
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Resumo

sdo revisitados e replicados com a ferramenta riaangroposta. A terceira aplicacdo consiste
na andlise de estabilidade de um eixo isolado fasemovimento de lacete por ele
experimentado. Os deslocamentos laterais e rotagéekcete obtidos com a ferramenta
desenvolvida sdo comparados com os resultadosostaiiaves de um modelo semi-analitico
descrito na bibliografia. Na Ultima aplicagdo, érogluzido numericamente um ensaio
experimental realizado na instalacdo de testes aerial circulante do Railway Technical
Research Institute no Japao. Neste teste foi afsaim veiculo ferroviario a escala real a
circular sobre uma via sujeita a desvios vertiedeterais impostos por atuadores. As respostas
do veiculo obtidas com a ferramenta proposta s@fs@iadas com as respostas experimentais,
bem como com os resultados obtidos no software DAES.

Por dltimo, € realizado um estudo da seguranca idmilagcdo de um comboio de
alta-velocidade a circular sobre um viaduto sujeitacées sismicas. O viaduto estudado &
baseado numa estrutura do tifgover existente na rede ferrovidria Portuguesa, enquanto
veiculo consiste num comboio de alta velocidaderd@&m A acdo sismica é representada sob a
forma de acelerogramas artificiais gerados a paltis espetros elasticos descritos na
EN 1998-1. Ja as irregularidades sdo geradas caem dra funcdes analiticas de densidade
espetral de poténcia. Uma vez que nado é especpaeal comportamento dos pilares atinja um
nivel significativo de ndo-linearidade, todas asliaes séo realizadas no dominio elastico,
tendo-se tido em conta a reducéo de rigidez dasegildevido a fendilhacdo. A estabilidade de
circulacdo é analisada com base em quatro critdeagescarrilamento, sendo a influéncia da
intensidade sismica, da velocidade do veiculo guddidade da via na seguranca avaliada
separadamente. No final, toda a informacéo obtata andlises dindmicas € condensada em
mapas de seguranca de circulagdo. Estes mapasteansia envolvente global de cada critério

analisado em funcéo da velocidade de circulacaeettmlo e da intensidade sismica.
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LIST OF SYMBOLS

For clarity purposes, all the abbreviations, notagiand symbols presented in this list are
defined in the text when first used. Generally, tise of the same symbol for different entities
is avoided. However, in situations in which sucbgadure proved to be inadequate, the risk of
misunderstanding is minimized by preventing theutiameous use of the same symbol for
different entities in the same context. The listridered alphabetically.
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High Speed Load Model
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Peak Ground Acceleration
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d Penetration between the two contacting bodies
E Young modulus

F Force

f Frequency

f(s) Surface defining function

G Shear modulus

h Vertical distance

I Intensity function

I ] Indices
Kh Hertz generalized stiffness coefficient
L Span length

I Half of the gauge
M Moment
m, n Hertz coefficients

Vertical contact force

XXXViil



List of symbols

-s.

X, Y, Z

Y

Radius of curvature

Initial rolling radius of the wheel

Correlation function

Irregularity

Rigid body slip at the contact area

Power spectral density function

Surface parameter

Actual slip at the contac area

Structural period / Return period of the seisnittcm
Time / Deck twist

Vehicle speed

Relative tangential elastic displacement at thedamirarea
Cartesian coordinate in a 3D coordinate system

Lateral contact force

Greek symbols

S = R

Z NW,P,R,U

Parameter of the method

Newmark integration parameter

Contact area

Contact angle / Newmark integration parameter
Deflection / Displacement

Tolerance / Gradient of tangential stress

Safety criteria factors (Nadal, Weinstock, Prud'hmamrail rollover and wheel

unloading)
Hertz angular parameter
Angular rotation between decks

Surface curvature
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Chapter 1

INTRODUCTION

1.1 SCOPE OF THE THESIS

In the 21st century, with the globalization playiag increasingly important and influential
role in societies and markets, the developmentew¥ transport infrastructures that allow an
efficient movement of passengers and goods iseofitmost importance. Railway transport, in
particular the high-speed railways, have been ptagi key role in this context, contributing for
the sustainable development of countries, bothemms$ of economic growth and social
development. This type of transport has severahmidges over others, namely road and air,
mostly related with the lower transportation cositg, lower environmental impact and safety.
Additionally, the reduction in travel time due tbet increase of speed, along with an
improvement in passenger comfort, also contribdibesthe greater competitiveness of rail

transport.

The experience acquired in the countries whichadlyeimplemented high-speed railways
provides insight into the impact of this mean ahgport in the development of those countries.
Sanchez Doblado (2007), for example, refers th&piain, the new high-speed railway network
has strengthened the social and territorial colnesil made an undeniable contribution for the
economy of the country. Barron de Angoiti (2008%0alprovides important information
regarding the market share of high-speed traine.atthor refers that since the high-speed line

between Paris and Brussels opened, the carrieémgss by train grew from 24 % to 50 % of

1
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total traffic (see Figure 1.1a). Another examplethe evolution of the modal split is the

Spanish high-speed line between Madrid and Sevitlethis case, considering only the

passengers carried by train and air transporthitjie speed train obtains more than 80 % of the
share, against the 33 % before the high-speedMasopened (see Figure 1.1b). According to
the statistics presented by the author, even censglthe effect of the low cost air companies,
the high-speed services continue to have advamtaggms of market share. As an example,
the Eurostar that links London to Paris carrie®9@f the total passengers that travel by train
or plane. The high-speed train is therefore a nemcept of rail transport characterized by a
high standard of reliability and safety, which n@gsume a very attractive alternative for the

movement of people and goods.

®Coach ®Plane ®Car BTrain ®Plane @Train
84
50
24 33
' Before high-speed ' After high-speed ' ' Before high-speed ' After high-speed

(a) (b)
Figure 1.1 - Evolution of the transport modal s(diiapted from Barron de Angoiti (2008)):

(a) Paris-Brussels line and (b) Madrid-Seville line

The fast development in the last decades of seveghlspeed rail networks around the
globe made it necessary to build new railway linkat would meet the strict design
requirements of this type of transport. Thus, teeassity to ensure smoother tracks with larger
curve radius resulted in new railway lines withighhpercentage of viaducts and bridges. Some
countries in Asia, for example, such as China, dagad Taiwan, have a highly developed
high-speed railway network in which some of theeéinhave more than 75 % of viaducts
(Ishibashi, 2004; Kao and Lin, 2007; Dai et al.1@)) as shown in Figure 1.2.
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® Viaducts and bridges = Tunnels ® Viaducts ® Bridges @ Earthworks
100%

100%

80% 80%

60% 60%

40% 40%

20% 20%

0% 0%

Heifei  Ningbo ~ Winhan Zhengzhou Harbin  Beijing  Beijing Guangzhou
Wehan  Wenzhou Guangzhou Xian Dalian ~ Shanghai Tianjin ~ Zhuhai

(a) (b)
Figure 1.2 - Infrastructures in high-speed railwdg$ railway viaducts in China (adapted from Dai e
al., 2010) and (b) railway infrastructures in Jafedapted from Ishibashi, 2004).

Tokaido Sanyo Tohoku  Joetsu  Hokuriku  Nagano  Kyushu

This reality led to an increase in the probabibfya train being over a bridge during the
occurrence of hazards that might compromise itsinghsafety. Some of these bridges are
situated in regions prone to earthquakes, whichtedhew concerns among the railway
engineering community. Countries such as JapamaCHiaiwan, Spain and Italy, which have
an extensive high-speed railway network, are go@ngles of this reality. In the Portuguese
case, the new high-speed line that is projectembitmect Lisbon to Madrid is also situated in a
region prone to earthquakes. Therefore, events asithe derailments that occurred during the
Kobe Earthquake in January 1995 (see Figure 1.8@®, Shinkansen high-speed train
derailment at 200 km/h during the Mid-Niigata Earibke in October 2004 (see Figure 1.3b)
or the train derailments caused by strong crosssviegdorted by Baker et al. (2009), gave the

railway engineers the impetus for analyzing thenmig safety of trains on bridges.

(b)
Figure 1.3 - Train derailments on bridges: (a) timent during the Kobe Earthquake (Corbisimages,
2014) and (b) derailment during the Mid-NiigatatBguake (Ashford and Kawamata, 2006)
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Few studies, however, were carried out so far aomeg this topic, resulting in a lack of
regulation in the existing standards, especiallyarding the running safety under seismic
conditions. Only the Japanese Seismic Design Stdrfda Railway Structures (RTRI, 1999)
and, more recently, the Displacement Limit StandardRailway Structures (RTRI, 2006),
have addressed this topic. In the European stasdaogvever, the stability of railway vehicles
during earthquake is not addressed, being the EI-29(2003) and the EN 1990-Annex A2
(2001) limited to design criteria for railway brielgin ordinary conditions, and the EN 1998-2
(2005) restricted to design criteria related to #teuctural safety. This is an important
drawback, since the running safety of trains miglaeopardized not only by intense seismic
actions, such as those used to design the bridgeléo by moderate earthquakes, which may

not cause significant damage to the structure.

Hence, taking into consideration the existing gagarding this topic, both in terms of
regulation and available studies, a methodology dssessing the train running safety on

bridges is proposed in this thesis.

1.2 MOTIVATION AND OBJECTIVES

The motivation for developing the present thesisearfrom the fact that few studies were
carried out so far concerning the safety assesswferdilway vehicles when travelling on
bridges during the occurrence of hazards. Thisrgaplted in a lack of regulation in the current
European standards, especially with regard toifkeaf derailment under seismic conditions,
since the standards related to earthquake desegmeatricted to criteria regarding structural
integrity. Hence, given the current state of knalgke, it is the opinion of the author that the
development of a numerical tool able to realishcadredict the dynamic behavior of the
train-structure system and the risk of derailmemder adverse conditions is of the utmost

importance in railway engineering.

Under this context, the main objective of the pnésthesis consists of developing a
methodology for the assessment of the train runeafgty on bridges. To fulfill this goal, the

topics that are described bellow have to be adddess

The first topic to be addressed consists of devetpp computational tool to simulate the
dynamic interaction between railway structures amhicles subjected to any kind of
excitation. Special attention is given to the whredl contact, since it is the key point for the
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analysis of the contact forces that support andegtie vehicle through the railway line. An
understanding of the nature of these forces isetber essential to the study of the running
safety of railway vehicles. Hence, the definitioh the mathematical formulation of the
wheel-rail contact model is essential. In the pmeseork, the numerical modeling of the
vehicle and structure is performed with the commaérsoftware ANSYS (2010), being the
structural matrices imported by MATLAB (2011), irhieh the aforementioned formulation is

implemented.

The validation of the proposed vehicle-structurteraction formulation is also a crucial
issue to be addressed. Some studies in the pasmnpreeveral numerical applications that serve
as validation instruments for this type of toolewever, the majority of these applications only
concern the vertical dynamics, neglecting the ¢ffeélbat arise from the contact between the
wheel and the rail in the other directions. Therefan the present work, the proposed
formation is validated using numerical results oi#d with other softwares, as well as
experimental data obtained in a test performechen Railway Technical Research Institute
(RTRI) in Japan.

Furthermore, the development of realistic modelsboth the railway structure and the
vehicle is also an important objective of this woltk a large number of studies related with
running safety, the flexibility of the track is setimes neglected, being the problem restricted
to the dynamic behavior of the vehicle. In the preésvork, the finite element method is used
to overcome some of these limitations, since ibvedl a detailed modeling not only of the
structure, but also of the track, which may havéngwortant influence in the dynamic response

of the vehicle.

As mentioned before, the present work aims to as$esrunning safety of trains, not only
during ordinary operation, but also during the aopence of hazards which may significantly
increase the risk of derailment. In this thesigcs attention is given to moderate earthquakes
with high probability of occurrence. It is knowmwever, that even the ground motions that do
not represent a major threat to the structure reapgrdize the running safety of the vehicle
due to excessive vibrations. Therefore, a methagofor modeling the seismic behavior of
railway structures subjected to moderate earthquakeuld be another topic to be addressed in

the present thesis.

Finally, the present work aims to present a coreplatd realistic study regarding the

running safety of high-speed trains on bridges usdemic conditions. To achieve this, a real
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train and viaduct are considered in the case standyhich several scenarios are analyzed, with
different train speeds, seismic intensities andktraregularity levels. The running safety
assessment is performed using criteria based otaaoforces between the wheel and rail,

being the risk of derailment extensively analyzeddach of the aforementioned scenarios.

1.3 STRUCTURE OF THE THESIS

As a consequence of the objectives described irpteeious section, the structure of the
present thesis is divided in seven chapters, hisdirst one devoted to present the scope and

the main objectives of the thesis.

In Chapter 2, a state of the art regarding the dspelated to the assessment of the train
running safety on bridges is presented. Here, anv@w of the recent studies carried out in the
field of rail traffic stability over bridges, witlspecial focus on the running safety against
earthquakes, is exposed. Attention is also givetheodifferent methods proposed by several
authors to study the train-structure interactiorjng their advantages and disadvantages
discussed in this chapter. Since the majority efriimning safety criteria are related with the
control of the contact forces between wheel anld special attention is given to the wheel-rall
contact models incorporated on the train-strucitnteraction tools. At the end of the chapter, a
summary of the recommendations and norms regarthiegstability and safety of trains,
defined in standards from Europe, Japan and UiS gresented.

After presenting the current state of knowledge, tiethodology proposed in this work for
the assessment of the train running safety on bsidlgdescribed in Chapter 3. An overview of
the methodology is presented, along with a briefcdption of each part that composes it.
Then, each part, with the exception of the trarnettire interaction method that is presented
separately in Chapter 4 due to its importance envthole methodology, is described in more
detail in the following sections. First, the maousces of excitations of the vehicle considered
in the present work, namely the track irregulasiénd earthquake, are described. Additionally,
although no significant damage is expected to ooauthe structure for the levels of seismicity
considered in this work, a methodology to accowmtthe reduction in the stiffness of the
bridge piers due to concrete cracking is proposad described in this chapter. Lastly, the
derailment mechanisms that may occur during thegmges of a train over a bridge, together
with the safety criteria used to analyze the pdsstxcurrence of such phenomena, are

discussed.
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As mentioned above, Chapter 4 is exclusively delote the formulation of the
train-structure interaction method developed in ghesent work. The first part of the chapter
comprehends the description of the implementedefiobntact element used to model the
behavior of the contact interface between the whedlrail. Then, special attention is given to
the mathematical formulation of the wheel-rail @mtmodel proposed in this work. The
contact model is divided into three main steps,cwhare described in detail in this chapter.
They are: 1) the geometric problem, consistinghef detection of the contact points between
wheel and rail; 2) the normal contact problem, ihick the normal contact forces are
computed; 3) the tangential contact problem, whbee creep forces that appear due to the
rolling friction contact are calculated. Moreovite method used to couple the vehicle and the
structure, referred to as the direct method, ism@sd. In this method, the governing equations
of motion of the vehicle and structure are complet®@ with additional constraint equations
that relate the displacements of the contact nofléise vehicle with the corresponding nodal
displacements of the structure. These equatioms #osingle system, with displacements and
contact forces as unknowns, that is solved direaing an optimized block factorization
algorithm. The present formulation is implementedMATLAB, being the models of the

structure and vehicles developed in the finite eletimethod software ANSYS.

In Chapter 5, the train-structure interaction medtlteveloped in the present thesis and
described in Chapter 4 is validated with three micakapplications and one experimental test.
The first numerical application consists of validgtthe creep force models implemented in
the proposed method by comparing the results gbyethem with those obtained with the
commercial software CONTACT (2011). This softwaseai useful instrument for validation,
since, although it cannot be used in the dynanmukition analysis of railway vehicles due to
its excessive computational cost, it provides examttions for the wheel-rail tangential
problem. In the second application, the tests perd in the Manchester Benchmark, which
consisted of prescribing lateral displacementsyawd rotations to a single wheelset to analyze
its behavior, are revisited and reproduced withpfoposed method. The results are compared
with those obtained with the several railway simiola softwares tested in the benchmark.
Then, in the third numerical application, a huntstgbility analysis of a suspended wheelset is
performed. In this application, the lateral dispiaents and yaw rotations of the wheelset
obtained with the proposed method are compared thitse obtained with semi-analytical
equations presented in the literature. Finallyegperimental test conducted in the rolling stock

test plant of the RTRI, in which a full scale raalyvwvehicle runs over a track with vertical and
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lateral deviations, is reproduced numerically. Thenerical results are validated with the
experimental data from the test and with resultstaiobd with the software
DIASTARS developed by Tanabe et al. (2008).

In Chapter 6, the computational tool developedhia work is used to evaluate the running
safety of a high-speed train moving on a viadudeurseismic conditions. The studied viaduct
is based on an existing flyover type structurehef Portuguese railway network situated in the
city of Alverca, while the vehicle consists of gpdaese Shinkansen high-speed train. The
seismic action is represented in terms of artifieiecelerograms generated from the elastic
spectra described in EN 1998-1 (2004), while thegularity profiles are generated based on
analytical power spectral density functions. Momothe calculation of the effective stiffness
of the piers of the viaduct, using the methodolqgggposed in Chapter 3 to account for
concrete cracking caused by the earthquakes, sepied. The running safety analysis of the
railway vehicle running on the viaduct is assedsasbd on the derailment criteria described in
Chapter 3. The influence in the running safetyhw seismic intensity level, vehicle running
speed and track quality is evaluated separatelyhétend of the chapter, all the information
obtained in the dynamic analyses is condenseddrsticalled running safety charts, which
consist of the global envelope of each analyzeetgafiteria as function of the running speed
of the vehicle and of the seismic intensity level.

Finally, in Chapter 7, overall conclusions are dnaamd the perspectives for future research

in the field of railway dynamics as a consequerfdlie work are suggested.



Chapter 2

STATE OF THE ART

2.1 INTRODUCTION

In the present chapter, a state of the art regaridhe running safety of railway vehicles on
bridges is presented, along with the existing niraktools and standards used to address this
problem. First, an overview of the recent studi@sied out in the field of rail traffic stability
on bridges, with special focus on the running saégfainst earthquakes, is presented. Then, a
review of the different existing methods for anahgz the dynamic response of the
vehicle-structure system is performed, emphasittiegmain advantages and disadvantages of
each one in terms of accuracy and computational 8asce the majority of the running safety
criteria are related with the control of the comtémrces between the wheel and rail, the
wheel-rail contact model used in the vehicle-stitetinteraction tool is of the utmost
importance to obtain accurate results. Thereftre third part of the chapter aims to describe
some of the most common wheel-rail contact modgistiag in the literature. The whole
wheel-rail contact model can be divided in threemparts, namely the geometric, the normal
and the tangential contact problems, which areudised separately in this part of the chapter.
Finally, a summary of the recommendations and nateismed in the standards from Europe,

Japan and U.S.A. regarding the stability and sajetgains is presented.
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2.2 PAST STUDIES CONCERNING THE ASSESSMENT OF THE TRAIN
RUNNING SAFETY ON BRIDGES

In the last decades, especially due to the devedopmof the high-speed railway networks
around the world, the necessity to ensure smodatheks with larger curve radius resulted in
new railway lines with a high percentage of viaduahd bridges. Some of these bridges are
situated in regions prone to earthquakes or in dedlpys, in which strong crosswinds are
frequent. This reality led to new concerns amorgyrtilway engineering community, since it
may represent an additional risk factor for thensaTherefore, events such as the derailments
that occurred during the Kobe Earthquake, in Jan@865, the Shinkansen high-speed train
derailment at 200 km/h during the Mid-Niigata Egribke, in October 2004, or the train
derailments caused by strong crosswinds reportglaer et al. (2009), provided the impetus

for analyzing the running safety of trains movinghyidges.

Few studies, however, were carried out so far ammeg this topic, resulting in a lack of
regulation in the existing standards, especiallyarding the running safety under seismic
conditions. Only the Japanese Seismic Design Stdrfda Railway Structures (RTRI, 1999)
and, more recently, the Displacement Limit StandardRailway Structures (RTRI, 2006),
have addressed this topic (see Section 2.5.3hdrEtropean standards, however, the stability
of railway vehicles during earthquake is not adseds being EN 1992 (2003) and
EN 1990 Annex A2 (2001) limited to design criteria for kady bridges in ordinary conditions
(see Section 2.5.2), and EN 1998-2 (2005) resttitdedesign criteria related to the structural
safety. This is an important drawback, since thmimg safety of trains might be jeopardize not
only by intense earthquakes, such as those usadbitess the no-collapse requirement referred
in EN 1998-1 (2004), but also by moderate evenltscivmay not cause significant damage to
the structure. Regarding the crosswind assessrit@ntEuropean standards are broader in
scope, being the wind loads on railway viaductsnegef in EN 19911-4 (2005) and the

running safety of railway vehicles against crossisimaddressed in EN 14065 (2010).

However, few criteria, based solely on the vertmaitact forces, namely the wheel unloading

and vehicle overturning criteria, are defined iesh standards to assess the running safety.

Most of the studies about the running safety ofimay vehicles during earthquakes have
been carried out in the 90s after the Kobe Eartkejublevertheless, even before this event,
Tanabe et al. (1987; 1993) developed the firstiorref DIASTARS, a software intended to
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simulate the dynamic interaction between the tasid the railway structure during earthquake.
The algorithm takes advantage of the modal transitions performed to the displacements of
both the train and structure in order to effeciiveblve large-scale railway systems. The
equations of motion of the train-structure systemthen solved with modal coordinates using
2003; Tanabe et al.,
2008) also include the nonlinear behavior of thedd® piers during earthquakes and the actual

the Newmark method. More recent versions of DIASBARanabe et al.,

geometry of the wheel and rail profiles in the emhtmodel. The later versions of the software
were validated using results obtained in experialetdsts performed in a shaking table
2004; Tanabe et al.,
2005; 2006), as shown in Figure 2.1.

(Miyamoto et al., 2008) ana irolling stock test plant (Sogabe et al.,
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Figure 2.1 - Validation of DIASTARS: (a) shakingla test (adapted from Tanabe et al. (2008)) and
(b) rolling stock test (adapted from Sogabe e24105)).

As mentioned above, after the Kobe Earthquake Bbl8everal studies about the risk of
derailment during earthquakes have been carried Miutra (1996) studied the effects of
earthquake-induced displacements of tracks inrdia tunning safety, while Miyamoto et al.
(1997) studied the influence of the lateral andtiigal ground motions in the vehicle safety
using sine waves of different frequencies as tpatiexcitation. The authors concluded that the
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vehicle running safety against earthquakes hasoagdr relation to the lateral ground motions
than to the vertical excitations. The results, hasvewere obtained under several simplifying
assumptions, such as the consideration of sine wiavations without phase shift between the
wheelsets and neglecting the asynchronous vibsatemd track irregularities. Therefore,

according to the authors, the comparison betweesethesults and results obtained with real
earthquakes should be performed with special care.

Yang and Wu (2002) analyzed the stability of tramesting and travelling on bridges
subjected to scaled natural records (see Figuje A 2his work, a train-structure interaction
method based on condensation techniques (Yang amd2@01) was used to perform the
analysis, being the running safety of the trainleat®@d by a derailment index. The ground
motions were scaled to have moderate peak grounelemations of 0.8 misin order to
guarantee that the bridge remain elastic duringetlehquake. The authors concluded that,
when the train was resting on the bridge, the e@rtexcitation had a small influence in the
train stability. However, in the scenarios where titain was moving, the presence of nearfault
vertical excitations drastically affected the shipiof the train, resulting in a decrease of the

maximum allowable speed that guarantees the safeine vehicle.

ballast
RSR element

Vo
T —
ground motion ¥ ‘
CFR element vertical

bridge element

Figure 2.2 - Model proposed by Yang and Wu (2002 tain running on a railway bridge subjected to

seismic ground motions.

As mentioned earlier, strong crosswinds may alspgedize the running safety of the
vehicle, especially when it is crossing a viadiat.et al. (2004) carried out a study regarding
the dynamic response of a train-bridge couplingesyssubjected to crosswinds. The case study
was performed with a train of two locomotives aaed passenger coaches running at 160 km/h
on an existing cable-stayed bridge submitted teswmnds with an average speed of 30 m/s.
The wind forces acting on the bridge were generasiitg a spectral representation method and

measured aerodynamic coefficients, while the wioaldl acting on the train was simulated
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taking into account the effects of the vehicle sbaed the spatial correlation with the wind
forces acting on the bridge. The authors evalu#itedrunning safety of the train with the
derailment factor and with the wheel unloadingetiitn, concluding that the train remained
safe for the specified wind action. In fact, théfedences between the derailment factor with
and without wind load were not significant for tiparticular case. However, according to the
authors, a parametric study would be necessarsaiw thore general conclusions.

Li et al. (2005) developed an analytical model fstudy the dynamics of the
wind-vehicle-bridge system. The model took intocast several aspects regarding the wind
action, such as the fluid-solid interaction betweka wind and the bridge, the stochastic
definition of the wind load and the time dependeotthe system due to the movement of the
vehicle. The authors discussed the influence ofatimel load in the response of the bridge and
the vehicle by comparing the results obtained io distinct scenarios: one without crosswinds
and another with a wind load with an average sp#e2b m/s. In both scenarios, the vehicle
speed was 250 km/h. The results showed a significammease in the lateral and vertical
accelerations of the vehicle's carbody, resulting variation of the vertical wheel loads due to
the rolling moments induced by the lateral windcéwling to the authors, these variations in

the vertical contact forces may represent a sicgnifi threat to the vehicle's running safety.

Luo (2005) and Luo and Miyamoto (2007) made impdrtantributions to the development
of a code-type procedure for evaluating the runrsafpty of trains under seismic conditions.
The authors evaluated the dynamic behavior of séuailway vehicles using simplified
analytical models and observed that the respongkeo¥ehicles were strongly dependent on
the frequency components of the ground motions.aAsgesult, the authors developed a
code-type provision based on a concept of ener¢ggnbe, in which the spectral intensity is
used as an assessment index for the running safkty.index, which is presented in the
Displacement Limit Standard for Railway Structuf@TRI, 2006), reflects the amount of

energy of the seismic wave that influences theclehiibration.

Several studies were conducted on long-span brisigiggected to earthquakes, in which the
spatial variability of the ground motion resultedimportant differences in the responses when
compared with those obtained with synchronous metiat all supports (Nazmy and Abdel-
Ghaffar, 1992; Alexander, 2008). Xia et al. (20Q@esented a model of the coupled
train-bridge system subjected to non-uniform exictes. In this study, the authors evaluated

the influence of the spatial variation of the grdumotion in the running safety of a train
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moving on a multi-span continuous bridge. They fbtimat neglecting the moving wave effect
may lead to unsafe conclusions regarding the #talmf the vehicle. Later, Yau and Fryba
(2007), Fryba and Yau (2009) and Yau (2009) camieidresearch on the dynamic response of
suspended bridges subjected to non-uniform exoitati (see Figure 2.3) and similar
conclusions were drawn. However, in their studies,vehicle was modeled as a set of moving

loads or moving oscillators, which is usually irfgtiént to assess the train's running safety.
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Figure 2.3 - Suspended bridges subjected to ndiorumiexcitations: (a) vehicle modeled as a set of
moving loads (Yau and Fryba, 2007) and (b) as afsebving oscillators (Yau, 2009).

Kim and Kawatani (2006) evaluated the seismic respf steel monorail bridges using a
three-dimensional dynamic model, with particulacu® to moderate ground motions with high
probability of occurrence. However, the study wasmy directed towards the response of the

bridge, with small emphasis given to the traintening safety and passenger's comfort.

Sogabe et al. (2007) investigated the train runojuality during earthquakes in long-span
bridges with tall piers. The authors studied tHeience of the structural damping and the train
speed in the running safety, concluding that thectiiral damping has a stronger influence on
both the structure and the vehicle response. Theareh also included a study regarding
possible improvement methods, such as sliding bgaystems or an increase in the stiffness
of the piers, in order to enhance the train runmgjoglity.

Nishimura et al. (2008) analyzed the derailmerk asrailway vehicles running on a track
subjected to sinusoidal excitations with differér@quencies, using a criterion based on the
wheel lift displacement instead of the traditiosakfficients based on the wheel-rail contact
forces. The authors concluded that the runningtpat@s compromised when the vehicle
suffered rocking motions, with significant whedt at low frequency excitations, and when the
wheel flange impacts onto the rail at high frequeexcitations.
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Baker et al. (2009) presented a state of the afheofesearch that has been carried out on the
crosswind effects on road and railway vehicles. déigg the running safety of railway
vehicles, the authors stated that the main intdrastbeen focused on the definition of the
Characteristic Wind Curves (CWC), which define timait wind speed that leads to the
overturning of the vehicle caused by a wheel unlgadf 90 %. These limits can be evaluated
through a simplified conservative approach basedaoguasi-static analysis or through a
dynamic approach performed in the time domain. Adiog to the authors, only the latter is
able to account for the effects of the contact pheena between wheel and rail. Moreover,
only through a dynamic analysis of the vehicle,jscied to the unsteady aerodynamic forces
and moments caused by crosswinds, it is possiblenake an evaluation of the effects
associated with the crosswinds other than the i&iollover. In fact, turbulent crosswinds
can result in a decrease in the running safetynefviehicles if specific vibration modes are
excited. However, dynamic approaches in the tinmaalo can be computationally expensive

and, in the majority of the cases, more compler tha quasi-static approaches.

Guo et al. (2010) studied the running safety afamtrunning on the Tsing Ma suspension
bridge in China, subjected to turbulent crosswintlglifferent speeds. The authors evaluated
the running safety of the train with two criterisorh the Chinese railway design standard,
namely the derailment factor and the wheel unlagdniterion, and presented the results in the
form of CWCs (see Figure 2.4). As mentioned eartieese curves illustrate the relationships
between the mean wind velocity and the criticahtspeed that leads to derailment. The results
showed that the running safety was controlled leyd#railment factor for wind velocities up to
15 m/s (see Figure 2.4a) and by the wheel unloadiitgrion for velocities above that value
(see Figure 2.4b). Furthermore, when the mean wahakcity reached 30 m/s, the critical train

speed dropped to nearly zero, indicating that ailéraffic on the bridge should be closed.
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= 300 < 300
= =)
5] 3
o, o,
; 200 Safe area ; 209 Safe area
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Mean wind velocity (m/s) Mean wind velocity (m/s)
(a) (b)

Figure 2.4 - Characteristic Wind Curves: (a) denaift factor and (b) wheel unloading criterion
(adapted from Guo et al., 2010)
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More recently, Tanabe at al. (2011; 2012) studibd post-derailment behavior of
high-speed trains running on railway structurescéthe derailment occurs, the wheel loses
contact with the rail and touches down on the trsitkcture. According to the authors, the
wheel-track contact model is divided into two patitee vertical contact between the wheel and
the track structure (see Figure 2.5a) and thedhtntact between the wheel and the safe
guard (see Figure 2.5b). This was an important avgment, especially during earthquake,

since the vehicle has to remain safe within thieveai structure even after derailment.

T ¥ Wheel-guard
Wheel-track : contact area

contact area : \
Track i i
structure Track structure

(a) (b)

Figure 2.5 - Post-derailment behavior: (a) whestkrvertical contact and (b) wheel-guard lateral

contact (adapted from Tanabe et al. (2011)).

Antolin (2013) presented a train-structure intecactmodel developed in the software
ABAQUS (2010), taking advantage of its capabilities solving multibody and finite element
systems for the vehicle and the structure, resgpaygti The vehicle-structure interaction was
established through a wheel-rail contact model dase kinematic relations between the
wheelset and the track. The work focused on thdystf a high-speed train crossing an
existing railway viaduct belonging to the Spanistiway network, the Ulla river viaduct,
subjected to strong lateral winds. Several dynaamalyses were performed in this study,
comprising a vast range of train speeds and wiakcitees, in which the running safety of the
train was evaluated based on the Prud'homme aneélwimoading criteria. By taking into
account all the combinations of train and wind siseeand considering the different wind
time-histories for each speed and the track ira@giés, Antolin (2013) built the CWCs to
evaluate the critical train speeds for each winlbaity (see Figure 2.6). The influence of the
structure flexibility was also studied, as can leersin Figure 2.6. However, the author
concluded that it does not play an important rolehie running safety of the vehicle for this

particular case, since the CWCs were very similar.
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Figure 2.6 - Characteristic Wind Curves: (a) flégibtructure and (b) rigid structure (adapted from
Antolin (2013))

2.3 METHODS FOR ANALYZING THE DYNAMIC BEHAVIOR OF THE
STRUCTURE AND VEHICLE

In the present section, a review of the differeqsteng methods for analyzing the dynamic
response of the structure and railway vehiclesresgnted. Three main methods for studying
the dynamic behavior of a railway viaduct and/dnigke can be distinguished: 1) moving loads
model (Section 2.3.1), in which the vehicle is nmledeas a set of moving loads of fixed
magnitude; 2) virtual path method (Section 2.32)which the deformation of the viaduct due
to the action of the vehicle, computed with moviogds, is prescribed to the vehicle in order
to obtain its response and 3) vehicle-structureradtion methods (Section 2.3.3), in which the
viaduct and the vehicle interact with each othea @supled dynamic system. These methods
vary in complexity, computational cost and accuraay will be discussed in the following

sections.

2.3.1 Moving loads model

The moving loads model is based on the assumphah the vehicle's action over the
structure may be defined by means of moving loddx@d magnitude that represent the static
load of each wheelset (Fryba, 1996; Goicolea andat@an, 2012). The train is therefore
characterized by a set of constant lo&gsseparated from each other according to the train
geometry, as shown in Figure 2.7. Hence, the iotiera between the vehicle and structure is

neglected, being the method limited to the studghefdynamic response of the structure.
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4,

X, :<—ix1 =0

Figure 2.7 - Moving loads model.

The dynamic response of the structure can be @nilby solving the following dynamic

equation of motion:
Ma+Ca+Ka=F_, +F (2.1)

whereM, C andK are the mass, damping and stiffness matriceseafttincture, respectivelg,
are the nodal displacementBe are the externally applied nodal loads aRdare the
time-dependent moving loads that represent theradf the vehicle over the structure (see
Figure 2.7). Equation (2.1) can be solved usingdiirintegration techniques, such as the
Newmark method (Clough and Penzien, 20@3yethod (Hughes, 2000), among others, or
using the modal superposition method (Chopra, 1€3&gh and Penzien, 2003). The direct
integration methods allow the solution of both #in@and nonlinear systems, while the modal
superposition method is usually applied to lineaxdeis. However, since the latter method
allow the representation of the behavior of theidtre withN degrees of freedom using
chosen modes of vibration, in whiah<< N, the integration of then modal equations of

motion implies a significant reduction in the cortgtional cost.

2.3.2 Virtual path method

The virtual path method consists of an uncouplegr@xrh to the vehicle-structure
dynamics that do not consider the interaction betwéhese two systems, but allows the

calculation of an approximate response of bothvéiecle and structure.

The method is divided into two phases, in which fire consists of the calculation of the
so-called virtual path for the vehicle wheels. Tiréual path results from the calculation of the
dynamic response of the structure subjected t@tkien of the vehicle described by a moving
load model. The second phase consists of presgribim time-history of displacements of the

structure to the wheels of the vehicle in orderotatain its uncoupled response. Track
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irregularities may be added to the virtual patrider to account for their effect in the response
of the vehicle. Figure 2.8 illustrates the two afoentioned phases that compose the virtual

path method.

Structure system Vehicle system

Y e 1 R 1S

a7
Structure response Prescribe virtual path
(virtual path) to the train wheels

(a) (b)
Figure 2.8 - Virtual path method: (a) phase 1 d@)dbhase 2.

Unlike the moving load model, this method allows talculation, though simplified, of the
response of the vehicle. However, the interactietwben the structure and the vehicle may be
significant in some cases. Furthermore, the stddlyeoriding comfort of passengers or running
safety of trains requires more complex models, Wwhisually includes the effects of the
wheel-rail contact. Such effects cannot be captimedhis method, limiting it to simplified
analysis for obtaining a first estimate of the mesg®e of the vehicle. A study involving the
virtual path method may be found in Goicolea andofn (2011).

2.3.3 Vehicle-structure interaction methods

2.3.3.1 lterative method

The iterative method is a widely used techniquedtve the vehicle-structure interaction
problem (Hwang and Nowak, 1991; Yang and Fonde®61®elgado and Santos, 1997; Lei
and Noda, 2002; Xia et al., 2008; Nguyen et alQ92() Lee and Kimb, 2010). This method
establishes the equilibrium of forces acting on toatact interface and uses an iterative
procedure to impose the constraint equations #later the displacements of the contact nodes
of the vehicle with the corresponding displacementhe structure.

The two subsystems, the vehicle and structureper@eled as two separate substructures,

whose decoupled governing equilibrium equations begxpressed as
Mg O aS ,[Cs O ‘f"s JKs 0 [as|_[Fs (2.2)
0 My ]l&a 0 C,Jla 0 KyJla R
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whereM, C andK are the mass, damping and stiffness matricesecésply, a are the nodal
displacementsF is the load vector and the subscriftandV indicate structure and vehicle,

respectively.

According to the iterative method developed by Rdlgand Santos (1997), each time step
involves the following operations at each iteratiof:

a) The structure is subjected to the action of the ingvoads corresponding to the

wheelsets of the train. Each moving logd* is given by
FIt=Fy +Fl, (23)

where F_, is the static load of the wheelset aﬁ}jn is the dynamic component of the
interaction force calculated in the previous itemai. In the first iteration, at each time
step, the force:E‘jyn are equal to those calculated in the previous 8tap. By solving

the system of equations corresponding to the streqfsee equation (2.2)), the nodal

displacements;* are computed, and, from the shape functions ofitiite elements, it

is possible to compute the displacements of thettre under the contact nodgs ;

b) At the same time, the displacemeats, which correspond to the displacements of the

structure under the contact nodsls' added to a given irregularity that may exist

between the wheel and the rail, are imposed toctimtact nodes of the vehicle. By
solving the system of equations corresponding &ubhicle (see equation (2.2)), the

reaction forces at the contact nodes are compUteelse reactions correspond to the
dynamic component of the interaction forﬁgﬁ to be applied to the structure in the

next iteration;

c) Atthe end of each iteration, the following conwamge criterion is verified:

‘“:|+1 Fi

dyn dyn

Rd

< (2.4)

wheree is a specified tolerance. If the desired degreeanivergence is achieved, the

procedure may advance to the next time step, otberithe iterative process continues.

The iterative procedure described above is schesthin Table 2.1.
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Table 2.1 - Iterative method for solving the veéistructure interaction problem.

Structure Vehicle

i+l
FS

i
sweme I 4F = | i, i

i+1 i+l

| | e |

Load F;l = Fsta + I:c:yn ai/+l = aiy” +r
Result agt - al* F (;y? =Fi
i+1 i .
Convergence Fan —Fa| [ if <& - nextstep
criterion ” Fan if >£ _ nextiteration

A similar approach is proposed by Yang and Fond®©§), which uses an acceleration
scheme, namely the relaxation and Aitken technicueisnprove the convergence rate. Lei and
Noda (2002) also used a similar scheme, in whiehctbntact forces are computed using the

Hertz formula, being penetrations and separatietsden wheel and rail allowed.

The iterative methods described above are limibetthé vertical interaction between vehicle
and structure. However, other authors have devdlafiernative iterative methods to deal also
with the lateral interaction. Nguyen et al. (2002809b) developed a three-dimensional
dynamic interaction model, in which the loss of temh between wheel and rail is allowed,
using tensionless stiffness springs in the vertio@ction. In the lateral direction, the contact i
idealized by a spring-dashpot in order to modehlibe normal contact, caused by the impact
between wheel and rail, and the tangential corttaetto the creep forces. However, the model
proposed by Nguyen et al. (2009a; 2009b) doesadider the wheel-rail geometry, being the
contact point between wheel and rail fixed throughthe analysis. Hence, although this
approach accounts for the lateral dynamics of tlkicle, it is limited to the analysis of
ordinary operation scenarios in which the movenwdrihe vehicle does not suffer significant

lateral disturbances caused by external sourcel,asiearthquakes or crosswinds.

Xia et al. (2008) and Zhang et al. (2008) also psagl a three-dimensional vehicle-structure
interaction method based on an iterative methodledcadisplacement corresponding
relationship method, in which the relative movemeetween wheel and rail follows a given

assumption. In this method, the wheelset huntingianois assumed to be known and is
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regarded as a lateral excitation to the vehiclas Bxcitation is imposed at the wheels as a

prescribed displacemeit, , which can be expressed approximately as (Dukkip@00; Yang

et al., 2004)

a (x)= A, cos( ZAHX + %j (2.5)

h

where A A, and ¢, are the hunting amplitude, wavelength and randdrase angle,

respectively. The system of equations (2.2) is exblusing a direct integration technique, in
which the displacement corresponding relationskigvben the vehicle and structure systems is
determined iteratively. As in the aforementionegrapch proposed by Nguyen et al. (2009a;
2009b), this model is restricted to the analysis@d#narios in ordinary operating conditions,
since it cannot predict the response of the vehicie to other actions besides the hunting

motion.

2.3.3.2 Condensation method

Yang and Yau (1997) developed a finite elementedalkhicle-bridge interaction element
(see Figure 2.9a) that, according to the autherbpth accurate and efficient for modeling the
vehicle-bridge interaction. Yang and Yau (1997) eled the vehicle as a sequence of lumped
sprung masses, the bridge with beam elements analatk with lumped masses, springs and
dashpot elements to simulate the ballast behaVioe. method consists firstly of formulating
the two equations of motion of the system, onetlf@ bridge and another for the lumped
sprung masses forming the vehicle. The vehicle temu#s then discretized using Newmark's
finite difference formulas, being its degrees eefiom condensed into the bridge elements that
are in contact. Since the vehicle is modeled asrées of sprung masses, the resulting
interaction element ignores the pitching effecth&f vehicle, which may significantly affect the
response of the whole system. Therefore, Yang. €1899) presented an improved interaction
element, in which the vehicle is modeled with adrigeam supported by two spring-dampers
(see Figure 2.9b), and later, Yang and Wu (200d]) Wi et al. (2001) developed a procedure
capable of simulating vehicles of varying complgxas shown in Figure 2.9c. The detailed
formulation of the different versions of the inteian element, as well as a series of

applications on high-speed railways may be foundang et al. (2004).
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Figure 2.9 - Vehicle-bridge interaction elemendd:driginal element, (b) element considering the

pitching effect and (c) vehicle with an higher dsgof complexity (Yang et al., 2004).

The so-called vehicle-bridge interaction elemerticlv results from this procedure based on
condensation techniques, preserve the propertisgrmetry and bandwidth. However, since
the position of each contact point changes ovee tittne system matrix used in this method is
usually time-dependent and must be updated andrizetl at each time step, which may

demand a considerable computational effort.

2.3.3.3 Direct method

Neves et al. (2012) proposed a new algorithm, redeto as thelirect methodin which the
governing equilibrium equations of the vehicle atrdicture are complemented with additional
constraint equations that relate the displacemeintse contact nodes of the vehicle with the
corresponding nodal displacements of the structwitty no separation being allowed. The
irregularities at the contact interface can be whared in the constraint equations and the
vehicle and structure subsystems may be modeldd waitious types of finite elements with

any degree of complexity, such as beams, sprilgdissand solids, as shown in Figure 2.10.
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Vehicle

Figure 2.10 - Vehicle-structure interaction systéa:schematic illustration and (b) free body déagr
(Neves et al., 2012).

The equations of motion and the constraint equatibform a single system, with
displacements and contact forces as unknownsistisalved directly using an optimized block
factorization algorithm, thus avoiding the iteratiprocedure describe in Section 2.3.3.1 to
satisfy the constraint equations. The single sysbénmear equations is expressed in matrix

EFF Dy a™ - ﬁ_F (2.6)
Hye 0 || X™ r

where K is the effective stiffness matrix of the vehicteusture systempD,, and H,. are

form as

transformation matrices that relate, respectivéhy contact forces in the local coordinate
system with the nodal forces in the global coortdirsystem and the nodal displacements of the

structure in the global coordinate system withdigplacements of the auxiliary points defined

in the local coordinate systerd;® and X"* are the nodal displacements and contact forces,

respectively, at the current time steﬁ;, is the load vector and are the irregularities at the

contact interface.

Later, Neves et al. (2014) extended the formulatmallow the separation between wheel
and rail, by developing a contact search algorithat detects which elements are in contact,
being the constraints imposed only when contactursccSince in this formulation only
frictionless contact is considered, the constraguations are purely geometric and relate the
displacements of the contact node with the disphacgs of the corresponding target element.
Due to the nonlinear nature of the contact problamiterative scheme based on the Newton
method (Owen and Hinton, 1980; Bathe, 1996) is usesblve the equation of motion of the
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vehicle-structure system. Thus, the system of égum(2.6) is rewritten in an incremental

form as

|:KFF Bpx } { AaiF+l:| _ |:\Il(atF+Al,i XU )} 27

He 0 |[ax™ r

where Aa™ and AX'™ are the incremental nodal displacements and corfiarces,
respectively, at the current iteration apdis the residual force vector, which depends on the

nodal displacements and contact forces calculatethé previous Newton iteration. The

iterative scheme continues until the condition

H‘I’(aHAt,Hl xt+At,i+l)
F )

t+At
[P

is fulfilled, where P is the vector of the external applied loads atcilveent time step and

‘se (2.2.8)

is a specified tolerance. Note that the iteratirecpdure used in this method is not related with
the compatibility of displacements between vehimtel structure, as shown in the methods
described in Section 2.3.3.1, but with the nonlineature of the contact due to the

consideration of contact loss.

2.3.3.4 Methods considering the wheel and rail geometries

The methods mentioned in the previous sectiongemsteicted to railway dynamic analysis
under ordinary operating conditions, since theyncardeal with extreme scenarios, such as
strong lateral winds or earthquakes, in which #iterbl impacts between wheel flange and rail
may strongly influence the dynamic behavior of slystem. To overcome this limitation, the
geometries of the wheel and rail profiles have ¢otdken into account and a fully nonlinear
formulation has to be used. In wheel-rail contacbfems, since the normal and tangential
forces significantly depend on the geometric chiarastics of the surfaces near the contact

point, the accuracy used for defining these sugfagerucial.

According to Shabana et al. (2008), the formulatbthe wheel-rail contact problem may
be classified in two different approaches in tewhghe way the normal contact forces are
computed. In the first approach, nanemhstraint contact formulatio(Shabana et al., 2001),
nonlinear kinematic constraints are used to impdse contact conditions, where the
penetration between the wheel and the rail is hotvad. By imposing these constraints using,
for example, the Lagrange multipliers method or pemalty method (Wriggers, 2002), one
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degree of relative motion between wheel and radliminated and the normal contact force is
calculated as a constraint force. In the secondoagp, however, no degrees of freedom are
eliminated, being the normal contact force defiaedunction of the penetration between wheel
and rail, using any of the normal contact theorescribed later in Section 2.4.2. This

approach is calle@lastic contact formulatiorand it is adopted by many authors, such as
Shabana et al. (2004), Pombo et al. (2007), Taptla¢ (2008), Sugiyama and Suda (2009),
Zhai et al. (2009), Du et al. (2012) or Antolin {20.

Another distinction that is usually made betweemmiglations that take into account the
profile geometries is related with the algorithmedisto locate the contact point position.
According to Sugiyama et al. (2009), there are tifterent approaches for determining the
contact points between wheel and rail. They are affiine contact searchin which the
location of the contact points is precalculatedtigh a contact geometry analysis and stored in
a contact lookup table to be later interpolatedinduthe dynamic analysis, and toaline
contact searchwhere the position of the contact points is coteguduring the dynamic
analysis using iterative procedures at every titep.sA more detailed discussion about these

two approaches is presented in Section 2.4.1.

Despite the method used to deal with the coupletgvben wheel and rail, the formulations
which take into account the geometry of the wheel &il profiles are the most suitable and

accurate to deal with railway dynamics.

2.4 WHEEL-RAIL CONTACT MODELS

In the present section, an overview of the existiigeel-rail contact models is presented.
The location of contact points between wheel anidarad the consequent calculation of the
contact forces that are generated in the contéetface is one of the most important issues in
railway dynamics. Therefore, several approachegingrin complexity can be found in the
literature to solve the wheel-rail contact problérhe wheel-rail contact models are generally
divided into three main steps: 1) the geometricblmnm (Section 2.4.1), consisting of the
detection of the contact points; 2) the normal aohproblem (Section 2.4.2), in which the
normal contact forces are computed, and 3) theetatraj contact problem (Section 2.4.3),
where the creep forces that appear due to thengofiiction contact are calculated. The
different approaches that can be found in theditee for solving each of these problems are

described in the following sections.
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2.4.1 Geometric contact problem

2.4.1.1 Offline contact search

In the offline contact search, an analysis of tle®ngetry of the surfaces is previously
performed, being the location of the contact poprecalculated and stored in a lookup table.

To perform the contact geometry analysis, the falhg assumptions are assumed:
a) The wheelsets are considered as rigid bodies;
b) The contact between wheel and rail occurs at oné/pmoint in each wheel;
c) No separation between wheel and rail is allowed.

Under this assumptions, the relative vertical dispment and roll rotation, due only to
geometric considerations, can be computed as didanof the relative lateral displacement
(and yaw rotation in the case of a three dimensiomatact analysis) between the wheelset and
rails and stored in a lookup table to be later rputated during the dynamic analysis.
Moreover, the location of the contact points, adl we the remaining contact characteristics
needed for the solution of the normal and tangkoatiatact problem, such as the contact angle,

rolling radius and curvatures, may also be caledl@nd stored.

As an example, Figure 2.11 illustrates, in gragbim, the results obtained in a 2D and 3D
contact geometry analysis. In Figure 2.11a (Ant@iral., 2012), the yaw rotations are not
taken into account in the contact analysis, belmg results exclusively dependent on the
relative lateral displacememy,, between the wheelset and rail, whereas in Figurg?

(Bozzone et al., 2011), the contact point posititso depends on the relative yaw rotathan,.

(a) (b)
Figure 2.11 - Contact lookup tables in graphic fofa) vertical displacememiz, and roll rotatiomg,,
in a 2D analysis (adapted from Antolin et al., 20d2d (b) longitudinal contact point positigin a 3D

analysis (adapted from Bozzone et al., 2011).
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This approach is computationally attractive, sintedoes not require any additional
calculation during the dynamic analysis other ttientable interpolation. However, it does not
account for the penetration between the wheel &edrail, which may have a significant
influence in the computation of the contact forcElsis limitation is overcome in the online
contact approach described in the next sectioner@estudies using the offline contact search
may be found in Santamaria et al. (2006), Tanabal.e2008), Bozzone et al. (2011) and
Antolin et al. (2012).

2.4.1.2 Online contact search

In the online contact search, the location of conpeints is determined during the dynamic
simulation using iterative procedures at every tgtep. Since the location of the contact points
is predicted directly with the information of tharcent time step, a more accurate solution is
usually achieved in comparison with that obtainsthg the offline search. Furthermore, the
online contact search does not require the whetelds rigid, allowing the detection of contact
points in vehicles with independent wheels or féxi wheelsets. Two other important
advantages of this approach consists in the pdiggilof considering small penetrations
between the wheel and rail, essential for the aoyuof the normal contact forces calculation,

and of detecting multiple contact points in the sameel-rail pair.

Figure 2.12 illustrates two approaches for predgcthe location of the contact points using
an online contact search. In Figure 2.12a, theampnpoint is determined based on a nodal
search algorithm, in which the geometric surfacesdascretized in several points, being the
contact point formed by the nodal pair that leadthe maximum indentation (Chen and Zhai,
2004; Shabana et al., 2005; Antolin, 2013). In Edu12b however, the profile surfaces are
described by mathematical functions and the comgaxtt position is determined by solving a
set of nonlinear algebraic equations that defimegbometric contact conditions based on the
normal and tangential vectors to the surfaces (RPoetbal., 2007; Shabana et al., 2008;
Sugiyama and Suda, 2009; Falomi et al., 2010). [&tter method is computationally more
efficient than the nodal search algorithm and dsusacy does not depend on the degree of
discretization of the profile geometry. However, ltiple solutions can be obtained for the
system of nonlinear equations if one of the congactaces is not convex (Pombo, 2004). This
can be an important limitation if the potential tawt point lies on the concave region that exist
in the transition between the wheel tread and #tang
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Figure 2.12 - Online contact search: (a) nodalctealgorithm (adapted from Shabana et al., 2008) an

(b) algorithm based on the solution of a set ofnigetmic contact conditions (Falomi et al., 2010).

2.4.2 Normal contact problem

The main objective of the normal contact problemsists of determining the contact area
between wheel and rail, as well as the distributibnormal contact pressure that appears when
the two bodies are compressed against each othailway engineering, the methods used to
solve the normal contact problem can be divided iwb types: the methods based on elliptical

contact areas and non-elliptical contact areas.

The first methods are based on the Hertz theoryt£H&882), in which the contact area
between two contacting bodies is elliptical and tpeessure distribution assumes a
semi-ellipsoidal shape, being the normal stressdisat the edges of the contact area and
maximum at its center. This is the most used methodhilway dynamic simulation codes.
However, the Hertz theory has some limitationsgesiih is based on certain assumptions which
are not always satisfied in wheel-rail contact,isas non-conformal and frictionless surfaces,
constant curvatures along the contact area or dnexistence of plastic deformations in the
contact zone. Nevertheless, in most of railway iappbns, the Hertz contact theory seems to
be sufficiently adequate for the computation of tfwemal contact forces during a dynamic
analysis (Andersson et al., 1999), providing aseable compromise between computational

efficiency and accuracy.

More complex and realistic contact shapes may bessary (see Figure 2.13), however, for
analyzing local problems such as wear, in whicletaitkd analysis of the local stresses in the
contact area is essential. In this analysis, tfleance of the non-constant curvatures in the
calculation of the contact area may be signifiGamd, in some situations, the contact between

the two bodies may be conforming due to worn pesfilFurthermore, multiple contact zones,
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which cannot be solved using a single ellipse, ay@year when the geometry of the contacting
bodies does not satisfy the Hertz assumptions.efw, several authors have developed new
theories to deal with these limitations, which,@ding to Piotrowski and Chollet (2005), can

be divided into the following two categories:

a) Multi-Hertzian methods: the Hertz theory is appliedeach contact zone, forming a

contact area with multiple ellipses;

b) Non-Hertzian methods: assume a semi-ellipticalrithistion of stresses only along the

direction of rolling.

The multi-Hertzian methods (Pascal, 1993; Ayassd.e2000) are based on the fact that, in
each contact zone, the conditions for using thezHbeory are met. Under this assumption, the
contact problem may be solved using multiple edpsvhose dimensions and pressure

distribution are obtained independently.

In the non-Hertzian methods proposed, for exanptédyasse and Chollet (2005), Quost et
al. (2006) or Piotrowski and Kik (2008), a semigltal normal stress distribution is assumed
only in the rolling direction. The similarity of ¢hstress distribution to that resulting from the
Hertz theory allows the use of the Hertz solutiorsolve, in an approximate way, the normal
contact problem for conditions in which the geometf the contacting bodies does not
rigorously satisfy the Hertz assumptions. Generalhe contact area is discretized into
independent longitudinal strips with constant ctuve allowing the consideration of both

elliptical and non-elliptical contact shapes.

Multi-Hertzian
— Non-Hertzian

20 <15 -10 5 0 5 10 15 20
y (mm)

Figure 2.13 - Contact area based on a multi-Hertzrad on a non-Hertzian method
(adapted from Quost et al. (2006)).

30



State of the art

2.4.3 Tangential contact problem

If two bodies that are compressed against eaclr atigeallowed to roll over each other,
some points on the contact area may slip whilerstheay adhere. The difference between the
tangential strains of the bodies in the adhesiea &ads to a small apparent slip, called creep.
The creep, which depends on the relative veloctiethe two bodies at the contact point, is
crucial for the determination of the tangentialctes that are developed in the contact area,
called creep forces. Hence, the creep may be defasea combined elastic and frictional
behavior in which two elastic bodies that roll oeach other share a contact area where both

slip and adhesion occur simultaneously.

Several creep force theories were developed antbmgmted in many simulation softwares
for dynamic analysis of railway vehicles. The fitseory was developed by Carter (1926) to
deal with two-dimensional problems. After that, dsbin (1958) extended Carter's theory to the
three-dimensional case of two spheres without apoh later, Vermeulen and Johnson (1964)
developed a new extension to deal with smooth $padizes, also without spin. This drawback
was overcome by Kalker (1967) with the developnanthe linear theory of rolling contact.
However, this theory is limited to small creepageace it is assumed that the slip region is

very small and its effect can be neglected.

Since the wheel-rail contact problem is highly moeédr, the aforementioned linear theories
have strong limitations when dealing with real peohs. The Johnson and Vermeulen's theory
ignores the effect of the spin creepage, which beymportant, especially when flange contact
occurs (Piotrowski, 1982), while Kalker's lineaediny is limited to small creepages. Therefore,

new nonlinear rolling contact theories have beereldped to allow more realistic studies.

In 1979, Kalker (1979) developed the exact thedrgobing contact, also called variational
theory, in which the constitutive law is obtainedderiving the tangential displacement-stress
relationship using the general elasticity theorgisTformulation was first implemented in the
computer code DUVOROL (Kalker, 1979) for dealingtlwicontact problems limited to
elliptical contact areas and later, in 1982, in phegram CONTACT (Kalker, 1982b) to solve
any type of contact problem between bodies thaldcbe described by half-spaces. However,
despite the solution for the wheel-rail contactipean given by this formulation is exact, its
excessive computational cost makes it impracticablee used in dynamic analysis of railway
vehicles. Therefore, Kalker (1982a) developed thekfied theory to overcome the excessive

computational effort required by the exact theang amplemented it in the FASTSIM code.
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The main difference of the Kalker's simplified them relation to the exact theory consists in
the adoption of a much simpler tangential displas&rstress relationship. Nevertheless, the
calculation time required by the simplified theanay still be too high in certain complex

systems.

Shen et al. (1983) developed the heuristic nonticezep force model, in which the creep
forces calculated by the Kalker's linear theory@meected by a reduction coefficient based on
the nonlinear creep force saturation law of Johreaot Vermeulen. However, although the
effect of spin creepage on the creep forces isideresd and the computational cost is low,
Kalker (1991) stated that the heuristic theory $etmlunsatisfactory results in the case of high

values of spin.

Some of the aforementioned drawbacks were overcoynéhe Polach method (Polach,
1999) and the Kalker's book of tables (Kalker, 199@®plemented in the USETAB code. In
spite of the simplifications used in Polach's folation, the spin effect is considered and, in
comparison to other approximate methods, the @iffees observed between the calculated
values and the exact theory are relatively smadlgaRding the Kalker's book of tables, it
consists in a precalculated table that is geneia@seéd on the exact theory, and which may be
interpolated during the dynamic analysis. The esttmerror resulting from USETAB is
approximately 1.5 % compared with the exact thg&@iyabana et al., 2008). An overview of
the wheel-rail rolling contact theories developgdkialker may be found in the publication of
Zaazaa and Schwab (2009).

2.5 NORMS AND RECOMMENDATIONS CONCERNING THE SAFETY OF
RAILWAY TRAFFIC

2.5.1 Introduction

The majority of the existing standards regarding design of railway bridges are mainly
focused on the structural safety, both in termsilbmate limit states and service limit states.
However, few recommendations regarding the runsiaigty of the railway vehicles during
ordinary operating conditions or during the occocee of less probable events, such as
earthquakes or strong crosswinds, have been promaséar. The present section summarizes
some of the main criteria regarding the stabilitd aunning safety of trains on railway
viaducts, defined in the standards from Europeadamnd U.S.A.
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2.5.2 European standards

In Europe, the main criteria regarding the stapibf the track and, consequently, the
stability of railway vehicles, are presented in tB&l 1990 Annex A2 (2001) and in the
EN 19912 (2003). The verifications defined by these stamslare primary related with the
control of deformations (see Section 2.5.2.1) waihdations on bridges (see Section 2.5.2.2),
since, according to EN 1998nnex A2 (2001), Excessive bridge deformations can endanger

traffic by creating unacceptable changes in veiti@ad horizontal track geometry, excessive
rail stresses and vibrations in bridge structutegloreover, ‘Excessive vibrations can lead to

ballast instability and unacceptable reduction iheel rail contact force's

The Technical Specifications for Interoperabilityiurope (TSI, 2002) and the EN 14067-6
(2010) also define criteria to guarantee the rugrgafety of trains in the European railway
network. These criteria are mostly related with ¢batrol of the wheel-rail contact forces, as
described in Section 2.5.2.3.

2.5.2.1 Criteria regarding the bridge deformation control

2.5.2.1.1 Vertical deflection of the deck

The limitation of the vertical deflection of thedkein each span is designed to ensure an
acceptable vertical track radii and generally robwéructures. Thus, according to
EN 1990 Annex A2 (2001), the maximum total vertical deflent 6, (see Figure 2.14)
measured along the track due to the charactenstices of the vertical traffic load models
LM71 and SW/0, as appropriatelefined in EN 19912 (2003), cannot exceed600, where.

is the span length.

Figure 2.14 - Vertical deflection of the degk

! For continuous bridges, both the load model LMi@d 8W/0 have to be considered in the design.
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2.5.2.1.2 Transverse deflection of the deck

According to EN 1990Annex A2 (2001), the transversal deflection of tleekd, has to be
limited to ensure that the angular variation andZomtal radius of curvature satisfy the limits
specified in Table 2.2. The angular variations rébethe transversal rotations at the end of the
decké, or to the relative transversal rotations betweemddjacent spar, + 6n,, as depicted
in Figure 2.15. This condition has to be checkedccf@mracteristic combinations of: load model
LM71 and SWI/0, as appropriate, multiplied by thenayic factor, wind loads, nosing force,
centrifugal forces in accordance with EN 19912003) and the effect of transverse differential

temperature across the bridge.

’ |

i< > i<

Figure 2.15 - Transverse deflection of the d&cind angular variations at the deck e@d@lan view).

Table 2.2 - Design limit values of angular variatend radius of curvature (EN 1990-Annex A2, 2001).

Maximum Maximum radius of curvature (m)
Speedv (km/h)  angular variation : :
(rad) Single span Multi-span
V<120 0.0035 1700 3500
120 <V <200 0.0020 6000 9500
V> 200 0.0015 14000 17500

2.5.2.1.3 Deck twist

The deck twist criterion defined in EN 19%nhnex A2 (2001) aims to minimize the risk of
train derailment. The maximum twis{see Figure 2.16) of a track gauge of 1435 mm oreds
over a length of 3 m should not exceed the valuesngn Table 2.3. The twist of the bridge
deck is calculated taking into account the charestie values of the load model LM71, as well
as the load models SW/0 or SW/2, as appropriat ttzen High-Speed Load Models (HSLM)
including centrifugal effects, as defined in EN 198 (2003).
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Gauge

Figure 2.16 - Definition of deck twist(adapted from EN 199@&nnex A2 (2001)).

Table 2.3 - Design limit values of deck twist (EBOD-Annex A2, 2001).

Speedv (km/h) Maximum twist

(mm/3m)
V<120 t<4.5
120 <V <200 t<3.0
V> 200 t<1.5

Additionally, the total twist given by the combinédist of the track when the bridge is
unloaded (for example in a transition curve) whk twist of the bridge due to the traffic load

defined above is limited to 7.5 mm/3 m.

2.5.2.1.4 Vertical displacement of the upper surface at tieb@ the deck

This requirement is intended to avoid destabilizimg track, to limit uplift forces on the rail
fastening systems and to limit additional rail ssé&s. According to EN 1992 (2003), the
vertical displacement of the upper surface of tleekd, (see Figure 2.17) relative to the
adjacent construction (abutment or another deck)tduthe load model LM71 and SW/O0, as
appropriate, and due to the vertical temperatuiferdntial, cannot exceed 3 mm or 2 mm in
lines whose maximum allowed speed is up to 160 lontwver 160 km/h, respectively.

77777777777777777777777

Bearing
support

Figure 2.17 - Vertical displacement of the uppefasie of the deck,.
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2.5.2.1.5 Longitudinal displacement of the upper surfacéatend of the deck

The longitudinal displacement of the upper surfaicihe end of the deck has to be limited to
minimize disturbance to track ballast and adjad¢eatk formation. EN 1992 (2003) limits
the longitudinal displacement of the degkrelative to the adjacent construction (abutment or
another deck) due to traction or braking to 5 mmcfmtinuous welded rails without expansion
devices or to 30 mm for rails with expansion desideor vertical traffic loading defined by the
load model LM71 and SW/0, as appropriate, the konignal displacement;, (see Figure 2.18)
of the upper surface at the end of the deck caerceed 8 mm if the combined behavior of

structure and track is considered in the numenuadel or 10 mm if not.

9,

(a) | (b)
Figure 2.18 - Longitudinal displacement of the uppeface of the dedk;: (a) fixed support and
(b) guided support.

2.5.2.2 Criteria regarding the bridge vibration control

2.5.2.2.1 Vertical acceleration of the deck

To ensure traffic safety, the verification of maxim vertical peak deck acceleration due to
the rall traffic loads should be regarded as ditrahfety requirement at the serviceability limit
state for the prevention of track instability. Tékare, according to EN 1998nnex A2 (2001),
the maximum allowed vertical acceleration of thiglgge deck should not exceed 3.5 fros
ballasted tracks and 5 rfifsn slab tracks.

The acceleration is calculated by a dynamic amalysih real high-speed train models and
with the load models HSLM, defined in EN 1921(2003), considering only one loaded track.
In the calculations, only the contributions of thede shapes with frequencies up to 30 Hz or
to 1.5times the frequency of the first mode ofrailon of the element being analyzed,

including at least the first three modes, shouldalien into account.
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2.5.2.2.2 Lateral vibration of the deck

This requirement is intended to avoid the occureen€ resonance between the lateral
motion of the vehicle and the bridge. Accordind=té 1990 Annex A2 (2001), the first natural

frequency of lateral vibration of a span should im@tess than 1.2 Hz.
2.5.2.3 Criteria regarding the control of the wheel-rail mtact forces

2.5.2.3.1 Maximum dynamic vertical wheel load

According to TSI (2002), the maximum dynamic veticwheel load applied by

interoperable high-speed trains should not exdeeddlues given in Table 2.4.

Table 2.4 - Limit values for the dynamic verticaieel load (adapted from TSI (2002)).

Maximum Speed/ Maximum dynamic
(km/h) wheel load (kN)
200 <v< 250 180
250 <V <300 170
V> 300 160

2.5.2.3.2 Maximum total dynamic lateral contact force applgda wheelset

The maximum total dynamic lateral contact forceligpipby a wheelset should be limited to
avoid track damage and consequent instability efvithicle. Therefore, the maximum allowed

dynamic lateral forc&max applied by a wheelset is given by (TSI, 2002)
> Yo = 1o+2—§0 [kN] (2.9)

whereQ is the static load per wheel in kilonewtons avelindicates wheelset. This criterion
was firstly introduced by Prud’homme (1967) andidely adopted in railway engineering (see
Section 3.5 of Chapter 3 for a detailed descriptibthe Prud’homme criterion).

2.5.2.3.3 Ratio of the lateral to the vertical contact foroés wheel

The TSI (2002) also specifies a limit for the raticthe lateral to the vertical contact forces
of a wheel. This ratio was firstly introduced bydd&(1908) and aims to control the risk of a
wheel climbing the rail, which can lead to deraiiihg¢see Section 3.5 of Chapter 3 for a
detailed description of the Nadal criterion). Theaximum allowedY/Q ratio in each wheel is

0.8, whereY andQ are the lateral and vertical contact forces irhaet.
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2.5.2.3.4 Wheel unloading

EN 14067-6 (2010) defines the wheel unloading asfaty criterion against crosswinds.
According to this norm, the risk of derailment mig significant if the wheel unloading
exceeds 90 % of the average static wheel loadeimibist critical running gear (see Section 3.5

of Chapter 3 for a detailed description of the whedoading criterion).

2.5.3 Japanese standards

The main specifications regarding the stabilityaifway vehicles in Japan are presented in
the Displacement Limit Standard for Railway Struetu (RTRI, 2006). Since Japan is a
country prone to earthquakes, the Displacementtl$tandard provides recommendations not
only for the running safety of trains during ordyaperating conditions, but also in seismic
conditions. This is a very important issue, sinkis type of events strongly contributes to
higher levels of lateral vibrations on the viadutitat may significantly increase the risk of

derailment.

According to the Displacement Limit Standard (RTR006), the required performance of
railway structures in terms of displacement linstgategorized into two types of verifications
regarding the stability of the vehicle, namegfetyandrestorability, which in turn incorporate

the following items:

a) Verification of safety: running safety in ordinary conditiongnd displacements
associated with the running safety in seismic dionb (see Section 2.5.3.1);

b) Verification of restorability:restorability of track damage in ordinary condit®and

displacement of track damage in seismic condit{ses Section 2.5.3.2).

The two types of specifications described above \agfied according to the girder
deflectiond due to the passage of the vehicle, irregularittheftrack at the ends of the girder
and angular rotation on track surfadesas shown in Figure 2.19. The irregularity indekjch
can be defined in the lateral or vertical direcsioaccording to the type of verification
(Figure 2.19b depicts only the vertical directiar £xemplification purposes), comprehends
scenarios such as the deformation of the suppdefrmations at the girders ends or
deformations in the transition zones. The angubéations on track surfaces, which are also
defined for both the lateral and vertical direcipmay be caused by lateral deflections of the
bridge piers during an earthquake or by relativedBons between adjacent spans (see
Figure 2.19c¢).
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Translation Bending
shape shape

L L L

(a) (b)
Figure 2.19 - Structural displacements: (a) giatkftections, (b) irregularityr and (c) angular
rotationé, (adapted from RTRI (2006)).

2.5.3.1 Verification of safety

The verification of safety may be performed usindexes based on the wheel-rail contact
forces or based on structural displacements. Teedption requires a complex train-structure
interaction model capable of simulating the behavid the whole system, while the
verification made with the second option may bdgrared by computing the design structural

displacements due to the train and seismic loadddiic and spectral analyses, respectively.

In practice, for the design of railway bridges, tregifications regarding the running safety
of vehicles are usually performed using the stmattdisplacement indexes for simplicity.
These indexes are presented in the form of talleshe several types of existing trains in
Japan, and consist of design limit values of predated structural displacements using a
train-structure interaction tool. The limit valuesre calculated based on the wheel-rail contact
indexes, namely the Nadal criterion (referred tal@silment quotient in the standard), which
consists of the quotient between the lateral amtica¢ contact force in a wheel, and the wheel
unloading criterion, which consists of the reductmf the wheel vertical load relative to the
static value (the running safety criteria are désctin more detail in Section 3.5 of Chapter 3).
The design limit value for both the derailment gewt and wheel unloading ratio proposed by
the Displacement Limit Standard (RTRI, 2006) is. 0.8

2.5.3.1.1 Running safety in ordinary conditions

The verification of the running safety in ordinargndition aims to guarantee the adequate
performance of the structure in order to ensuretti@railway vehicle runs smoothly under all
actions expected to occur during the design lifehef structure in ordinary conditions. The
design limit values for the structural displacementexes, namely the girder deflection, the
irregularity of the track at the ends of the girtrethe vertical direction and the angular rotation
on track surfaces (see Figure 2.19) are present&dhles 2.5, 2.6 and 2.7, respectively.
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Table 2.5 - Design limit values of girder defleatibfor the running safety in ordinary conditions

(RTRI, 2006).
: Number of  Maximum Span Length. (m)
Train type
spans  speed (km/h) 1040 40 - 60 60 - 100 (>)
260 L/700
Single span 300 L/900
360 L/1100
Shinkansen
260 L/1200 L/1400
Multi-span 300 L/1500 L/1700
360 L/1900 L/2000
Single span 160 L/500
Convgntl_onal 130 L/500
(electric/diesel)  \pylti-span
160 L/600
_ Single span 130 L/400
Locomotive :
Multi-span 130 L/600 L/700

Table 2.6 - Design limit values of vertical irregtity of the track for the running safety in ordinary
conditions (RTRI, 2006).

Train type Maximum speed (km/h) Single span (mm)  Multi-span (mm)
260 2.0 3.0
Shinkansen 300 15 2.5
360 1.0 2.0
Conventional, Locomotive 160 3.0 4.0

Table 2.7 - Design limit values of angular rotat@mtracké, for the running safety in ordinary
conditions (RTRI, 2006).

Masimum Vertical directiond, (x1/1000  Lateral directiort, (x1/1000

Train type speed (km/h)  Translation Bending Translation Bending
shape shape shape shape

210 4.0 4.0 2.0 2.0

_ 260 3.0 3.0 1.5 2.0

Shinkansen

300 2.5 2.5 1.0 1.0

360 2.0 2.0 1.0 1.0

Locomotive 160 6.0 6.0 2.0 25
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2.5.3.1.2 Displacements associated with the running safesgismic conditions

The verification of the running safety in seismandition aims to guarantee the adequate
performance of the structure in order to reduce ghabability of derailment of a railway
vehicle during an earthquake. The running safetgeismic conditions is verified in terms of
the lateral vibration of the structure and in tehshe structural displacement indexes, namely
the lateral irregularity and the lateral angulaations (see Figure 2.19).

Regarding the lateral vibration of the structutee Displacement Limit Standard (RTRI,
2006) specifies design limit values for the vilkwati displacements caused by Level-1
earthquake motidn(RTRI, 1999). The vibration displacements are eatd based on a
concept of energy balance, called Spectral Inter{§t) index, which reflects the amount of
energy of the seismic wave that influences thecdlehiibration (see Luo (2005) and Luo and
Miyamoto (2007) for more details about the Sl indekhe verification is performed by
computing the equivalent natural period of thedtreTeq and checking if it falls in the safety
area given by the chart depicted in Figure 2.20 {tart provides Sl values for various types of
soils according to the Seismic Design Standard (RT$99)).
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Figure 2.20 - Limit values of the Sl index assamiiavith the running safety in seismic conditions
(RTRI, 2006).

The design limit values for the structural displaeat indexes, namely the lateral
irregularity and the lateral angular rotations, green in Table 2.8. These limits cannot be

exceeded by the response of the structure wheededjto the Level-1 earthquake motion.

2 According to Seismic Design Standard (RTRI, 199®vel-1 earthquake motion is prescribed basedhen t
acceleration response spectrum determined fordinonnd (bedrock), associated with a reference mgteriod of
50 years and with a maximum spectral acceleratiéhsom/$ (5% viscous damping).
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Table 2.8 - Design limit values of lateral angulatations and irregularities for the running safety
seismic conditions (RTRI, 2006).

Angular rotatiord, (x1/1000

Maximum Irregularityr

Direction speed (km/h) Translation shape Bending (mm)
L=10m L=30m S
130 7.0 7.0 8.0 14.0
160 6.0 6.0 6.0 12.0
210 55 3.5 4.0 10.0
Lateral
260 5.0 3.0 3.5 8.0
300 4.5 2.5 3.0 7.0
360 4.0 2.0 2.0 6.0

2.5.3.2 Verification of restorability

The verification of restorability specifies two pmmance levels based on the amount of
damage of the track. They are ferformance level,lin which the track meets the necessary
requirements for a safe runnability and can be wgdtbut repairs, angerformance level,an
which the normal functions of the track can be veced in a short time but repair is necessary.
The verifications in both ordinary and seismic dtinds aim to guarantee the performance
level 1 in order to ensure the safe stability of thack and, consequently, of the railway

vehicle.

Like in the safety verification reported in Sect@/5.3.1, the verification of restorability
may also be performed by developing a complex moti¢he entire structure, including the
track, using the stresses of each component ofrélck as the verification index, or by using
structural displacement indexes (see Figure 2.tPpractice, the second option is usually
adopted for simplicity, being the design limit veduof the structural displacement indexes
defined in the Displacement Limit Standard (RTRIQ@).

2.5.3.2.1 Restorability of track damage in ordinary condison

The design limit values for the structural displaeat indexes in ordinary conditions,
namely the irregularity of the track at the endsh#f girder and the angular rotation on track
surfaces (see Figure 2.19) in both vertical anerddtdirections are presented in Table 2.9. The
limits depend on the track type (slab track ordsdlltrack) and on the type of rails used in
Japan (50kgN rail and 60kg rail).
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Table 2.9 - Design limit values of angular rotai@nd irregularities for the running safety in sty
conditions (RTRI, 2006).

Angular rotatiord, (x1/1000

(Translation/bending shape) Irregularityr (mm)

Direction Track type

60kg Rall
SEQKQIN : : 52‘(9"\' 60kg Rail
al Conventional Shinkansen al

Slab 35 3.0 3.0

Vertical 3.0 2.0
Ballast 6.0 5.5 7.0
Slab 4.0 4.0 4.0

Lateral 2.0 2.0
Ballast 55 5.0 55

2.5.3.2.2 Restorability of track damage in seismic conditions

The design limit values for the structural displaeat indexes in seismic conditions,
namely the irregularity of the track at the endshw girder and the angular rotation on track
surfaces (see Figure 2.19) in both vertical andrddtdirections are presented in Table 2.10.
This limits aim to guarantee the performance ldvelf restorability when the structure is
subjected to the Level 1 earthquake motion defimethe Seismic Design Standard (RTRI,
1999).

Table 2.10 - Design limit values of angular rotai@nd irregularities for the running safety irss@t
conditions (RTRI, 2006).

Angular rotatiord, (x1/1000 Irregularityr (mm)

Direction Track type (Translation/bending shape)
50kgN Rall 60kg Rall 50kgN Rall 60kg Ralil
Slab 5.0 35 4.5 3.5
Vertical
Ballast 7.5 6.5 3.5 4.0
Slab 6.0 6.0 2.0 2.0
Lateral
Ballast 8.0 8.0 2.0 2.0

2.5.4 North American standards

The running safety requirements adopted in theAJ,Slefined by the Manual of Standards
of the Association of American Railroads (AAR, 2Dplare currently used only for freight
vehicles. However, a short description of the maquirements is presented, since most of
those requirements and criteria may also be usdteirassessment of the running safety of

passenger trains.
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Chapter XI of the Manual of Standards of the AARAR 2011) defines a series of criteria
for the safety assessment of railway vehiclesriet be divided into the following categories:

a) Verification of derailment (see Section 2.5.4.1);
b) Verification of dynamic stability (see Section 2.2);

The criteria defined in the Manual of Standardghef AAR (AAR, 2011) to perform the
verifications described above are related withdttrol of the ratios between the lateYaind
vertical Q contact forces, such as the Nadal criterion, refeto as single whe&/Q ratio in
the standard, the Weinstock criterion, referredasoaxle sumY/Q ratio, and the rail roll
criterion, termed bogie-sidé/Qratio (the running safety criteria are describediore detail in
Section 3.5 of Chapter 3). Only levels that areeexed for more than 0.05 s are considered.
The standard recommends that the verifications Idhoe made using an extensive series of

tests performed on especially developed test traakked up by numerical analysis.

2.5.4.1 Verification of derailment

The verification of derailment defined in the Maha&Standards of the AAR (AAR, 2011)
requires the vehicle to be tested over a numbdraok sections with a specified geometry.
Moreover, the rail surface friction coefficient iequired to be measured and cannot be less
than 0.4. During the tests, the vehicle is equippitkd load measuring wheelsets to quantify the
contact forces between wheel and rail, being tke data filtered to remove contents above
15 Hz. The verification comprehends specificatiogiated to curving and to the response to

several types of track irregularities, as describeldw.

2.5.4.1.1 Requirements to steady state curving

The requirements for steady state curving aim tsuenthat the resulting contact forces
between wheel and rail are safe from any tendeacgtetail. The curving tests have to be
performed on a curve with a radius of 250 m belogdo a track whose cant angle provides a
balance speed between 32 km/h and 48 km/h. Acdeppasformance in both the numerical
analysis and tests requires that the single wkié@lratio and the axle surv/Q ratio do not
exceed 1.0 and 1.5, respectively.
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2.5.4.1.2 Requirements for transition curves

The requirements for transition curves are desigoezhsure the satisfactory negotiation of
curves leading into and away from a constant radimge. The numerical analysis and tests are
required to demonstrate a reasonable margin oftysdfem derailment, especially under
conditions of reduced vertical wheel loading. Thansition curve has a rate of change of
1 degree in the cant angle in every 6 m, leadirg ¢arve with a constant radius of 250 m. The
vehicle is loaded asymmetrically according to th&RAloading rules in order to obtain the
maximum wheel unloading. Acceptable performanceadth the numerical analysis and tests
demands that the single wheélQ ratio and the axle suM/Q ratio does not exceed 1.0 and
1.5, respectively, and that the minimum verticabelhoad is never less than 10 % of the static

wheel load.

2.5.4.1.3 Requirements for dynamic curving

This requirement aims to guarantee the satisfactegptiation of the vehicle over a curved
track with a combination of gauge and cross lewebularities (see Section 3.3.2 of Chapter 3
for a detailed description of the track irregulasttypes). The tests have to be performed on a
test track with a 25.4 mm alignment irregularitytive outer rail of the curve, resulting in a
25.4 mm variation in gauge, as shown in Figure 2A2iditionally, a cross level variation with
a maximum amplitude of 25.4 mm is also considefedacceptable performance in the tests
requires the fulfillment of the same limits spesdfifor the transition curves.

(plan view)

Figure 2.21 - Dynamic curving track section (addgtem Elkins and Carter (1993)).

2.5.4.1.4 Response to elevation irregularity

The requirement regarding the response to elevatiegularities (geometrical error in the
longitudinal-vertical plane, see Section 3.3.2 dfafter 3) aims to ensure the satisfactory
runnability over a track that provides pitching dwalincing excitations to the vehicle. The test

track contains ten parallel perturbations with as@@ngth of 11.9 m and a maximum vertical
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amplitude of 19 mm, as depicted in Figure 2.22. ilrthe test, acceptable performance

requires that the minimum vertical wheel load iserdess than 10 % of the static wheel load.

v

- 119m. 19mm .
> H .

I I

; : (elevation view)
\\//\\//\\//\\//\\//\\//\\//\\//\\); T }\//\\//\\//\\//\\//\\/\/

Figure 2.22 - Elevation irregularity track secti@dapted from Elkins and Carter (1993)).

2.5.4.1.5 Response to cross level irregularity

This requirement is intended to ensure the satmfacunnability over a track that provides
roll and twist oscillatory excitations to the velicThe tests have to be performed on a track
stretch of 122 m with vertical perturbations withwavelength of 11.9 m that provides a
maximum cross level irregularity (difference in thlevation of the rails along the longitudinal
direction, see Section 3.3.2 of Chapter 3) of 19 ramillustrated in Figure 2.23. Acceptable
performance in the tests demands that the axleYs@matio does not exceed 1.5 and that the

minimum vertical wheel load is never less than 16f%he static wheel load.

122 m

(elevation view)

\/\\/\\/\\/\\/\\/\\/\\/\\/ T ;L\//\\//\\//\\//\\//\\/\/

Figure 2.23 - Cross level irregularity track seet{adapted from Elkins and Carter (1993)).

2.5.4.1.6 Response to alignment irregularity

The last requirement is designed to guaranteeatisfactory negotiation of track containing
misalignments that provide yaw and roll excitatiomshe vehicle. The alignment irregularities
(geometrical error in the lateral direction of therizontal plane, see Section 3.3.2 of
Chapter 3) in the 61 m test track stretch, depiated=igure 2.24, are sinusoidal, with a
wavelength of 11.9 m, an amplitude of 31.8 mm awdrastant gauge of 1460 mm. Acceptable
performance during the tests requires that theddsigieY/Q ratio and the axle suM/Q ratio

does not exceed 0.6 and 1.5, respectively.
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61 m (plan view)

Figure 2.24 - Alignment irregularity track secti@adapted from Elkins and Carter (1993)).

2.5.4.2 Verification of dynamic stability

According to the Manual of Standards of the AAR @RA2011), the tests regarding the
verification of dynamic stability are performed @asure the absence of lateral instability or
hunting within the operating speed of the vehidlemerical analyses are also performed to
predict the speed at which the lateral oscillatiohghe wheelset may lead to a continuous
flange-rail contact and to demonstrate that themtagde of the wheel-rail contact forces and
the carbody lateral acceleration remain below itiné alues. The limit values to guarantee an
acceptable performance regarding the dynamic giabflthe vehicle consist of an unweighted
standard deviation of the carbody lateral accetemanf 2.6 m/é and an axle suny/Q ratio
of 1.5.
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Chapter 3

FRAMEWORK OF THE METHODOLOGY FOR THE
ASSESSMENT OF THE TRAIN RUNNING SAFETY ON
BRIDGES

3.1 INTRODUCTION

In the present chapter, a methodology for asseshmdrain running safety on bridges is
presented (Montenegro et al., 2015a). Althoughntle¢hodology may be applied to assess the
safety of trains subjected to several kinds ofaamstj such as, among others, earthquakes,
crosswinds or accident loads, the present work Im&ituses on the first. First, the proposed
methodology is introduced, along with a brief dgdan of the background history of past
derailments caused by earthquakes. Then, the nmirces of excitations to the vehicle
considered in the present work, namely the eartgjuand the track irregularities, are
described. Regarding the seismic action, sincertimning safety of the trains might be
jeopardized not only by intense shakings, but alganoderate earthquakes that do not cause
significant damage to the structure, only seismienés with relatively low return periods and
high probability of occurrence are considered ia gresent work. Therefore, no significant
nonlinearity is likely to be exhibited in the brelgpiers for these levels of seismicity.
Nevertheless, the reduction in the stiffness ofpie#s due to concrete cracking is accounted

for, using a methodology developed by Montenegral.ef2015a) and exposed in the third part
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of the present chapter. Finally, the derailmentmacsms that may occur during the passage of
a train over a bridge, together with the safetteda used to analyze the possible occurrence of

such phenomena, are presented.

3.2 OVERVIEW OF THE METHODOLOGY FOR THE ASSESSMENT OF
THE TRAIN RUNNING SAFETY ON BRIDGES

3.2.1 Background

The strict design requirements for high-speed m@bsvis leading to an increase in the
number of viaducts in the railway networks aroume world in order to ensure smoother tracks
with larger curve radius. This reality leads toirerease in the probability of a train being over
a bridge during the occurrence of hazards that tmigimpromise its running safety. As an
example, countries such as China, Japan and Taiml@nh are prone to earthquakes, have a
highly developed high-speed railway network in whgome of the lines have more than 75 %
of viaducts (Ishibashi, 2004; Kao and Lin, 2007j BXaal., 2010). Therefore, events such as the
derailment that occurred during the Kobe Earthquakelanuary 1995, the Shinkansen
high-speed train derailment at 200 km/h duringNhé-Niigata Earthquake in October 2004 or
the train derailments caused by strong crosswiepsrted by Baker et al. (2009), gave railway
engineers the incentive for studying the runnirfgtyeof trains on bridges.

Few studies, however, were carried out so far eomieg this topic, resulting in a lack of
regulation in the existing codes, especially remgydhe running safety of vehicles under
seismic conditions. In the European standards, dfadility of railway vehicles during
earthquake is not addressed, being both EN 1892003) and EN 1990-Annex A2 (2001)
limited to design criteria for railway bridges imdmary conditions and EN 1998-2 (2005)
restricted to design criteria related to the strradtsafety. However, the running safety of trains
might also be jeopardized by moderate earthqudlasdb not represent a significant threat to
the structural integrity. Yang and Wu (2002) stiat “for railway bridges, it is possible that
the bridge itself may remain safe during the eautiige, but may not be safe enough for the
trains to move over it due to excessive vibratipasd concluded saying thathe safety of
moving trains over the bridge under earthquake takions is a subject of great concern in
railway engineeriny Hence, taking into consideration the existingp gagarding this topic,
both in terms of regulation and available studeesnethodology for assessing the running

safety of trains on bridges is presented.
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3.2.2 Description of the methodology

Figure 3.1 illustrates the framework of the progbseethodology for the assessment of the
train running safety on bridges. The methodologystgis of calculating the wheel-rail contact
forces during the passage of the train over thaglerin order to evaluate the risk of derailment
through existing running safety criteria. The dymananalyses are performed with the
train-structure interaction method developed by Moagro et al. (2015b) and described later

in Chapter 4.

Train-structure interaction
with wheel-rail contact
(Chapters 4 and 5)

Track irregularities
(Section 3.3.2 - Chapter 3)

Wheel-rail contact forces
(Chapter 4)

Viaduct

Contact force
i

Time

l

Running safety criteria

Other actions
(Section 3.3.3 - Chapter 3) \i j /

| | (Section 3.5 - Chapter 3)

e
Y
Seismic behavior of the piers Y

(Section 3.4 - Chapter 3) Nadal Prud'homme

5 4= £ - _________ _ i %Q
- J— N

proJ [euLIdy)

Rail rollover ~ Wheel unload

s

Safe Unsafe

<5

Seismic action HETSSNS

(Section 3.3.1 - Chapter 3)

MWMWWWW A—————

Figure 3.1 - Framework of the methodology for teeessment of the train running safety on bridges.

Although the methodology is generalized to allow #afety assessment of trains under any
kind of conditions, as shown in Figure 3.1, thespré work focuses mainly on the running
safety against earthquakes. Thus, the seismic masorepresented in terms of ground
acceleration time-histories using artificial accegams (Section 3.3.1) that are generated from

the elastic spectra described in EN 1998-1 (2004t peak ground accelerations (PGA)
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corresponding to moderate events with relativeghtprobability of occurrence and low return
periods. Since no significant nonlinearity is ljkéb be exhibited in the bridge piers for these
levels of seismicity, all the analysis are perfodnne the elastic domain with a reduction in the
stiffness of the piers to account for concrete kirag The reduced stiffness, referred to as
effective stiffness, is calculated based on thehodktlogy developed by Montenegro et al.
(2015a) and described in Section 3.4. This metloghois divided into three main steps, which

consist of:
a) Nonlinear static analysis to assess the horizontadotonic behavior of the piers;
b) Nonlinear dynamic analysis to evaluate the maximesponse at the top of the pier;
c) Calibration of the effective stiffness based ontthe aforementioned analyses.

Track irregularities, which consist of deviatiorfstive rail from its ideal geometry, are also
an important source of excitation for the vehidtethe present work, the irregularity profiles

are generated based on analytical power spectnaltg€PSD) functions (Section 3.3.2).

Finally, the running safety of the train is evabldhtusing safety criteria based on the
wheel-rail contact forces that are recommendedcbysteveral codes reported in Section 2.5 of
Chapter 2, such as Nadal (1908), Prud’homme (196éil)yollover (AAR, 2011) and wheel
unloading (EN 14067-6, 2010) criteria (Section 3.9herefore, for each scenario, the
circulation is considered to be safe as long a®mjrthe safety criteria is violated during the
whole time the vehicle is crossing the bridge.

3.3 SOURCES OF EXCITATION OF THE TRAIN-STRUCTURE SYSTEM
3.3.1 Seismic action

3.3.1.1 Representation of the seismic action

The seismic excitations adopted in the present wmmhsist of artificial accelerograms
generated from the elastic spectra described il 8»8-1 (2004), with PGA corresponding to
moderate events with return periods less than 4@5sy which is the reference return period of
the design seismic action associated with the hlagse requirement. This type of seismic
actions is of the utmost importance, since the inmeafety of trains might be jeopardized not
only by intense earthquakes, but also by moderaiemic events, which may not cause

significant damage to the structure. Figure 3.@stlates an example of one of the generated
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accelerograms (return period equal to 310 yeassyyal as the respective response spectrum
adjustment to the target spectrum given by EN 1D98004).
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Figure 3.2 - Example of a generated ground mot@naccelerogram and (b) spectrum adjustment.
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3.3.1.2 Generation of artificial accelerograms

The artificial accelerograms are generated withstifevare SeismoArtif (2013), which uses
a method based on a random process of adjustmearimction in the frequency domain. This
method defines the artificial ground motion consig a target spectrum and adapting the
frequency content through an iterative processgugia Fourier Transformation Method.

The ground motiord (t) is generated based on the fact that each pefiodtion can be

expressed as a series of sinusoidal waves, aradined as (Gasparini and Vanmarcke, 1976)

4 (t)=10Z A sinlwt+4) (3.1)

whereA, &, and ¢, are the amplitude, frequency and phase angleecésply, of thenth

sinusoidal wave considered, anh(l) an intensity function to simulate the transientuna of

the earthquake. By defining a vector of amplitudesl simulating different arrays with a
random set of phase angles, it is possible to olddferent processes with the same general
aspect but with different characteristics. Thesedoan processes are stationary and their

characteristics do not change with time. In thespné method, the random phase an@glesre

uniformly distributed in the rangf, 2x].

53



Chapter 3

The method used by SeismoArtif to generate théicaali accelerograms comprehends an
iterative process. Therefore, for each cycle, g#gponse spectrum generated for the simulated
ground motion is compared with the target spectatira set of control frequencies, being the
correction of the random process performed in tegquency domain. Figure 3.3 outlines the

main steps of the artificial accelerogram genengpiacess.

Random Envelope
Process Shape

with Target
Spectrum

GENERATED

ACCELEROGRAM FOURIER

TRANSFORM

Figure 3.3 - Schematization of the generation eaé artificial accelerograms (SeismoAtrtif, 2013).

3.3.2 Track irregularities

3.3.2.1 Types of track irregularities

Track irregularities are an important source ofition for both the structure and the
vehicle. The irregularities are deviations of tteck from the design geometry (see Figure 3.4)
that can be divided into the following four typ&syba, 1996; Andersson et al., 1999):

a) Elevation level: geometrical error in the longitoal-vertical plane;

b) Alignment: geometrical error in the lateral directiof the horizontal plane;

c) Cross level: difference in the elevation of thdsraiong the longitudinal direction;
d) Gauge: variation in the track gauge.

Cross level Left rail Left rail

-A-- £z, Rightrail
Elevation
level y X
T NN AN AN AN - p
Right rail Right rail
(a) (b) (c)

Figure 3.4 - Types of track irregularities: (a) gctive view; (b) elevation view and (c) plan view
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Therefore, considering,and I, as the lateral and vertical deviations, respelgtivene

elevation r,, alignmentr,, cross levelr, and gaugery irregularities can be defined as
function of the longitudinal coordinateas following:

()= () (3.20)
A =%(fy”“ +rit) (3.2b)
ro(x)=rM —r" (3.2¢)
ro(x)=r"—r" (3.2d)

where the superscriplis andrht indicate left and right rails, respectively.
3.3.2.2 Power spectral density functions

In order to account for the track irregularitiestlie train-structure interaction analysis, it is
necessary to analytically describe the track gegmetowever, since it is usually difficult to
have access to a detailed description of the trthekirregularities are commonly defined as a

stationary stochastic process that may be descbhp&ED functions.

Each of the aforementioned irregularity profitesan be understood as a stochastic Gaussian
ergodic process that is characterized by the meduevr given by (Claus and Schiehlen,
1998)

(x)dx (3.3)

00

.1
r=Ilim =
Low |

[} ——
-

and by the correlation functid® that can be written as

R(¢)= lim %fr(x) r(x—¢)dx (3.4)

=)

The Fourier transform of the correlation function results in t8B FunctionS, which can be

defined as
s(@)= [R(¢)e’*d¢ (3.5)

where Q is the spatial frequency.
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According to Claus and Schiehlen (1998), variouasneements of track irregularities have

shown that the PSD can be standardized and exdrasse

1 Q?
SA,v (Q):_A 7

o TAv (Qr2 +Q2) (Q5 +Q2) (3.6a)

(3.6b)

_1 Q2Q*?
ST e e )

where the subscripts, V, G andC indicate the alignment, elevation level, gauge and cross
level irregularities) is half of the gaugeA is the irregularity scale factor, arffd., Q and

Q. are constant factors. According to Claus and Schiehlen (1998)alihnes of these constant

factors, which are representative of the European railway network, are

Q_=08246rad m (3.7a)
Q, =00206rad' m (3.7b)
Q_.=04380rad m (3.7¢)

The PSD functions of the elevation irregularity for three distientls of track quality are
represented, for exemplification purposes, in Figure 3.5. The threefu?siions refer to the
low, medium and high levels of irregularities described by Claws $chiehlen (1998),

represented by scale factors Af, = 0.5923310° radm, A, ,,=10892%10° radm and

Avgn =1.58610x107° rad.m, respectively.

x10
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o
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g
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Figure 3.5 - PSD functions of the alignment irregity for three distinct levels of track quality.

56



Framework of the methodology for the assessmeahedfain running safety on bridges

3.3.2.3 Generation of irregularity profiles

The irregularity profiles can be generated usirgyrtiodified spectral representation method
described in Hu and Schiehlen (1997). Accordingthte authors, the irregularity profile

functionr(x) is given by
r(x)=\/§Nz_1Ah cofQ, x+@) (3.8)

where ¢, are random phase angles uniformly distributedvénrangd 0,2z] and @, are a series
of N spatial discrete frequencies defined in the irabl[\QO,Qf] with incrementsAQ, in
which Q, and Q, are the minimum and maximum frequencies considerbd coefficients

A, are defined as

A =0 (3.9a)
- (L 4
A_\/(”s(gl)+6”s(go)jm (3.9b)
A=l1s@,)+1s@,)|a0 (3.90)
m Y e V° '
AZJ(%S(Qn)jAQ . n=34,..,N-1 (3.9d)

Finally, the rail deviations to be imposed during the trainestire interaction dynamic
analyses are given by

7 (=ra(x)+ (¥ (3.10a)
(=9 514 (3.10)
(=1, (9 +31c(4) (3.100)
(=10~ e (3.100)
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3.3.3 Other sources of excitation

Although the present work is only focused on theniag safety of trains under seismic
conditions, the methodology proposed in the presbapter is capable of dealing with any
other type of external loads that may influence rimening stability of the railway vehicle.
Therefore, static or dynamic wind loads (Sectioof &N 1991-1-4 (2005) and EN 14067-6
(2010)), applied both to the structure and vehiatident loads due to impact on supporting
members of the structure caused by derailed tna@ssing under or adjacent to structures
(Section 4.5 of EN 1991-1-7 (2006)) or thermal watat may cause the rails to buckle
(UIC 774-3-R, 2001), are all actions that can jmat $tability of the vehicle at risk as well and
that may also be considered in the model.

3.4 MODELING OF THE SEISMIC BEHAVIOR OF THE BRIDGE PIER S

3.4.1 Introduction

According to EN 1998-2 (2005), when an equivalemgar analysis is used, the effective
flexural stiffness of a reinforced concrete meméleould correspond to the secant stiffness at
the theoretical yield point. However, the presemtyg focus on the train running safety on
bridges during moderate earthquakes in which, inegd, the piers do not experience
significant damage and the yield point is not reachThus, an alternative methodology to
estimate the effective stiffness of the bridge Piter be used in the train-structure interaction
analyses performed in the elastic domain is presenthe methodology is divided in the
following steps: 1) a nonlinear static analysietaluate the horizontal monotonic behavior of
the piers; 2) a nonlinear dynamic analysis to deftee the maximum displacement at the top of
the pier when subjected to the seismic excitateors 3) calibration of the effective stiffness in
order to obtain, with a linear dynamic analysisgls of displacement similar to those obtained
with the nonlinear dynamic analysis. These threpssaire described in detail in Sections 3.4.2
through 3.4.4.

3.4.2 Monotonic response of the bridge piers

The first step of the methodology consists of peniag a nonlinear monotonic static
analysis to evaluate the horizontal response opitis, as depicted in Figure 3.6. In this type
of analysis, the idealized representation of thecstire is subjected to a constant gravity load
Fw and to a monotonically increasing force or disptaents at the pier top that represent the
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inertial effects from the earthquake (Elnashai &agno, 2008). Since the forcing function is
increased until the ultimate capacity of the pgraached, the structure model has to account
for the effects of both the material inelasticitydathe geometric nonlinearity. Thus, to perform
this type of analysis, the piers are commonly medielsing frame elements with distributed
inelasticity based on the displacement-based fatimu, in which the sectional stress-strain
state is obtained through the integration of thalinear uniaxial material response of the

individual fibers used to discretize the crossisect

The results obtained with the monotonic analyséseapressed in terms of a capacity curve
(see Figure 3.6), which consists in the relatiotwken the global base shear fofgeand the
displacementy at the top of the pier. In the present work, tlomlimear monotonic static

analysis is performed using the software SeismoS(a013) .

deck CG

pier top

Capacity curve of the pier

A
5
<=

pier model -

~/ @ —> Plastification
m
—> Cracking
Displacement &
Fye—

Figure 3.6 - Nonlinear monotonic static analysis.

3.4.3 Nonlinear dynamic analysis

The second step of the methodology consists obparhg a nonlinear dynamic analysis to
predict the inelastic response of the piers subfetd the seismic excitation. The structure,
whose model also have to account for the effecthaterial and geometric nonlinearities, is

subjected to the seismic ground motign applied at the base of the piers, as depicted in

Figure 3.7. Then, the maximum displacement at tpedf the pierdmax is computed. This

value, together with the horizontal capacity of fhiers obtained in the monotonic analysis
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presented in the previous section, is used to reaéibthe effective stiffness of the piers, as
shown in Section 3.4.4.

Due to the dynamic nature of the analysis, dampiag to be accounted for in order to
obtain a realistic result. The hysteretic compormrdamping, which is usually responsible for
the dissipation of the majority of the energy idmoed by the earthquake load, is already
included within the elements with nonlinear behavidiowever, since the proposed
methodology focuses on the analysis of the seisrai@avior of piers that do not experience
significant levels of plasticity, the non-hystecali damping that is mobilized during the
dynamic response of the structure, through phenansech as friction and energy radiation,
also plays an important role. Therefore, this epeatigsipation mechanism is accounted by
means of Rayleigh damping (Clough and Penzien, RQG& an equivalent viscous damping
ratio fixed in the frequencies of the pier obtainesing the elastic stiffness of an uncracked
cross-section and using the effective stiffnessnased with the Annex C of EN 1998-2 (2005)
for reinforced concrete ductile members. This dote is based on the fact that the natural
frequency of the piers after the calibration of #féective flexural stiffness is somewhere
between the two aforementioned frequencies. Thémear dynamic analysis is also performed

using the software SeismoStruct.

Response at the top of the pier

g
=

pier model

Displacement

Figure 3.7 - Nonlinear dynamic analysis.
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3.4.4 Calibration of the effective stiffness of the bridg piers
The final step of the present methodology consitalibrating the effective stiffness of the

piers in order to obtain, with a linear dynamic lgsis, levels of displacement similar to those

obtained with the nonlinear dynamic analysis presim the previous section. Thus, the base
shear forceF,, obtained in the capacity curve (see Section B.A@rresponding to the
maximum displacement at the top of the pigs computed in the nonlinear dynamic analysis

(see Section 3.4.3) is evaluated, as depictedgur€i3.8. The effective flexural stiffness of the
pier will correspond to the secant stiffness at #ferementioned point. The stiffness is

calculated numerically or, in the case of simpleidtres whose flexural stiffness can be

approximated by a closed-form expression, analfyica
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Figure 3.8 - Base shear forEgcorresponding to the maximum displacen&nf at the top of the pier.

3.5 DERAILMENT MECHANISMS AND SAFETY CRITERIA
The assessment of the running safety of traindapia of the utmost importance in railway
engineering. Therefore, it is important to ensina the criteria used to evaluate the safety of
vehicles are realistic enough to avoid the occuweert derailments. Train derailments are the
result of wheels running off the rails that provitie necessary guidance to the vehicle. The
reasons for wheels running off the rail can bediff to ascertain. However, the final scenario

of derailment may result in wheels climbing off thal, gauge widening or rail rollover,
causing the wheels to fall between the rails (Wd ¥rilson, 2006). Hence, any situation that

may reduce the lateral guidance provided by tHe véll surely increase the risk of derailment.
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According to their causes, the derailment mechasisan be classified into the following
categories: 1) wheel flange climbing; 2) track pastaft; 3) gauge widening and 4) wheel
unloading. Each of these derailment mechanisms bavee controlled and avoided using
appropriate safety criteria during the design @& $tructure. In Section 2.5 of Chapter 2, the
norms and recommendations defined in several stdasadar the assessment of rail traffic
safety were introduced and summarized. Among thsecriteria based on the control of the
wheel-rail contact forces, namely the Nadal, Prutime, rail roll and wheel unloading criteria,

are adopted in the present methodology for thesagsent of the train running safety.
3.5.1 Wheel flange climbing

3.5.1.1 Derailment mechanism

The derailments caused by wheel flange climbingtlaeeresult of excessive lateral and/or
vertical vibrations of the track that may cause \hesel to climb over the rail, resulting in a
reduction of lateral guidance provided by the ratis kind of derailment generally occurs
when the wheel experiences a high level of lateyede combined with a reduction in the
vertical contact force on the flanging wheel. Phmana such as earthquakes or strong winds
combined with high levels of track irregularitiesnc strongly contribute to this type of

derailments.

According to Wu and Wilson (2006), the mechanismdefailment caused by the wheel
flange climbing over the rail can be illustratedthree phases, as shown in Figure 3.9. In

phase 1, the wheel moves towards the rail dueetadtion of the lateral loal, imposed to the

vehicle, causing the formation of a lateral friatitorce F,, called creep force (see Section 4.5

of Chapter 4), which opposes the flange climbimgphase 2, when the flange touches the ralil,
the lateral velocity of the wheel decreases duthéoincreasing contact angle. Consequently,
the lateral creep force reverses direction andsstarassist the flange climbing. After reaching
the maximum contact angle, the lateral velocitytled wheel increases again, resulting in
another inversion of the lateral creep force dicgctphase 3). As a result, the creep force

opposes once again the climbing motion of the wheel
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(b)
Figure 3.9 - Mechanism of derailment caused by Whaege climbing: (a) phase 1, (b) phase 2 and

(c) phase 3.

3.5.1.2 Nadal criterion

One of the most common criterion used to assessléh@lment caused by wheel flange
climbing was proposed by Nadal (1908) in the beigigrof the 20th century. This criterion
limits the ratio between the lateréland verticalQ contact force in each wheel, commonly
known as derailment index or derailment coefficieim order to minimize the risk of
derailment. Based on a simple equilibrium of forbesween the wheel and rail at a single

contact point in the flange, as depicted in Figud®, theY/Q ratio, referred to in this work as

the Nadal factor/,, , can be expressed as

F
tany—F—’7
= (3.11)
1+ "tan
= 4

n

{n =

O <

where y is the contact angle between the wheel and kilthe normal contact force arig,

the lateral creep force. Nadal proposed the ooitefor the saturation condition, leading to

_Y _tany-p

= Q 1+utany

(3.12)

where p is the friction coefficient. The limit value fohe Y/Q ratio varies from country to
country, depending on the friction coefficient ciolesed and on the wheel flange inclinations.
According to TSI (2002), th&/Q ratio in any wheel of the train should not exc@8l The
same limit is imposed in Japan (RTRI, 2006), winlehe U.S.A. and China theé/Q ratio is
allowed to reach 1.0 (AAR, 2011 and Jun and Qingy2805)).
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Figure 3.10 - Forces acting at the flange contacttp

According to Wu and Wilson (2006), the Nadal crdaragrees with scenarios when a large
angle of attack is experienced, such as curve ragots. However, for small angles of attack,
the criterion proved to be very conservative, sima®es not consider the effects of friction in
the non-flanging wheel (see Section 3.5.1.3) amdirass that the flange climbing derailment
occurs instantaneously once tWéQ ratio limit is exceeded. In fact, both field testad
simulations have proven that the derailments cabgedheel flange climbing occur only when

theY/Qratio limit is exceeded for a certain period ofi¢i (see Section 3.5.1.4).

3.5.1.3 Weinstock criterion

Weinstock (1984) proposed a less conservativerionte named Weinstock criterion or
wheelset sunY/Qratio, which takes into account not only the effeaf friction in the flanging
wheel, but also in the non-flanging wheel of theneavheelset. This criterion evaluates Y€
ratio in the flanging wheel using the Nadal criberi while theY/Q ratio in the non-flanging
wheel is considered to be equal to the frictionffoment since the contact angle is small in the
tread region (see equation (3.12)). Thus, usingémee force equilibrium scheme shown in the

previous section, but considering the contributddrthe two wheels of the same wheelset (see
Figure 3.11), the wheelset sf¥Q ratio, referred to in this work as the Weinstoaktor ¢\, ,
is given by

_~ Y _ tany, — U, +
- =2 7A A 3.13
S %Q 1+ u, tany, Hs (3.13)

wherews indicates wheelset and the subscridt@andB indicate the flanging and non-flanging
wheel, respectively, as illustrated in Figure 3.This criterion is mainly used in the U.S.A.
and, according to the Chapter Xl of the Manual t#n8ards of the AAR (AAR, 2011), the
wheelset suny/Qratio given by equation (3.13) should not exceéd 1.
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_________ . . R
Flanging wheel A : : Non-flanging wheel B

Figure 3.11 - Forces acting at the flanging andifteamging wheel of the same axle.

3.5.1.4 Modified Nadal criterion based on the lateral impdaration

The Nadal criterion assumes that the flange climli@railment occurs instantaneously once
the Y/Q ratio limit is exceeded. However, numerical siniolas performed by Ishida and
Matsuo (1999) of a Shinkansen wheelset runningaabus speeds and considering different
values of angles of attack and amplitudes of lhferae, showed that the derailments occurred
only when theY/Qratio limit is exceeded for a certain period ofi¢i. In fact, the derailment of
a railway vehicle due to flange climbing occursyonihen the wheel rises more than 30 mm
relative to the rail, which corresponds to the dlameight (Nishimura et al., 2008). Thus, Ishida

and Matsuo (1999) proposed a modified Nadal catebased on the lateral impact duration.

The relation between the time duration in which Y@ ratio exceeds 1.0 and the height of
wheel rise obtained in one of the numerical simaorest performed by Ishida and Matsuo (1999)
is presented in Figure 3.12. It can be observetdftnahe wheel to rise more than 30 mm in
respect to the rail, th¥/Q ratio must exceed the limit value for nearly 0.Moreover, for
impulsive loads in which th&/Q ratio exceeds the limit value during a short pkrad time
(around 0.01 s), the wheel lifts less than 0.5 mvivich is far below the derailment level. Thus,
in order to obtain less conservative results widmparison to those obtained with the Nadal
criterion, but at the same time, to guarantee timning safety of the vehicle against wheel
flange climbing, Ishida and Matsuo (1999) setY#@ ratio limit at 0.8 and considered that the
vehicle is in risk of derailment only when this Iinis exceeded for more than 0.015 s. This
period of time, in which th&/Qratio exceeds the limit, corresponds to a whéebtil mm, as
shown in Figure 3.12. This modified Nadal criterioased on the lateral impact duration has
been adopted by the Japanese standards to dedheiéissessment of the train running safety.
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Figure 3.12 - Time duration of th&Qratio versus the height of wheel rise obtainetheésimulation of

a Shinkansen wheelset running at different spessispted from Ishida and Matsuo, 1999).
3.5.2 Track panel shift

3.5.2.1 Derailment mechanism

The track panel shift is the lateral displacemdrthe track panel, which includes the rails
and the sleepers, over the ballast, as shown inré&i§13. As the cumulative lateral
displacement of the track panel over the ballastemses, the wheels may lose guidance,
resulting in one wheel falling between the railsd athe other outside the track. This
phenomenon is mainly caused by repeated latera kpdds applied to the rails, and is
associated with tracks that possess low later@tegxe, such as poorly laid tracks, newly laid
tracks and newly maintained tracks, or with traekd over soft subgrades.

According to Elkins and Carter (1993) and Wu ands@fi (2006), the track panel shift
phenomenon has become increasingly important Wwehricrease of train speeds and loads. In
fact, the increase in speed generally results imemease in the unbalanced forces on curves or
on poorly aligned tracks. These unbalanced forcedcaforce the rail outwards in a curve,
resulting in panel shift and, consequently, leadmng higher risk of derailment. Moreover, the
greater use of continuously welded rail also cbaotes for increasing the probability of panel

shift due to the buckling phenomenon caused by ¢éeatpre changes in the rails.
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Panel
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> direction
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Figure 3.13 - Mechanism of derailment caused gktpanel shift.

3.5.2.2 Prud'homme criterion

Research performed by the French National Railw@gmpany (Sonneville and Bentot,
1955) suggested that the lateral load induced §imgle wheelset should be limited to prevent
excessive track panel shift. Subsequent reseapdrtesl by Prud’homme (1967) specified the

following criterion for limiting the total laterdbrceY exerted by a wheelset on the track :
Sy :1o+2—§0 [kN] (3.14)

whereQy is the static load per wheel in kilonewtons. Thedon is adopted in Europe by the

TSI (2002). In this work, the Prud’homme facfty is expressed in a dimensionless form as

> Y [kn]

(3.15)
10+2§0 [kN]

=

3.5.3 Gauge widening caused by rail rollover

3.5.3.1 Derailment mechanism

A derailment caused by gauge widening usually we®slthe combination of wide gauges
and large rail lateral deflections, mainly duehe tail rollover. The rail rollover is a result of
important impacts between wheel and rail that oasben the wheelsets experience high
angles of attack due to the poor steering of thggebd’hese impacts lead to large lateral forces
exerted on the rails that may deflect them furtidis type of derailment may occur when the
gauge faces of the two rails are spread enoughaw ane of the wheels to drop between the

rails, as illustrated in Figure 3.14.
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Figure 3.14 - Mechanism of derailment caused by oHover.
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3.5.3.2 Rail roll criterion

The Manual of Standards of the AAR (AAR, 2011) mep@ rail roll criterion based on the
rotation mechanism of the rail about a pivot pdétndituated in the outward side corner of the
foot of the rail, as shown in Figure 3.15. The ¢wering momenM about the pivot poin® is

given by
M =Yh-Qd (3.16)

whereh is the height of the rail andithe horizontal distance between the pivot poirt tre
contact point (see Figure 3.15). Just before thestarts to roll, the momemd tends to cancel,

leading to the followingr/Qratio limit to avoid the rail to roll:

y_d
o h (3.17)

Note that the¥/Qratio presented in equation (3.17) does not addourhe restraints provided
by the rail fasteners and torsional stiffness efrthil section. However, according to Elkins and
Carter (1993), during the development of the rall criterion, the torsional stiffness of the
length of rail between wheels in close proximityoyed to be significant. Therefore, the
combined effects of all the wheels of the same sidiéhe bogie are included in the criterion,
thus giving

>y

ZR _ bgside :E (3.18)
2.Q h

bg side

where ¢, is the rail roll factor antig indicates bogie.
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Q
Contact point
Y

Figure 3.15 - lllustration of the rail roll critem.

For typical rail sections used in the U.S.A., thh ration is about 0.6 when contact takes
place in the gauge side of the rail. Thus, bogie SumY/Q ratio given by equation (3.18)
should not exceed that value (AAR, 2011).

3.5.4 Wheel unloading

When the vibrations experienced by the vehiclesaah that some wheels lose contact with
the rail, a derailment by wheel unloading may occtlrese severe vibrations, in both the
vertical and the lateral directions, may be causedeveral sources of excitation, such as track

irregularities, earthquakes, crosswinds, amongrsthe

The wheel unloading limit for the ratio between thduction of the wheel vertical load)

and the static load per whe®y, referred to as the wheel unloading faofgr, is given by

_AQ_Q-0Q

‘= Q Q

(3.19)

whereQ is the dynamic vertical load of the wheel. Inraitisituation, in which a wheel loses
the contact with the rail, the dynamic load is pnald theAQ/Q, ratio becomes 1.0. However,
to avoid such extreme situation, the limits to Wieeel unloading ratio that can be found in the
literature are less than 1.0 in the majority of dmntries. In Europe, EN 14067-6 (2010),
relative to aerodynamics in railway applications émosswind assessment, specifies a limit
value of 0.9 for the\Q/Q ratio. More conservative limits of 0.8 and 0.66 adopted in Japan
and China, respectively (Jun and Qingyuan, 200RIRZ006).
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3.5.5 Summary of the running safety criteria

Table 3.1 presents a summary of the aforementiomexing safety criteria, including the
guantities calculated in each criterion, their tie¢ioal and practical limits and the respective

literature references.

Table 3.1 - Summary of the running safety criteria.

Derailment Physical meaning Limit

Criterion Criterion factor e Reference
type of the limit value
_Y tany—u Nadal (1908)
Nadal dn 9 1+ tany 0.8 TSI (2002)
Flange : VY tany, —Ha . Weinstock (1984)
climbing  Weinstock < %Q 1 tany, e AAR (2011)
. Y .
Modified In== tany— 0.g Ishidaand Matsuo
Nadal Q 1+ putany ' (1999)
(0.015 s)
Sy >y [kN] " (1967
, _ W Prud’homme (1967
Panel shift Prudhomme {» =—"55 — 1.0
10+2% 10,2 [y] TSI (2002)
3 3
>Y
Gauge il roll {p = 2ase d 0.6 AAR (2011)
widening R ZQ h '
bg side
Wheel . _AQ Q-Q
unloaging  Unioading 4 ) o 0.9  EN 14067-6 (2010)

3.6 CONCLUDING REMARKS

A methodology for evaluating the running safety todins on bridges is proposed
(Montenegro et al., 2015a). The methodology comsidtevaluating the risk of derailment
using running safety criteria based on the wheékomtact forces, which are computed during
the dynamic analysis of the train-structure systahlhough the methodology is generalized to
allow the safety assessment of trains under ang &fnconditions, the present work focuses

mainly on the running safety against earthquakes.
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The procedure for generating the artificial acasdeams used to represent the seismic
motion is introduced. Since the running safety rains might be jeopardized not only by
intense shakings, but also by moderate earthquakesh may not cause significant damage to
the structure, the artificial ground motions usedhe present work correspond to moderate
seismic events with relatively high probabilityafcurrence. Nevertheless, although the bridge
piers are not expected to experience significamhadge for these levels of seismicity, a
methodology to account for the reduction in theiffreess due to concrete cracking is
proposed. This methodology is divided in three nséps, culminating with the calibration of

the effective stiffness of the cracked piers.

Track irregularities are also introduced as an irtgrt source of excitations to the vehicle in
addition to the seismic action. The irregularityofles are generated based on a stationary

stochastic process described by PSD functions.

Finally, the main derailment mechanisms, namelywvieel flange climbing, track panel
shift, rail rollover and wheel unloading, are prasel together with the running safety criteria

used to avoid each of these type of derailment.
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Chapter 4

DEVELOPMENT OF A METHOD FOR ANALYZING THE
DYNAMIC TRAIN-STRUCTURE INTERACTION

4.1 INTRODUCTION

This chapter presents the formulation of the tedimcture interaction method developed in
this work for evaluating the running safety of ti®imoving over bridges (Montenegro et al.,
2015b). First, the contact element used to modeb#havior of the contact interface between
wheel and rail is presented. Then, a wheel-railtacinmodel is proposed to compute the
internal forces of that element, which correspamthe contact forces that are generated in the
contact interface. The algorithm associated with ¢bntact model is divided into three main
steps: 1) the geometric problem, consisting ofciiection of the contact points; 2) the normal
contact problem, in which the forces are determim&skd on the Hertz nonlinear theory and 3)
the tangential contact problem, where the creepefothat appear due to the rolling friction
contact are calculated using three distinct meth&dsally, the method used to couple the
vehicle and the structure is presented. This metheddrred to as the direct method (Neves et
al., 2012; Neves et al., 2014), complements theegong equilibrium equations of the vehicle
and structure with additional constraint equatitregt relate the displacements of the contact
nodes of the vehicle to the corresponding nodallaiements of the structure. These equations
form a single system, in which the unknowns arén lwb$placements and contact forces. The

proposed model is based on the finite element ndetivbich allows the analysis of structures
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and vehicles with any degree of complexity and tomsideration of the deformations
undergone by the two systems. The present fornoulasi implemented in MATLAB (2011).
The vehicles and structure are modeled with ANSE&L0Q), being their structural matrices
imported by MATLAB.

4.2 WHEEL-RAIL CONTACT FINITE ELEMENT

4.2.1 Description of the element

In the majority of the currently available methofty analyzing the train-structure
interaction, the normal and tangential contactderare treated as external forces. However, it
is generally more efficient to use a finite elemimimulation based on the contact laws for the
normal and tangential directions. Therefore, a Ailodgegment contact element that takes into

account the behavior of the contact interface appsed (see Figure 4.1).

Figure 4.1 - Target and node-to-segment contanteziés.

Figure 4.1 shows the forcésacting at the contact interface and the displacgésnveof the

contact point, which are defined in the local camate system of the target elemém Y, z[).
The superscriptee andte indicate contact and target elements, respectiidlg x axis has the

direction of the longitudinal axis of the targe¢mlent, they, axis is parallel to the track plane
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and thez axis completes the right-handed system. The @de a nodal point of the vehicle

and the pilot point of the rigid surface of the whelhe pointCs is an auxiliary internal point

of a target element of the structure and the plaint of the rigid surface of the rail. The
motions of the rigid surfaces of the wheel and aad governed by the degrees of freedom of
the corresponding pilot node. The auxiliary poi@tsandC, belong to the rigid surfaces of the
wheel and rail, respectively. When contact occthis, proposed enhanced node-to-segment
contact element adds the internal n@dend the finite element connecting the pdsatnd the
node C;z in order to take into account the contact behauwothe normal and tangential

directions, using the formulation described in &ect.4.

When contact occurs, the no@g and the auxiliary poin€, are coincident. The constraint
equations that relate the displacements of thesesare imposed using the direct method
proposed by Neves et al. (2014), which is extendedeal with three-dimensional contact
problems. Since in the proposed contact elememe thiee no moments transmitted across the
contact interface, the constraint equations onlgteethe translational displacements in the
three directions. This approach is acceptable,esthe creep spin moments as well as the
moments caused by the lateral slip are small inpasison with other moments acting on the
system (Polach, 1999). The relative motions betwibe wheel and rail are accounted by the
finite element connecting the poi@t and the nod€;. The irregularities present at the contact

interface can be considered in the constraint émpgfor the vertical and lateral directions.

Since the auxiliary point€, and Cs do not belong to the mesh of the structure, the
constraint equations that relate the displacemartse auxiliary pointC, and the nod€s;, and
the forces applied at the poi@t have to be transformed in order to be associaiéu tive
degrees of freedom of the nodes of the target elenfe similar transformation has to be
applied to the finite element connecting the p@ptand the nod€; in order to be associated

with the degrees of freedom of the ndtie

4.2.2 Coordinate system of the element

The stiffness and damping matrices of the conterhent depicted in Figure 4.1 are first

calculated in the contact point coordinate sys(etgnyc, zc) illustrated in Figure 4.2 and then

transformed to the global coordinate system. Toigll coordinate system follows the motion
of the contact point, being its origin attachedh® center of the contact area.
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(a) (b)

Figure 4.2 - Contact point coordinate system: ¢p)view and (b) front view.

The z, axis is oriented along the direction normal to tleatact plane, the, axis points
towards the longitudinal direction of motion ancetly, axis completes the right-handed
system. The normal forces are defined along zheaxis, and the longitudinal and lateral
tangential forces are defined along tke and y, axes, respectively. The yaw and contact

angles are denoted lay,, and y, respectively.

The transformation matrixT? from the global coordinate system to the contamntp

coordinate system is given by
Te=TeTETS (4.1)
where

cosy, sing, O

TY=|-sing, cosy, O 4.2)
0 0 1
1 0 0
T%=10 cosy siny (4.3)

0 -siny cosy

The matricesT? and T transform from the target element coordinate systie the contact
point coordinate system, and correspond to a outaif ¢/, about thez axis and a rotation of

y about thex, respectively. The matri ¢ represents the standard transformation from the

global coordinate system to the local coordinattesy of the target element (Bathe, 1996).
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The nodal forcesR® corresponding to the internal element stressestahgent stiffness

matrix K° and the tangent damping matri€° of the wheel-rail contact element are

transformed from the local point coordinate systernthe global coordinate system, according

to
R=T* R° (4.4)

K=T% KET® (4.5)

C=T® C°T® (4.6)

where T is the transformation matrix defined by equatiéri). The superscript indicates

that the quantity is defined with respect to thetaot point coordinate system.

4.3 GEOMETRIC CONTACT PROBLEM

4.3.1 Parameterization of the rail and wheel profiles

The calculation of the contact points depends enctirrect representation of the wheel and
rail surfaces and is a key point for obtaining eauaate solution of the contact problem. In the
present formulation, the profile surfaces are patenrzed as a function of surface parameters
using piecewise cubic interpolation. The parame#tion of each surface is performed using
cubic splines, defined from a set of control poitist are representative of the profile

geometry.

In situations where the yaw rotation plays an ingoarrole, such as curve negotiations or
railway turnouts, the wheel may contact the raitwo points located at different diametric
sections, namely at the tread and the flange.dseltircumstances, the flange contact point can
be located ahead or behind the tread contact pgiwing origin to lead or lag contact
configurations, respectively (Pombo et al., 2003ince only straight track scenarios are
analyzed, this type of analysis is beyond the sajgbe present thesis, restricting the contact
point search to only one plane. Therefore, the g#omparameterization is formulated in

terms of two surface parametegsand s, that define the lateral location of the contadhpm

the rail and wheel, respectively, with respechiirtlocal coordinate systems.
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4.3.1.1 Coordinate systems of the rail and wheel profiles

The rail profile coordinate systelﬁx, Y, z,) is fixed with the rail and has its origin at the
point where the wheel contacts the rail when theeidet is centered with the track. Tle
and z, axes belong to the rail cross section plane, b#iagormer oriented along the tangent
to the surface at the contact point. The transftonafrom the target element coordinate

system to the rail profile coordinate system isgiby

1 0 0
T"=/0 cosg sing 4.7)
0 -sing cosg

where¢ is the roll rotation of the rail about the targé&gment longitudinal axis;.

The wheel profile coordinate syste(ww, Yor zw) has the same origin of the rail profile

coordinate system, being the orientation definedhieyroll rotation of the wheel about the

axis. Since the contact point search is restritiezhly one plane, the yaw angle contribution is
neglected in the geometric problem (Falomi et 2010; Tanabe et al., 2011; Antolin et al.,
2012). Thus, the transformation from the targeteliet coordinate system to the wheel profile

coordinate system can be written as

1 0 0
TY=|0 cosg, sing, (4.8)
0 -sing, cosg,

where ¢, is the roll rotation of the wheel about the targieiment longitudinal axig .

4.3.1.2 Parameterization of the rail profile

The two-dimensional surface geometry of the raildescribed in terms of the surface

parametels, as depicted in Figure 4.3.
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Figure 4.3 - Parameterization of the rail profile.

The position vectou;, of an arbitrary poinR of the rail surface, defined with respect to the

target element coordinate system, is given by

Ug =Uq +T UL (4.9)
where utq Is the position vector of the origin of the raibple coordinate system, defined with
respect to the target element coordinate systethugnis the position vector of the arbitrary
point of the rail surface defined in the rail plteftoordinate system, written as

ub=[0 s, f(s)] (4.10)

r

in which f (s, ) is the function defining the rail surface.

In the implemented wheel-rail contact method, tbenral and tangent vectors to the rail
surface at the contact point are necessary toleddciis location. The tangent vector to the rail
surface at the contact point along the lateralctima ttr‘y defined with respect to the target

element coordinate system is given by
.
t, =TTt (4.11)

where the tangent vectdr

-y, defined with respect to the rail profile coordmaystem, is

obtained by differentiating the rail surface funatwith respect to the surface parameter, i.e.,

t:y:[O 1 L(Sf)} (4.12)
| ds,
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Since the location of the contact point is detesdithrough a planar geometric analysis, the

tangent vector along the longitudinal directitin, has the same direction as tReaxis. The

normal vector to the rail surfacel at the contact point defined with respect to theydt

element coordinate system is given by

nt =t' xt (4.13)

r X ry
with n; pointing outwards from the surface.

Finally, the contact angl¢, defined between the lateral tangent vector andréck plane,

is given by

— -1 dfr(sr)
y_tan( - j+¢; (4.14)

Y,

Notice that the roll rotatiorg, is the angle between the rail profile coordingtstesm and

the target element coordinate system.

4.3.1.3 Parameterization of the wheel profile

The present method allows the detection of two adnpoints between the wheel and rail.
To this end, the wheel is parameterized by two tions, one for the treafy,; and another for
the flangef,;, making the location of the contact points in eaebion of the wheel fully
independent. The division between tread and flaisgenade in the point with maximum
concave curvature, as shown in Figure 4.4. Theacbrgoint and the point with maximum

concave curvature are denoteddmandmc respectively.

mc
p

Sos

7. ,
(a) (b) (©)

Figure 4.4 - Division into tread and flange: (&dd contact, (b) double contact and (c) flangeasint

Figure 4.5 shows the parameterization of the wipgefile in terms of a single surface

parameters, to clarify the illustration. However, each of thérementioned functions that

define the wheel surface is defined by an indepeinsi@face parameter.
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Figure 4.5 - Parameterization of the wheel profile.

The position vectou;, of an arbitrary pointV of the wheel surface, defined with respect to

the target element coordinate system, is given by

Uy =Ug, +TW uy (4.15)

in which uth Is the position vector of the origin of the whpebdfile coordinate system, defined
with respect to the target element coordinate sys@ndu,, is the position vector of the

arbitrary point of the wheel surface defined inwieeel profile coordinate system, written as

uy=[0 s, f(s)] (4.16)

where fW(sN) is the function defining the wheel surfaces.

The tangent and normal vectors to the wheel surédcthe contact poinﬂ;twy andn},,

defined with respect to the target element cootdirsgstem, are calculated in an analogous

way as in Section 4.3.1.2.

4.3.2 Contact point search

After defining the surfaces of the contacting bedibe next step of the geometric problem
consists of determining the position of the confamhts between the wheel and the rail. In the
present work, two algorithms for the detection oftact points are implemented. The first
algorithm is used to detect the position of conpaints lying on convex regions of the surfaces
(see Section 4.3.2.1), while the second one isiepplhen the contact point is located on
concave regions (see Section 4.3.2.2), as illestrat Figure 4.6. Although the latter approach
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is not restricted to concave regions, its highenpotational cost makes it less attractive to
solve the geometric problem than the convex cors@atch algorithm. Therefore, the concave
contact search is performed only if the convex acnalgorithm fails to find a single solution

on a convex region, as explained later in Secti82£. In the particular case of wheel-rall
contact, if no wear is present, the only concawgoreis located on the wheel profile, in the
transition zone between the tread and the flange.

Tread/flange
transition zone
" (concave region)

Transition zone /

contact

Flange contact A

(a) (b)
Figure 4.6 - Contact point between wheel and (ajlcontact in a convex region and (b) contact in a

concave region.

4.3.2.1 Convex contact search
To determine the location of the potential contpoints between the wheel and rail in
convex regions, the following set of nonlinear dore is used:

{ta,y @, =0

4.17
ttwyy ! =0 ( )

wheret! , t!, andn; are defined in Section 4.3.1 amd, is the vector that defines the

w,y
relative position of the point of the wheel withspect to the point of the rail (see Figure 4.7),

given by
d,, =uy —Uy (4.18)

where u!, and uj, are given by equations (4.15) and (4.9). The fimtdition described by

equation (4.17) ensures that the tangent vecttiretwail is perpendicular to the vector defining
the relative position of the point of the wheellwitspect to the point of the rail. The second
condition ensures that the normal vector to theisgerpendicular to the tangent vector to the
wheel, as depicted in Figure 4.7.
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(b)

Figure 4.7 - Potential contact points betweenweedurfaces: (a) contact and (b) no contact.

In the present formulation, an internal functionMATLAB is used to solve the nonlinear
algebraic equations (4.17). This function usedenmaiive scheme based on the Newton method
together with a trust-region technique to improlre tobustness of the algorithm and handle
situations where the Jacobian matrix of the algelaquations is singular.

The system of equations (4.17) may have multipletems if one of the contact surfaces is
not convex. This may occur if the potential contaaint lies on the concave regions that exist
in the transition between the wheel tread and #aftlge rail surface is assumed to be always
convex). Therefore, after solving the system ofatigms (4.17), the algorithm checks the
convexity sign of the wheel surface at the caledgbotential contact point by computing its

curvature x,  along the lateral directiory, of the contact point coordinate system (see

Figure 4.2). According to Garg and Dukkipati (198&)e radius of curvature of a surface is
considered to be positive if the corresponding eeat curvature is within the body, i.e., if the
surface is convex. Thus, the potential contact tplo#s on a convex region if the following

condition is fulfilled:

K >0 (4.19)

W,Yc

otherwise, the potential contact point lies on acawe region and the solution obtained with
the system of equations (4.17) is discarded. When dituation occurs, the concave contact
search algorithm, presented in Section 4.3.2.Bsed to determine the actual position of the
contact point. The calculation of the curvaturetted contacting surfaces is described later in
Section 4.4.2.

The final condition which the potential contactmsilying in a convex region have to fulfill

is that the parametric surfaces have to intersach ether. As shown in Figure 4.7b, the
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conditions described in equation (4.17) are satisbut there is no contact. This condition can
be expressed mathematically as

di h'<0 (4.20)

which means that the intersection between two Isodiguaranteed only if the vectar§, and

n! point in opposite directions, as shown in FiguiZa4 The penetratiod between the two

r

bodies in contact is given by

a=[a,

(4.21)

Since the contact point detection is a nonlineabl@m, an initial estimate for the solution
has to be given to start the iterative processndist cases, in order to reduce the number of
iterations, the solution obtained in the previdesation/step is used as an initial guess to solve
the current iteration. However, if flange contacturs, the contact point position suffers an
abrupt jump from the tread to the flange and thevipus obtained solution may not be an
appropriate estimation for the current iteratiohisTcan cause the solution to converge very
slowly or even diverge. Therefore, an accurateiptiet of jumps in the contact point position
leads to a faster solution and eliminates somehef dauses responsible for convergence

problems during the contact solver.

The contact point jump detection proposed in tlggy consists of precalculating a lookup
table, similar to those used in the multibody folations (Santamaria et al., 2006; Tanabe et
al., 2008; Bozzone et al.,, 2011; Antolin et al.120 These lookup tables follow the
assumption of a rigid contact between wheel anll iraiwhich the surface parameters that
define the contact point position can be computedaafunction of the relative lateral
displacement between the center of mass of the lsdte@nd the track centerline. Thereafter,
the proposed table can predict if there is a camgaint in the flange for a given relative lateral
displacement. Since the proposed model is basethefinite element method instead of a
multibody formulation, this table is only used tstimate if there is flange contact. If so, the
surface parameters obtained by table interpolati@nused as an initial guess to detect the
potential new flange contact point. This procedesals to a more accurate initial estimate of
the solution and, consequently, to a higher coremrg rate when solving the nonlinear
algebraic equations (4.17). The procedure for imgleting the contact lookup table is

described in Appendix A.
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4.3.2.2 Concave contact search

The concave contact approach consists of detergithi@ location of the contact points in
the regions where the convex contact approach tdmiba single solution, i.e., in concave
surfaces (see condition (4.19)). Unlike the aldgnitused in the convex contact approach, the
accuracy of this algorithm depends on the degredisuiretization of the profiles. Therefore,
although this approach may also be used to lobatedntact points in convex regions, the high
computational cost that is required to achieve adgsolution makes it computationally less
attractive. As a result, the concave contact amgbramused only if the convex approach finds a

solution that lies in a concave region.

In the concave contact search approach, the rdilndreel surfaces are discretizechjrand
ny points, respectively. This discretization is pearied by interpolating the profile functions
described in Section 4.3.1, being the position arscof each point in the rail and wheel
surfaces given by equations (4.9) and (4.15), cismdy. Hence, the evaluation of the
potential contact between the two surfaces consistietermining if any of these points lie

inside the opposite surface, forming the so-caléersection volume, illustrated in Figure 4.8.

To determine which points belong to the intersectiolume, the points belonging to the rail
surface are projected into the wheel surface amé-wersa. Then, the vertical distances

between the points of each surface and the respgutojection on the other surfade,; and

h are computed as

w,j?

h, =, -t )., , i=12...n (4.22a)

h, =@, -u,)®,, i=12...n, (4.22b)

whereU;; andT, ; are the position vectors of the projections althggvertical direction of the

ith rail point into the wheel surface and of titk wheel point into the rail surface (see

Figure 4.8), respectively, defined with respecthi® target element coordinate system, and

uﬁm are defined by equations (4.9) and (4.15), resggt and €, is a unit base vector of the

target element coordinate system. The poiot the rail surface and the poinbf the wheel

surface belong to the intersection volume if tHofeing conditions are fulfilled, respectively:

h >0 (4.23a)
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h >0 (4.23b)

e Discretization point
x Point projection

Vi

(b)

Figure 4.8 - Intersection volume: (a) projectiorraf points and (b) projection of wheel points.

If there are no points belonging to the intersectiolume, the bodies are not in contact and
the potential contact point is discarded from fartbonsiderations. On the other hand, when
contact is detected, each point of one of the sagdelonging to the intersection volume has a
potential contact pair in the other surface. Thhe, potential contact pair of a given point of
the rail surface belonging to the intersection woduis the closest point of the wheel surface,
which also belongs to the intersection volume, @iod-versa. The distanak between théth
rail point belonging to the intersection volume ahd point of the wheel surfagehat forms

the potential contact pair is given by

dﬁff}in{\/[(u:,i—uiv,,-)@w]z +[(ut.i—u5v.,-)@zt]2}, i=1..,n andj=1..n; (4.24)

wheren,” andn! are, respectively, the number of points of theaad wheel surfaces which

belong to the intersection volume.

Finally, out of all the pairs giving the maximumstdince between the rail point and the
correspondent wheel point, the pair where contecti® is the one that leads to the maximum

penetratiord, given by
d=max{d}, i=1..,nV (4.25)

r

A schematic representation of the selection otth@act paiij is depicted in Figure 4.9.
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i=1 e Contact point
= ° Potential contact point

Figure 4.9 - Contact pair selection.

4.4 NORMAL CONTACT PROBLEM

4.4.1 Hertz contact theory

When two non-conforming bodies are compressed agaach other they will deform in the
vicinity of the point of first contact, touching ewan area that is small when compared with the
dimensions of those bodies and with the relatii &f curvature of the surfaces. On the other
hand, if the shape of the bodies fit exactly at ¢batact region, a conformal contact occurs,
i.e., the contact between those bodies is noticesirto only one point. In the present method,

the normal contact problem is analyzed based ondhénear Hertz theory (Hertz, 1882).

According to the Hertz theory, the contact areavbeh two contacting bodies is elliptical
and the pressure distribution assumes a semi-@llipkshape, being the normal stresses null at
the edges of the contact area and maximum at thtercéhe assumptions used in the Hertz

theory can be summarized as follows:
a) The surfaces of the bodies are continuous and anfeanal;
b) The surfaces are frictionless;
c) The longitudinal and lateral curvatures of the lesdire constant along the contact area,;
d) The contacting bodies are elastic, and no plastfiorchations occur in the contact area;
e) The stresses caused by the contact force vanakiatance far from the contact area;
f) The contacting bodies can be considered as elagdfispaces.

Note that, in a wheel-rail contact problem, theuagstions of the Hertz theory are not met,

since the surfaces of the contacting bodies areatally frictionless and may be conforming.
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Moreover, the wheel and rail profiles may have oonstant curvatures in the contact area and
plastic deformations may occur in the contact zdteertheless, in most railway applications,

the Hertz theory seems to be sufficiently adeqimtehe computation of the normal contact

forces during a dynamic analysis (Andersson etl8099). More complex and realistic contact

shapes may be necessary for analyzing local prahlenocth as wear. However, this is out of

the scope of the present thesis.

4.4.2 Geometry of the surfaces in contact

Following the aforementioned assumptions, Hertzumassl that the surfaces of the

contacting bodies (see Figure 4.10) may be expllesse
z=AX +By; (4.26a)
z,=AX+B,y; (4.26b)

where x. and y, are the directions of the principal curvaturesboflyi and A andB, are

constants that depend on the bodyeometry i(= 1, 2). The gap between the two bodies is

defined as

=0
I

-2, (4.27)
which can be rewritten as
h= Ax*+ By*+C xy (4.28)

wherex andy are the directions which form an angle@ndg with the principal directions of

the bodies 1 and 2, respectively (see Figure 4.10).

AZ

Figure 4.10 - Two bodies in contact and their retipe principal directions and radii of curvature.
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Considering the principal radii of curvature of tha&faces (see Figure 4.10), equations (4.26)
and (4.28) are rewritten in the form

1 ., 1 ,
= + 4.29a
Z ZRLXXl ZRLyy1 ( )
1, 1
= X2 + 4.29b
z, 2R, > Zszyyz ( )
1 1
h=——x*+—y?+ Cx 4.30
2R, 2ng y (4.30)

whereR, and R, , are the principal radii of curvature of the bady = 1, 2) andR, and R,
are the principal relative radius of curvature.
The anglesx andf may be calculated by eliminating the quadrationt&y from equation

(4.30). Using this, in addition to the equation2@), the following relations are obtained
(Hertz, 1882; Johnson, 1985; Shabana et al., 2008)

_1(1 1 i1 1
B—A-E[E Rl}y]cos(Za)+2[—R2]x Rzlyjcos(z,[?) (4.31a)
A+B:1[ .ty 1} (4.31b)

2 Rl,x R2,x Rl,y R2,y

When the relative yaw rotations between wheel aidare small, which occurs in the
majority of the wheel-rail contact problems, theandf angles may be neglected (Antolin,

2013). With this assumption, the geometric parars&@andB are given by

:E(L+LJ (4.32a)
2 Rl,x R2,><
:E[LJ, 1 J (4.32b)
2|R, R,

Note that in this case, the principal directionandy coincide with the principal directions of
both contacting bodies.

The radius of curvature is defined as the invefdhe curvature in the respective direction.

Thus, taking the body 1 and 2 as the wheel andresipectively, and the principal directions
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andy as the directionsc, and y, of the contact point coordinate system (see Figu2g the

principal curvatures of both surfaces measured along the longitudimattion are given by

K, = 1 _cody-¢) (4.33a)
R. R
1
Ky =——= (4.33b)

where y and ¢, are, respectively, the contact angle defined inaggn (4.14) and the roll

rotation between the wheel profile coordinate syséad the target element coordinate system
(see Section 4.3.1.1), amis the instantaneous radius of the wheel. Notieg the curvature

of the rail in the longitudinal direction is nullid to its prismatic shape.
The curvatures of the wheel and rail surfaces nmredsalong the lateral direction at the
contact point are calculated using the parametéizéunctions f, (s, ) and fw(sw) defined in

equations (4.10) and (4.16), respectively. The @ume of a plane curve defined parametrically
in a Cartesian system, ) is given by (Kreyszig, 1991)

. d’y/dx®
[1+ (dy/dx)z]?)/2

(4.34)

Thus, the principal curvatures of both surfacethenlateral direction are expressed as

1 _ d*f(s)/ds’

e Rr - [ 2]3/2 (435&)
v |1+(df (s)/ds)
1 _ dsz(SW)/ dS/zv (4.35b)

Rue [ie(atfs) as)]

The radius of curvature of a surface is considéoeloe positive if the corresponding center

of curvature is within the body, i.e., if the swdas convex (Garg and Dukkipati, 1984).

4.4.3 Normal contact pressure

According to the Hertz solution, the contact ara@a hn elliptical shape with semi-axas
andb in the longitudinal and lateral directions, redpety, being the pressure distributien
defined as a semi-ellipsoid function given by (Hert882; Johnson, 1985; Shabana et al.,
2008)
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olx,y,)=—n_fi-[% (%Y (4.36)
¢h 2mab a b
where X, and y, are the coordinates of each point of the contaea avith respect to the

contact point coordinate system, af( is the normal contact force applied at the contact

interface when the two bodies are compressed agzaich other. The semi-axes of the contact

ellipse can be calculated as

_ 2

a:mi/:—ngnl EV AiB (4.37a)
1,2

bzni/anlEV AiB (4.37b)

where E and v are the Young modulus and the Poisson's ratiohef dontacting bodies,
respectively, and andB are the geometric parameters given by equati@2)4Note that the
semi-axes calculated using equation (4.37) corresp the particular case in which the bodies
are made from the same material, which is reasenablvheel-rail contact applications since
both the wheel and the rail are made from steeké dtefficientsm andn may be found in
Appendix B as a function of the angular paramétetefined as

6 =cos™ (ﬂj (4.38)
A+B

Finally, the nonlinear Hertz contact law can bdrued as follows
F.=K,d¥ (4.39)

whered is the penetration between the two contacting dsdjiven by equations (4.21) or

(4.25), depending on the contact search algoritts@duandK, is a generalized stiffness

coefficient given by (Goldsmith, 1960)

Kh:z Ch

3 2
[1 v j ’—A+B
TE

(4.40)

in which C, is a Hertz constant that may be found in Apperas a function of the ratid/B.

The generalized stiffness coefficient expresseéqgmation (4.40) corresponds to the particular

case in which the bodies are made from the samerialat

91



Chapter 4

4.5 TANGENTIAL CONTACT PROBLEM

4.5.1 Creep phenomenon

If two bodies that are compressed against eachr atlgeallowed to roll over each other,
some points on the contact area may slip whileretimeay adhere (see Figure 4.11). The
difference between the tangential strains of thdidsin the adhesion area leads to a small
apparent slip, called creep. The creep, which di#gpem the relative velocities of the two
bodies at the contact point, is crucial for theed®ination of the tangential forces that develop
in the contact area, called creep forces. Henee¢itbep may be defined as a combined elastic
and frictional behavior in which two elastic bodtaat roll over each other share a contact area
where both slip and adhesion occur simultaneodsiis phenomenon was recognized for the
first time by Carter (1926).

A typical distribution of normal and tangentialestses inside an elliptical contact afea

defined by the Hertz theory is illustrated in Figur.11.

Coulomb's tangential
stress limit
T<UC

Rear edge Leading edge

Adhesion
region

Figure 4.11 - Distribution of normal and tangengiibsses inside the contact area.

Let ABC be a line inside the contact ellipse aldhg longitudinal direction. The tangential
stresses, which are null in the leading edge (point A),d¢n grow as approaching the limit of

the Coulomb lawr,, in point B, given by

Ty =HO (4.41)
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wherey is the friction coefficient and the normal stresses given by equation (4.36)hils t

region of the contact area, called adhesion redl@wheel and rail stick to each other, being
their relative displacements fully compensated Iy ¢lastic strain of the bodies. However,
from point B to point C, the normal stresses ardéonger capable of supporting the strains and
the wheel and rail start to slide, forming the skgion of the contact area in which relative

motions between the two bodies occur.

4.5.2 Basic equations of the rolling contact

The relative velocity between wheel and rail at toatact area may be determined as a
function of three dimensionless parameters, catlexkpages, defined with respect to the

contact point coordinate system presented in FiglzeThese are the longitudinal creepage
the lateral creepage, and the angular slip velocity around an axis pedprilar to the contact
area, called spin creepagg, as depicted in Figure 4.12. The creepages aressawy for the

calculation of the tangential forces that develothie contact area, called creep forces.

Contact area I

Figure 4.12 - Orientation of the creepages witipeesto the contact point coordinate system.

The longitudinal and the lateral creepages aredlaive velocities between the wheel and

rail at the contact point along the and y. axes, respectively, normalized to the vehicle's

speedV, given by

v, = @, _\a/' Jle, (4.42a)
Y
U, :w (4.42D)
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where &, anda, are the vectors of translational velocities of Wieeel and rail at the contact
point, respectively, defined with respect to thebgll coordinate system, arg} ande,  are
unit base vectors of the contact point coordingstesn.

The spin creepage is the relative angular veldoitiyveen the wheel and rail at the contact

point about thez, axis normalized to the vehicle's speed, given by

U¢:§23:€;EE§ (4.43)
in which @, and®, are the vectors of rotational velocities of theeehand rail at the contact
point, respectively, defined with respect to theball coordinate system, arg is a unit base
vector of the contact point coordinate system.

Using the creepages defined in equations (4.42)(48), the rigid body slip’ at each
point of the contact area is found to be (GargRuakkipati, 1984; Kalker, 1990)

f (% y.)= [r} = {V E”f _““’y°ﬂ (4.44)

My V U, YU, X,

where X, and y, are the coordinates of an arbitrary point of thetact area with respect to the

contact point coordinate system. Furthermore, esnsequence of compressive and frictional
forces in the contact area, local elastic deforomatioccur in the wheel and rail surfaces. Thus,
the relative tangential elastic displacememtsat each point of the contact area may be
expressed as (Kalker, 1990)

vhew)= v by, ) (.45

Yc

where v, and v, are, respectively, the elastic surface displacésnehthe wheel and rail at

the contact area. Hence, the actual slipwhich represents the relative velocity between a
particle of the wheel inside the contact area &edcbrresponding contact particle of the ralil, is
given by (Garg and Dukkipati, 1984; Kalker, 1990)

§=r1+v (4.46)
where v is the derivative o with respect to time. Considering that the contaela moves

with the wheel in the longitudinal directiox,, equation (4.46) may be rewritten as
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s=r —a_VV+aV

— 4.47
0X, ot ( )

which in the case of steady-state rolling, the congmtdv/ot is null. In the wheel-rail contact

area, the actual slig, the tangential stress and the normal pressueeare related by the
Coulomb law as (Kalker, 1990)

(4.48)

lfj<u if |§=0 (adhesiomegion)
[{|=po if |§20 (slipregion)

Finally, the longitudinalF, and lateralF, creep forces, as well as the spin creep moment
M, can be calculated by integrating the tangentiakses along the contact afeas follows

(Kalker, 1990):

Fe=[[7, dxdy, (4.49a)
r
F, =[]z, dx.dy, (4.49b)
r
M,= ” (XJyC =Yl )dxC dy, (4.49c)

r

wherer, andr,  are the longitudinal and lateral components oftéingential stress vecter

4.5.3 Creep force theories

In Section 2.4.3 of Chapter 2, several wheel-maliimg contact theories, used to calculate
the creep forces that develop at the contact exterfare introduced and briefly described.
Among these, the Kalker's linear theory (Kalker62) the Polach method (Polach, 1999) and
the Kalker's book of tables (Kalker, 1996) are iempénted in the vehicle-structure interaction

method proposed in the present chapter.

4.5.3.1 Kalker's linear theory

According to Kalker's linear theory (Kalker, 196%)e actual slips inside the contact area
is null (no-slip condition) and the adhesion regisrassumed to cover the entire contact area.
Thus, by imposing this condition to equation (4,4f)e obtains

——=Us=U,Y, (4.50a)
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ov

Yc

ox, =U, tU,X, (4.50b)

n

Integrating equation (4.50) with respectxo gives

Vi = U X U, Yo X + fi(Y,) (4.51a)

1
Yo Z0,% =5 0X + () (4.51b)

where fl(yc) and fz(yc) are arbitrary functions that arise from the in&igm process.

For an elliptical contact area, and according ® @ualin theorem (Kalker, 1967), if the
distribution of the relative tangential elastic plescementsy is described by a polynomial

function, the tangential stresses can be as wdlimoltiplied by

1
3 (%, ¥.)= — (4.52)
=080
a b
As a consequence of the no-slip condition, the gatigl stresses must be continuous at the
leading edge of the contact area, which implies ithaanishes at that point. Hence, according

to the aforementioned distribution of the tangdrdieesses, the creep forces law expressed in

equation (4.49) may be defined as

F, =-G abcy, v, (4.53a)
F =-Gablc,u, +\/abc,u,) (4.53b)
M,=-G ab(—\/aac23 U, +abcg, Uw) (4.53c)

where G is the combined shear modulus of rigidity of wheel rail materials and; are
Kalker's creepage coefficients that depend on ¢n@-sxes rati@/b and on the Poisson's ratio

of the wheel and rail materials. These coefficieras be found in Appendix B

Note that the linear theory is an approximationgsifor large creepages the condition given
by the Coulomb's law can be violated. Neverthelds® to its low computational cost, the
linear theory may be useful to study scenarios mclv the creepages remain low, such as

railway operations in ordinary conditions.
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4.5.3.2 Polach method

Polach (1999) proposed an algorithm to computewtheel-rail creep forces based on the
Hertz assumption of an elliptical contact areayimch the relative displacements between the
bodies in the adhesion region increase linearlynftbe leading to the rear edge. Thus, the
tangential stress also grows linearly with the atise from the leading edge, being its
maximum limited by the Coulomb's law, as stateddunation (4.41). If the tangential stress in
the adhesion region reaches the maximum valuenglidkes place and a slip region begins to

form, as depicted in Figure 4.11.

According to Polach (1999), the tangential contBxte F, due to the translational

creepagew, andu, is given by

F, = —%Kizﬂan_l g"j (4.54)
T \1+eg;

in which ¢, is the gradient of tangential stress in the adimes2gion given by

_1Gnabc,

= 4.55
" 4 uF, ( )

gt UtrC

where ¢, is a constant that depends on the Kalker's creepagfficientsc, and c,, as

2 2
U U
Cc :J (cuu—“j +(czzu—”j (4.56)
tr tr

and u,. is the modified translational creepage, which aote for the effect of the spin

follows

creepage, that can be written as

Upe =+|UZ +U% (4.57)

In equation (4.56), the parametey is the magnitude of the translational creepagerghy

Uy =\|U; +U; (4.58)

while u,. , presented in equation (4.57), is the modifiedrkdtcreepage defined as

U, if ‘u,]+u¢a‘s‘u,7‘

Ug = (4.59)

U, +u,a if ‘u” +u¢a‘ >‘u,7‘
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Assuming that the creep moments are small when amedpgo other moments acting on the

system, the lateral tangential contact forgg caused by pure spin is found to be

=

ns

= _1_96 auF, Ky [+ 63— (4.60)

whereK,, is defined as

K, :|gs|(%3—f+%—%w/(1—52)3 (4.61)

2 6
ando is given by

_&i-1
gi+1

(4.62)

The parametek, is the gradient of tangential stress to accounttie spin influence that is

given by

Gb,/ab C,.U
g =250V 23 (4.63)
3 uF, 1+63(-e?)

in which c,; is one of the Kalker's creepage coefficient.

Finally, the creep forces according to the Polagteéthod are defined as

Ye
Fo=F —* (4.64a)

trC

F="(Fu+F.0,) (4.64b)

tr=n ns=e
trC

Note that the contribution of spin is accounted iforthe lateral creep force. According to
Polach (1999), the moment caused by the spin dedhlareepages can be neglected, since it is

small when compared to other moments acting osyeem.

4.5.3.3 Kalker's book of tables

Kalker (1996) proposed a methodology based on |[mdeded lookup tables, named book
of tables, in which several values of creep for@esstored to be later interpolated during the

dynamic analysis as a function of the creepagestandemi-axes ratio of the contact ellipse.

98



Development of a method for analyzing the dynarain-structure interaction

The tables, along with the algorithm to interpoldtem, were implemented in a computer code
called USETAB.

The lookup table uses an effective layout, expigitall possible symmetries between the
contact forces and creepages (Kalker, 1967). Theesarom the table are normalized and
calculated according to the following criteria:thg combined shear modulus of the wheel and

rail materialsG is 1; 2) the Coulomb's friction limit given byF, is 1 and 3) the square root of

the ellipse's semi-axes produé% is 1. The table inputs are the semi-axes ratith@ficontact

ellipse and the normalized creepages, defined as

, _ abG
Ue = 3uF Ci U (4.65a)

., abG
v, = 3#—':022 U, (4.65b)

32
U, = (af[%czs u, (4.65c)

The outputs consist in the normalized longitudcraep forceF, , the normalized lateral creep
force F, and the normalized spin creep moméfj, which are linearly interpolated during the

dynamic analysis. Hence, the absolute value ottkep forces are given by

Fe=F uF, (4.66a)
F, =F uF, (4.66b)
M, =M, uF Jab (4.66¢)

In the present thesis, the table is calculatedgusia software CONTACT (2011) which is
based on Kalker's exact three-dimensional rolliraptact theory (Kalker, 1979). The
normalized creepages and semi-axes ratios wereetird in two intervals as in the original
USETAB, namely0O< x<1 and1< x<o, wherex is the input of the table. However, a linear
and a logarithmic distribution of ten values wered for the discretization of the first and
second intervals, respectively, instead of the ioaiglinear intervals with seven values.
Adopting a40x 40element discretization of the contact ellipse, Bpdonsidering all possible

combinations of the creepages and semi-axes raidstal of 32000 calculations were

performed using the software CONTACT.
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An important point is the consideration of an uplpeit for the table to avoid inaccurate
extrapolations. Furthermore, according to Kalke®9@), the linear interpolations with
semi-axes ratios close to zero or infinite showddaloided, since the creepage coefficients are
singular in these cases. Therefore, an upper 6fit0* and a lower limit of 18 are used for
the semi-axes ratios and an upper limit of iDadopted for the normalized creepages. If a
combination of creepages and semi-axes ratio daliside these intervals, the Polach method is

used to solve the mentioned singularities.

4.6 FORMULATION OF THE TRAIN-STRUCTURE COUPLING SYSTEM

Neves et al. (2012) developed an algorithm, refeteeas the direct method, in which the
governing equilibrium equations of the vehicle atrdicture are complemented with additional
constraint equations that relate the displacemeintse contact nodes of the vehicle with the
corresponding nodal displacements of the structuit, no separation being allowed. These
equations form a single system, with displacement$ contact forces as unknowns, that is
solved directly using an optimized block factoriaat algorithm. Later, Neves et al. (2014)
extended the algorithm to deal with wheel-rail sapan. In this approach, a search algorithm
is used to detect which wheels are in contact,goiia constraint equations only imposed when
contact occurs. Finally, Montenegro et al. (201iBb)uded the lateral dynamic effects between
railway vehicles and structures by incorporatingwheel-rail contact model described above.

4.6.1 Governing equations of motion

4.6.1.1 Force equilibrium

Considering thex method (Hughes, 2000), the equations of motiothefvehicle-structure

system can be written as
M & +(1+a)R™ —a R = (1+a) F™ —a F' (4.67)

whereM is the mass matrixR are the nodal forces corresponding to the inteehainent

stressed- are the externally applied nodal loads arate the nodal displacements. The elastic
and damping forces depend nonlinearly on the nddglacements and velocities due to the
several nonlinearities considered in the presemdiéation, such as the wheel-rail contact and

the nonlinear suspensions. In the present work, nib@inear inertia effects, such as the
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centrifugal and gyroscopic effects, are negleci#dte superscripts and t + At indicate the

previous and current time step, respectively.

To solve equation (4.67) let tlketype degrees of freedom (DOF) represent the foaaln
DOF, whose values are unknown, and Fhéype DOF represent the prescribed nodal DOF,

whose values are known. Thus, the load vector eaaxpressed as
F. =P. +DY X*+Dg, X* (4.68a)
F. =P, +D5, X*+S (4.68b)

whereP corresponds to the externally applied nodal loadese values are knowB,are the
support reactions and are the forces acting at the contact interfaceveha Figure 4.1. Each
matrix D relates the contact forces, defined with respecthe target element coordinate

system, with the nodal forces defined in the glawardinate system.

According to Newton'’s third law, the forces actiaigthe contact interface must be of equal
magnitude and opposite direction (see Figure #4€l),

X®+X*®=0 (4.69)

Substituting equation (4.69) into equation (4.&&)ds to

F. =P. +D,, X (4.70a)
Fo =P, +Dpy X+S (4.70Db)

where
X =X (4.71)
Dy, =Dfy ~Df (4.72)
Doy =Dl (4.73)

Substituting equation (4.70) into equation (4.Gf)¢d partitioning intd= andP type DOF,

Mg Mg éa'lt|:+m RtF+At RtF
N M At +(1+ a) RUA -a R!
PF PP P P P

:(1+a) P'E+At +DtF+xAt xt+A’[ ., P"i +D'::X xt
Pt+At + Dt+At xt+At +St+At Pt + Dt Xt +St
P PX P PX

gives

(4.74)
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Considering only the first row of equation (4.74)datransferring the unknowns to the
left-hand size leads to

M g &5+ (1+0) R Y™ - (1+0a) DES X™=F, (4.75)
where
F =(l+a)P™-aPl-a DL, X'-M_ & +aRL (4.76)
4.6.1.2 Incremental formulation for nonlinear analysis
Since the present problem has a nonlinear natquatien (4.75) is rewritten in the form
e (@, x4 ) =0 (4.77)
where y . is the residual force vector, given by
we (B X5 )= e =M 855 — (140 REY +(1+a) DEX X (4.78)

The nodal velocities and accelerations depend @maldal displacements and for this reason
are not independent unknowns. According to dhmethod, the following approximations for
the acceleration and velocity at the current titep san be obtained (Neves et al., 2014):

O = 1 . (at+At _at)_i al - i—]_ g' (4.79)
oA\ POt 28
4 :ﬁ(at+At —at)+(1—%J at+At (1—2—2))} a' (4.80)

wheref andy are parameters that control the stability and ieagyuof the method.

An iterative scheme based on the Newton method (Camel Hinton, 1980) is used to solve
equation (4.77). Assuming that the solution atitheNewton iteration has been evaluated and
neglecting second and higher order terms, the Tesgoies fory,. about (at;Nvi,x““") is

given by

t+AL i +1 Xt+At,i+1)_\I, (at+At,i Xt+At,i)+ a\I’F
] F ]

t+AL+1 _ At+AL
Ve (aF — Ve dat (a,: ar )
F

at+At,i ’Xt+At,i
[+ ) (4.81)

oy,

s (Xt+At,i+l_Xt+At,i)

+

(atF+At,i XEHAL J
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Substituting equations (4.78) to (4.80) into equa{4.81), and assuming that the residual
force vector at iterationt+1 fulfils the condition given by equation (4.71®ads to

L = —(1+a) IRy (int — o)

at+At,i,Xt+At,i +| =
"’F( F ) BAL? da™ ey (4.82)

+ (1+a) DtF';(At,i (Xt+At J+L xt+At,i ) = O
Transforming equation (4.82) into an incrementatfdeads to
K g Dalt = (1+a) DU AX' =yl (4.83)

whereK . is the current effective stiffness matrix defirild

K :ﬁm e +(1+a) :a—r?;';t o (4.84)
and
Naft =a it - (4.85)
QX! = XA A (4.86)
wh =y (ae, xrea) (4.87)
In matrix notation, equation (4.83) can be exprésse
K. BFX]{Aaiﬂ =yl (4.88)
AX

being

Dy = —(1+a)Du (4.89)

After evaluating the solution at iteratioml, the residual force vector is calculated using
equation (4.78). The iteration scheme continues tina following condition is fulfilled:

i+1

“‘I’F
t+AL
[P

<e (4.90)

wheree is a specified tolerance.
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4.6.1.3 Updating of the effective stiffness matrix

According to Owen and Hinton (1980), the completetdrization of the global effective
stiffness matrix (full Newton-Raphson method) camalvoided if the stiffness corresponding to
the initial trial of the iterative process is keminstant. This procedure, called initial stiffness
method, has the immediate advantage of signifigaetiucing the computational cost of each
iteration but reduces the convergence rate of tep, since more iterations are required to
achieve the necessary convergence expressed itie@g(#a90). Thus, the optimal algorithm is
generally provided by a combination of these twocpsses, depending on the degree of

nonlinearity inherent in the problem.

In the present work, the main nonlinearities inhéte the problem are concentrated at the
wheel-rail contact elements described in Secti@nRegarding the stiffness of these elements,
since the Hertz law (Hertz, 1882) is given by these-form expression presented in
equation (4.39), which has an analytic derivatiiie,tangent stiffness matri can be updated
at each iteration in order to take advantage offuleNewton-Raphson method. However, the
same is not true regarding the damping, since ¢inéact laws based on Kalker's exact theory
of rolling contact (Kalker, 1979) or on Polach'sthaal (Polach, 1999) cannot be defined with a
closed-form expression. Therefore, since the calmr of numerical derivatives with respect
to the nodal velocities can be computationally exgpes, the initial tangent damping matix
of the contact element is calculated based on #@&eKs linear theory (Kalker, 1967) and is
kept constant throughout the analysis.

4.6.2 Contact constraint equations

When contact occurs, the additional internal nodéhe contact element and the auxiliary
point belonging to the rigid surface of the targietment are coupled in the three directions (see
Section 4.2). Thus, the following constraint eqoiagi must be imposed:

ce

-ve=r (4.91)

wherer are the irregularities between the contact argktaglements in the vertical and lateral

directions. The displacements of the additionadrim&l nodes (see Figure 4.1) are given by
Ve =H a (4.92)

where the transformation matrik relates the displacements of the additional irtlenodes of

the contact element, defined in the global coorgirsgstem, with the displacements defined in
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the local coordinate system of the correspondimgetaelement. The displacements of the
auxiliary points of the target elements are givgn b

Ve =HY &+ HG alt (4.93)

where each transformation matrix relates the displacements of the nodes of theettarg
elements, defined in the global coordinate systenthe displacements of the auxiliary points

defined in the target element coordinate system.

Substituting equations (4.92) and (4.93) into eigua4.91) yields

Hyed™ ™ =r—H,  a™ (4.94)

where
H, =HS -H®, (4.95)
Hyp=-H%, (4.96)

J+

Rearranging equation (4.85) in termsab and substituting into equation (4.94) leads to
H, Aat=r-H,a® -H, a™ (4.97)

Multiplying equation (4.97) by-(1+a) gives

H,. Adt =T (4.98)
where
Hye = _(1+a) H e (4.99)
and
7 =—(1+a)(r —Hea™ -H,, a-*) (4.100)

4.6.3 Complete system of equations

The incremental formulation of the governing equagi of motion of the vehicle-structure
system is applicable to either linear or nonlinaaalyses. These equations and the contact
constraints form a complete system whose unknowasaremental nodal displacements and
incremental contact forces. Equations (4.88) am@Bj4can be expressed in matrix form leading
to the following system of equations:

|:EFF BFX}|:A3.E11:|:|:‘|5F:| (4.101)
He 0 [|AX r
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Using Betti’'s theorem, it can be demonstrated tieg matrix in equation (4.101) is
symmetric. Since the time required to solve thetesysof linear equations presented in
equation (4.101) may represent a significant peacgnof the total solution time, the efficiency
of the solver is very important. The system maisixartitioned into the following form in
order to improve the efficiency of the solver.

le Aa~i|+l ‘|’i|
BRX Aair:l _ ‘l’iR
BYX

T
=

I (4.102)
Aavl Yy

0 ||Aax'™ r

=<
<
Y]
<
<

I X X X
)

I x| X X
pul
pul

I X X x|
pul
_<

x
x
byl
x
=<

TheF type DOF is partitioned inth R andY type DOF. TheY type DOF corresponds to the
DOF of the internal nodes added by the contact eésn(see nod€; in Figure 4.1). These
DOF have to be grouped together because they &rexciive when contact occurs, and so the
size of the matrices relating these DOF is timeedéent. Since the laws for the contact
interface are nonlinear, the matrices of the cantéé@ments are also time-dependent. Fhe
type DOF correspond to all the nodal DOF of thetacinelements, except for tivetype DOF,
which have already been grouped separately (se=Cdd Figure 4.1). Thé type DOF are all
the remaining- type DOF. TheR type DOF can also include DOF belonging to othanlinear
finite elements such as the spring-dampers usetttel the vehicle's suspensions. The present
method adopts a block factorization algorithm (#emendix C), based on that developed
by Neves et al. (2012) and later extended by Magemet al. (2015b) to deal with 3D contact.

4.6.4 Algorithm for solving the train-structure interacti on problem

The proposed train-structure interaction methodmplemented in MATLAB, being the
vehicles and structures modeled with ANSYS. All tla¢a regarding these models, such as the
structural matrices, the definition of the targktngents, the contact nodes of the vehicle and
the support conditions are exported using ANSYBatth mode and subsequently imported by
MATLAB. The remaining data, namely the irregulaggi between the wheel and rail, the
contact lookup table and the control points defirtine rail and wheel profiles are stored in an

external database and imported directly by MATLAB.

After all the data is imported and processed, #@ralrstatic analysis is performed in order to
obtain the initial conditions of the dynamic prableThe flowchart depicted in Figure 4.13

illustrates all the aspects regarding the dynamatyeis of the train-structure interaction.
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Figure 4.13 - Flowchart of the algorithm for anahggthe train-structure dynamic interaction.
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4.7 CONCLUDING REMARKS

A method for analyzing the nonlinear dynamic intéien between the train and structure is
proposed and implemented (Montenegro et al., 2016h¢ method takes into account the

geometry of the wheel and rail surfaces in ordexcturately evaluate the lateral interaction.

In the majority of the currently available methoftsyr analyzing the train-structure
interaction, the normal and tangential contactderare treated as external forces. However, it
is generally more efficient to use a finite elemimtnulation based on the contact laws for the
normal and tangential directions. Therefore, a Wwhaé contact finite element specially
developed for modeling the behavior of the coniatérface in the normal and tangential
directions is proposed. This behavior is reprodubgda wheel-rail contact model whose
formulation is divided in three main parts: the getric problem, the normal problem and the

tangential problem.

The geometric problem, which consists of detecting position of the contact points
between wheel and rail, is solved online, i.e.,irdurthe dynamic analysis. Although this
procedure is computationally more expensive thamfdime contact approach, in which the
location of the contact points is precalculatedaagtunction of the relative displacements
between wheel and rail, its higher accuracy outheithhis drawback. The proposed method is
able to look for potential contact points in anpeayof geometric surfaces (convex or concave)
at the tread and the flange of the wheel. Thusfdimaulation is suitable to investigate not only
scenarios related to ordinary railway operation, &lso derailment situations, in which the

flange contact plays an important role.

Regarding the normal contact problem, the nonlindantz theory is used to compute the
normal contact forces between wheel and rail. Algio this theory rests on a series of
assumptions that may limit its range of applicatidnoffers a good compromise between
computational efficiency and accuracy for dealinghwthe dynamic analysis of railway
vehicles. However, for the study of local phenomengh as wear, a more accurate procedure

based on multi-Hertzian or non-Hertzian formulationay be adopted.

For dealing with the tangential contact problenre¢hdifferent approaches are adopted.
Since the exact theory of rolling contact propobgdalker (1979) is impracticable to be used
in dynamic analysis of railway vehicles due to etscessive computational cost, the Polach
method (Polach, 1999), the Kalker's book of talfkealker, 1996) and the Kalker's linear

108



Development of a method for analyzing the dynarain-structure interaction

theory (Kalker, 1967) are implemented in the pr@go$ormulation. The first two methods
combine accuracy with computational efficiency, ththe latter is limited to scenarios with
small creepages. However, due to its excellent etatipnal performance, the Kalker's linear

theory is also implemented for being used in ongdirtgoeration scenarios.

Finally, the coupling between the vehicle and tnacture is accomplished using the direct
method (Neves et al., 2012; Neves et al., 2014iclwbomplements the governing equilibrium
equations of the vehicle and structure with addaloconstraint equations that relate the
displacements of the contact nodes of the vehidle the corresponding nodal displacements
of the structure. These equations form a singleegyswith displacements and contact forces as
unknowns, that is solved directly using an optirdizelock factorization algorithm. The
proposed method is based on the finite elementadethhich allows the analysis of structures
and vehicles with any degree of complexity and tomsideration of the deformations

undergone by the two systems.
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Chapter 5

VALIDATION OF THE TRAIN-STRUCTURE INTERACTION
METHOD

5.1 INTRODUCTION

In the present chapter, the train-structure intesaanethod developed in the present thesis
and described in Chapter 4 is validated with thmemerical applications and one experimental
test. First, the results obtained with the creecomodels implemented in the proposed
method are compared with those obtained with thikdfa exact theory of rolling contact
(ANSYS (1979)) implemented in the software CONTA@D11). In the second application,
the Manchester Benchmark proposed by Shackleton hangtki (2006) is revisited. The
benchmark consisted of a series of tests simulatddten different softwares with the aim of
allowing an informed choice when selecting a cantaodel for a particular railway vehicle
simulation scenario. The third numerical applicatoonsists of the hunting stability analysis of
a suspended wheelset. The results obtained with ptoposed method for the lateral
displacements and yaw rotations of the wheelsetcarapared with those obtained with
semi-analytical models described by Knothe and B{h®09) and Valtorta et al. (2001).
Finally, an experimental test conducted in theinglistock test plant of the RTRI in Japan
(Sogabe et al., 2006), in which a full scale raywahicle runs over a test rig with vertical and

lateral deviations, is reproduced numerically (Movggro et al., 2015b). The results obtained
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with the proposed method are compared with therexpatal results, and also with the results
obtained using the software DIASTARS developed agabe et al. (2008).

5.2 VALIDATION OF THE IMPLEMENTED CREEP FORCE MODELS

5.2.1 Description of the analyzed cases

In the present section, the results obtained vghitmplemented creep force models using
elliptical contact areas are compared with thosminbd with the software CONTACT. The
test cases shown in this section are based orxdmepes presented in Kalker (1990), in which
the longitudinal and lateral creep forces are caegbdor distinct ranges of creepages and

semi-axes ratios of the contact ellipse.
The comparisons are made between the following oaksth

a) Kalker's exact theory of rolling contact (KalkeQ7B), implemented in the software
CONTACT. This method is used as a reference dits togh level of accuracy to solve

rolling contact problems;

b) Kalker's linear theory (Kalker, 1967) implementedthis work (see Section 4.5.3.1 of
Chapter 4);

c) Polach method (Polach, 1999) implemented in thigkw@ee Section 4.5.3.2 of
Chapter 4);

d) Kalker's book of tables (Kalker, 1996) implemeniedhis work (see Section 4.5.3.3 of
Chapter 4).

Four different test cases are analyzed, each af tbe semi-axes ratio&/b of 0.1, 1 and 10.

The longitudinal u,, lateral v, and spin u, creepages are normalized according to
equation (4.65), while the longitudindi, and lateralF, creep forces are normalized with

respect to the product between the friction coefficand the normal contact forgeF, (see

equation (4.66)). The analyzed cases are therefore:

a) Case 1: Longitudinal and lateral creep forcesfor v, andu, =0;
b) Case 2: Longitudinal and lateral creep forcesufpr U, andu, =0;

c) Case 3: Lateral creep forces figy = -u,, andU; =0;
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d) Case 4: Lateral creep forces for a range of vadies, and U, =u, =0.

5.2.2 Comparison between the creep force models

The results obtained for the Cases 1, 2, 3 andsdritbed in Section 5.2.1 are plotted in
Figures 5.1, 5.2, 5.3 and 5.4, respectively. A# implemented methods for computing the
contact forces are suitable to deal with scenawdh small creepages. However, as the
creepages become higher, the tangential stresesdstdereach the saturation limit and the

Kalker's linear theory is no longer valid.

The Polach method seems to be accurate for lovesatispin, but it starts to lose precision
as the spin creepages increase. Nevertheless en@dntakes into consideration the saturation
limit of the tangential stresses, making it muchrenaccurate than the Kalker's linear theory for

high values of creepages.

Finally, the implemented book of tables based olkétes USETAB predicts very accurate
results when compared to the exact theory. Furthexpthe computational efficiency of this
method is very high, since it is based on simphedr interpolations carried out during the
dynamic analysis. Hence, despite the minor erroestd the discretization of the table, that can
be observed when the input values are far fromctimbinations of creepages and semi-axes
ratios used to compute the table (see Figure Th&),book of tables is the most adequate

method to compute the creep forces.

For all the reasons discussed above, unless othesiated, the implemented book of tables

is used in all the dynamic simulations presentethimthesis.
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5.3 THE MANCHESTER BENCHMARK

5.3.1 Description of the benchmark

Shackleton and Iwnicki (2006) proposed a benchmaitk the aim of allowing an informed
choice when selecting a contact model for a pddictailway vehicle simulation scenario.
There is a wide range of wheel-rail contact modelhe vehicle simulation softwares and, to
achieve acceptable computational times, all of theske simplifying assumptions. As a result,
each model has a limit of its validity and restdns to its applications that are not always
apparent to the user. Thus, the Manchester MettapdUniversity conducted a series of tests
with ten railway vehicle simulation softwares araimpared the results. These softwares vary
in the way they establish the position of the conpmint between the wheel and the rail, in the
manner in which they predict the size and shapghetontact area and in terms of the methods
used to simulate the forces that are generatdtkigdntact interface. Table 5.1 summarizes the

formulations adopted by each software to solvectigact problem.

Table 5.1 - Formulations adopted by each testddvacé in the Manchester Benchmark to solve the

normal and tangential contact problems (Shacklatwhlwnicki, 2008).

Software Normal contact formulation Tangential contact formulation
CONPOL Hertzian FASTSIM
CONTACT PC92 CONTACT CONTACT
DYNARAIL Hertzian and Multi-Hertzian USETAB
GENSYS Non-Hertzian (equivalent contact ellipses) ASFSIM
LaGer CONTACT CONTACT
OCREC Multi-Hertzian FASTSIM
NUCARS Multi-Hertzian Lookup tables based on DUVORO
TDS CONTACT Hertzian FASTSIM
VAMPIRE Hertzian Lookup tables based on DUVOROL
VOCOLIN Semi-Hertzian FASTSIM

The tests consisted of prescribing, both staticatig dynamically, lateral displacements and
yaw rotations to a single wheelset in order to y®lits behavior. Four case studies were
conducted during the benchmark with real wheelrailcgrofiles, S1002 wheel and UIC60 rail
with a 1:40 inclination, as depicted in Figure 5abd a vertical load of 20 kN applied at the

center of mass of the wheelset. These case staidig¢ke following:
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b)

d)

Case Al.l: the wheelset is subjected to a prestrideral displacement from 0 to

10 mm with 0.5 mm increments. A static analysipesformed in each position and the

normal contact is evaluated;

Case Al.2: the wheelset is subjected to the prelyodescribed lateral displacements

combined with a yaw rotation from 0 to 24 mrad witl2 mrad increments. A static

analysis is performed in each position and the abonontact are evaluated,;

Case A2.1: forward speed of 2 fhis given to the wheelset on straight track whiles i

subjected to the previously described lateral disginents. A dynamic analysis is

performed and both the normal and tangential comat@cevaluated;

Case A2.2: the wheelset is subjected to the cormmbmsaof lateral displacements and

yaw rotations described in the case Al.2. The dynawonditions are the same as for

the case A2.1 and both the normal and tangentighcbis evaluated.

20

101

—40

60

51002

UIC60

Wheel tread |
Wheel flange

40

20 0 20
y (mm)

—40

-60 —80

Figure 5.5 - Wheel and rail profiles used in thadbenark.

5.3.2 Analysis results

The results obtained with the proposed method destin Chapter 4 are compared with

those obtained with the tested softwares. The locardinate systems considered in the

benchmark, as well as the adopted conventiongleseribed in Shackleton and Iwnicki (2006)

and in the Appendix B of Shackleton and Iwnicki@8D Each tested code has been assigned a

line/marker style, being the results obtained g proposed method superimposed over those

codes.
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5.3.2.1 Contact point positions

Figures 5.6 and 5.7 shows the lateral positiorhefdontact point in the rails and wheels,
respectively, defined in the local coordinate systeadopted in the benchmark, for the case
Al.1 and for each wheelset lateral positipf, . The solid line without a marker illustrates the
rail and wheel profile. The proposed method showsa@d agreement with the majority of the
tested codes in both the convex and the concavene@f the wheel, validating the contact

search approaches presented in Section 4.3.2 @it€hg respectively.

% --TDS Contact -—A—- CONPOL — © — CONTACTPC92 —&=— DYNARAIL
...A - -GENSYS . —O— - LaGer — B — NUCARS —— OCREC
O VAMPIRE - —@-  VOCOLIN ¢  Proposed method Profile
_2 T T T T T T T T T
Or B0 200
2r i
B4 |
vh 6 - -
=7 gl i
10f .
12 1 1 1 1 1 1 1 1 1
-20 -18 -16 -—-14 -12 -10 -8 —6 —4 -2 0
Lateral position (mm)
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_2 T T T T T T T T
O -
2 -
B4
\/M 6 -
>\§ =
10}
12 1 1 1 1 1 1

-45 -40 35 30 25 20 -—-15 -—10 -5 0
Lateral position (mm)

(b)
Figure 5.6 - Rail lateral contact positions in cAdel: (a) left and (b) right rails (adapted from
Shackleton and Iwnicki (2008)).
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Figure 5.7 - Wheel lateral contact positions inecAs.1: (a) left and (b) right wheels (adapted from
Shackleton and Iwnicki (2008)).

5.3.2.2 Rolling radius difference

The rolling radius differencdR between the left and right wheels obtained intést case
Al.1 is plotted in Figure 5.8. Again, a good agreatrcan be observed between the proposed
method and the tested softwares. It can be seeéffiothiateral displacements between 4.5 and
6 mm, the contact occurs in the tread/flange ttemsiof the right wheel, causing a small
increase in the rolling radius. After 6 mm, howewre contact point jumps to the flange,
leading to an abrupt increase in the right rolliadius and, consequently, in the rolling radius

difference between the two wheels.
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~--x--TDS Contact - —A—- CONPOL — © — CONTACTPC92 —&— DYNARAIL
../ - GENSYS  — O LaGer — g — NUCARS —— OCREC
O - - VAMPIRE -—H—- VOCOLIN ¢  Proposed method
25 —
A/,O"C;>
20| 5
=15t f
E !
= 10} |
|
f
5t 4
M
0 1 1 1

y,, (mm)

Figure 5.8 - Rolling radius difference between tighd left wheels in case Al.1 (adapted from
Shackleton and Iwnicki (2008)).

5.3.2.3 Contact angles

Figure 5.9 presents the contact angles in thejgftand righty,, wheels obtained in the

test case Al.2, in which the lateral displaceménthe wheelset is combined with yaw
rotations. The contact angle in the right wheelchea the maximum value for a lateral
displacement of 6.5 mm accompanied by a yaw ratatib 15.6 mrad and, like the rolling
radius difference, suffers an abrupt increase whencontact point jumps to the flange. The
results obtained with the proposed method for itet contact angle show a good match with
those obtained with all the tested softwares. Riggrthe left contact angle, the proposed
method follows the same trend as the softwares GENSIUCARS and VAMPIRE, which
are widely used in railway vehicle simulations. Thther two trends are followed by
VOCOLIN and by the softwares LaGer and CONTACT PCH#e discrepancies obtained with
VOCOLIN derive from the non-consideration of thd rotation of the wheelset to locate the
contact point, while the trend followed by LaGedd@®@ONTACT PC92 is justified by the fact
that the output given by these codes are relatéuetavheelset coordinate system rather than to
the track centerline coordinate system (see AppeAdior the definition of these coordinate

systems).
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Figure 5.9 - Contact angle in case Al.2: (a) Ieft éb) right contact interfaces (adapted from

Shackleton and Iwnicki (2008)).

5.3.2.4 Longitudinal creepages

The longitudinal creepages in the left and righttaot interfaces obtained in the dynamic

test case A2.1 are plotted in Figure 5.10. AccaydonShackleton and Iwnicki (2008), the lack

of conformity between the results predicted by sbgeral codes is due to differences in the

way the total longitudinal creepage is distribubstween the left and right contact interfaces.

Therefore, in absolute terms, the output of theppsed method is in agreement with the

outputs obtained with the softwares tested durhmy henchmark, except CONPOL, which

follows an isolated trend.
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Figure 5.10 - Longitudinal creepages in case A@llleft and (b) right contact interfaces (adagtech
Shackleton and Iwnicki (2008)).

5.3.2.5 Lateral creepages

The lateral creepages calculated in the test c2s2 #e presented in Figure 5.11. Since the
lateral creepages obtained in the left contactfeate have not been published in Shackleton
and Iwnicki (2008), only the results of the rigintdrface are presented. As can be seen in
Figure 5.11, the results given by the proposed atetfitcompanies the main trend followed by
all codes, except CONPOL, which again shows a mdiffe output. These differences are
justified by the fact that CONPOL neglects the efeof the yaw angle of the wheelset in the
calculation of the creepages. This important litrotaalso affects the spin creepages, as will be

shown in the next section.

124



Validation of the train-structure interaction metho

---x--TDS Contact - —A—- CONPOL - © — CONTACTPC92 —&=— DYNARAIL
--A--GENSYS - —0O— - LaGer — B8 — NUCARS —»— OCREC
..O0--VAMPIRE - —-E— - VOCOLIN ¢  Proposed method
—0.01
i, i
-0.02 b Tt e
\ T
- \:ﬁi
'§ \\l_.
& —0.03 i o
TIPS ekt dop
\a R
~0.04} A
g
—0.05 : ; : : :
4 5 6 7 8 9 10
y_(mm)

Figure 5.11 - Lateral creepages at the right coméerface in case A2.2 (adapted from Shackletah a
Iwnicki (2008)).

5.3.2.6 Spin creepages

Finally, the spin creepages in the left and righntact interfaces obtained in the test case
A2.2 are plotted in Figure 5.12. The spin creepdgkswvs the same trend as the contact angle
(see Figure 5.9), since they depend directly onhierefore, the different trends observed in the
left side are justified by the same reasons preseint Section 5.3.2.3, while the discrepancies
obtained with CONPOL in the right side are, oncerenalue to the non-consideration of the
yaw angle effects in the calculation of the creesag

Regarding the proposed method, a good agreemebse&ved between the results obtained
with it in the right contact interface and thosdanfed with the softwares tested during the
benchmark, with exception to CONPOL for the reasstaged above. In the left side, the

proposed method follows again the same trend asS¥E\and VAMPIRE.
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Figure 5.12 - Spin creepages in case A2.2: (aptedt(b) right contact interfaces (adapted from
Shackleton and Iwnicki (2008)).

5.3.2.7 Conclusions

Although a general agreement between the testdd/eses and the proposed method is
observed, there are, in some cases, notable diswies. However, the main discrepancies are
mainly justified by limitations of the contact mdsl@dopted by some of the tested softwares,
especially CONPOL and VOCOLIN, rather than by lemibns of the proposed method.
Moreover, the results obtained with the proposethatkare, in most cases, in an excellent
agreement with those obtained with GENSYS, NUCARS Y¥AMPIRE, which are widely
used in dynamic simulations of railway vehicles.ef@iore, it can be concluded that the
wheel-rail contact model developed in this worlsugtable for being used in railway dynamics

applications.
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5.4 HUNTING STABILITY ANALYSIS OF A SUSPENDED WHEELSET

5.4.1 The hunting phenomenon

Due to the specific conic shape of the train wheglen a wheelset is running on a straight
track and is subjected to a lateral perturbatioe,rolling radii of the left and right wheel differ
from each other. Hence, since both wheels havesahege angular velocity if the wheelset is
running with a constant speed, the wheel with largdius will experiment a higher velocity
than the opposite wheel. This phenomenon will falee wheelset to yaw and go back to the
centered position, making the rolling radius of thgposite wheel to become larger. This
process, called hunting motion (see Figure 5.18hd$ to continue indefinitely in an
unsuspended wheelset making it unstable (Garg ardipati, 1984; Andersson et al., 1999;
Wickens, 2003). However, the creep forces thakearnsthe contact interface act as damping
forces that dissipate energy and ensure the egisteha certain range of speeds where the
wheelset is stable. The speed above which the wsdtebecome unstable is called critical
speed. In addition to the creep forces, the ctispaed of a wheelset also depends on the wheel
conicity, wheelset mechanical properties and suspes. The last one is particularly important

to ensure that the wheelset instability occurs allyigher ranges of speeds.

Sinusoidal
motion

T

Figure 5.13 - Schematic representation of the hgmntiotion.

When a wheelset experiences the hunting motiongatger of gravity follows an almost
sinusoidal lateral motion around the track centerlias illustrated in Figure 5.13. Klingel
(1883) was the first author to derive an expressidmnich describes this motion on a

non-suspended wheelset. Based on purely kinematatianships, Klingel proposed the

following expression for the wavelengkb(,inge, of the hunting motion:

L
Adinger = 27T, |— i (5.2)
’ 2
0
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where R, the initial rolling radius of the whedl, is the half lateral distance between contact
points andy, is the conicity of the wheels. However, as afonetio@ed, this expression only

considers the kinematic components of the movenmgmbring the inertial effects due to the
mass of the wheelset, the influence of the suspeadlexibility, the creep forces that arise in
the contact interface and the real shape of theelshghe wheels are perfectly conical in the
Klingel's model). Hence, in order to allow a rel@abalidation of the proposed method, a fully

dynamic model of the wheelset is adopted.

5.4.2 Numerical model

The numerical model consists of a single suspemdestlset connected to a moving frame

by lateral and longitudinal suspensions, as shawkigure 5.14.

/

2Le

Figure 5.14 - Dynamic model of a suspended wheetsatected to a moving frame (top view).

The geometrical and mechanical properties of thdehavhich are based on those defined

by Valtorta et al. (2001), are presented in Takle Blote that the contact ellipse semi-ages
andb, as well as the Kalker creepage coefficien{sandc,,, are calculated for a static position

of the wheelset centered with the track and maiethconstant throughout the analysis.
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Table 5.2 - Geometrical and mechanical propertiégseosuspended wheelset model
(based on Valtorta et al. (2001)).

Variable Description Value
m, Wheelset mass 1568 kg
I fws Roll mass moment of wheelset 656 kg.m
| yws Pitch mass moment of wheelset 168 Kg.m
| Zws Yaw mass moment of wheelset 656 kg.m
kl,x Stiffness of the longitudinal primary suspensions 35 kKN/m
kl,y Stiffness of the lateral primary suspensions 250kN
Cyix Damping of the longitudinal primary suspensions NOrk.s
Cy Damping of the lateral primary suspensions 0 kN/m.s
P Applied vertical load 98 kN
a Contact ellipse longitudinal semi-axis 5.667 mm
b Contact ellipse lateral semi-axis 4.284 mm
c, Longitudinal creepage coefficient 4523
Cy, Lateral creepage coefficient 4.121
R, Initial rolling radius 456.6 mm
Y Conicity 0.025
2L Lateral distance between initial contact points H48n
I Distance between longitudinal suspensions 1800 mm

5.4.3 Governing equations of motion of the semi-analytidanodel

The results obtained with the proposed method amepared with those obtained with a
semi-analytical model described by several autfidreothe and Béhm, 1999; Valtorta et al.,
2001; Wickens, 2003). Wickens (2003) consideredraber of simplifying assumptions in the

model, which are also adopted in the present warrkdlidation purposes. These are:

a) The wheelset is rigid and is connected to a reteremoving frame by lateral and
longitudinal suspensions;

b) The running speed of the wheelset is constant;

c) The wheelset movement is characterized exclusibglywo degrees of freedom: the

lateral displacemeny . and the yaw rotatiog .. (see Figure 5.14),

d) The profile of the wheels is perfectly conic;
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e) The assumptions of the Hertz theory (see Sectibid 4f Chapter 4) are valid and the
dimensions of contact area remain constant thrautghe analysis;

f) The slip inside the contact area is neglected,goia tangential contact problem solved

with the Kalker's linear theory (see Section 45d.Chapter 4).

Based on these assumptions, the linear equationsotbns that governs the dynamics of
the system can be written as

k — f
rTI\NS 0 y 2 fy 0 y y y y O
ws +< WS + |_ ws | _
{ 0 I zws:| |:wws:| Vv |: 0 chp fx [//WS 2 Lyo fx kxl 2 wws 0 (52)
Ro
whereV is the forward speed of the wheelsét=Gc,ab and f,=Gc,,ab. The remaining

variables present in equation (5.2) are describedable 5.2. The secondary effects, such as
gravitational stiffness, gyroscopic effects anchspeep, are neglected in the present study. The
system of linear differential equations (5.2) candolved using a direct integration method,
such as Newmark (Clough and Penzien, 2003)rmaethod (Hughes, 2000).

The speed above which the wheelset become unstzdiled critical speed/.;, can be

determined from a stability study described in dléaAntolin (2013) and is given by

2|2(k1>< +k1y](rn/\/5|2 +|Z"VSJ
f, f f f

X y y X

crit 2 2
(m/vslz_,_lzws] yO _(m/vslzklx_'_lzws kl)’j

f, f, LR | f, f f f

y X X y

(5.3)

For running speeds below the critical value, thee@lbet experiences a sinusoidal lateral
motion that tends to damp out if no further disturtes occur. However, if the critical speed is

exceeded, the wheelset undergoes an increasirlatmsgi motion that makes it unstable.

The hunting wavelength is also a characteristithefhunting motion of the wheelset, since
is independent from the running speed. By perfogranquasi-static analysis of the dynamic
equations of motion, the theoretical hunting wangth Aneory is found to be (Antolin, 2013)

Atheory: 27 li_[& _&j } (54)
L,R |2f 2f,
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Notice that the theoretical hunting wavelength egped in equation (5.4) becomes equal to
the wavelength proposed by Klingel, defined in equa5.1), if the dynamic terms are

neglected.

5.4.4 Analysis results

The results obtained with the numerical integratafrthe system of equations (5.2) are
compared with those obtained with the proposed-saicture interaction method described in
Chapter 4. The time step used in all the analy#ls laoth the numerical and semi-analytical

models isAt = 0001s and the total number of time steps is 8000. TheirNark integration
scheme (Clough and Penzien, 2003) with integrgtemameters: =0, 5 =0.25 andy = 0.5 is

used to solve the equations of motion. At the baigop of the dynamic analysis, a lateral
impulsive load of 100 N is applied at the centen@ss of the wheelset in order to drive the
system away from its equilibrium position, causibdo oscillate over the track centerline.
Since the equations that govern the dynamic beha#ithe analytic model are based on the
assumption that there is no slip inside the cordaea (see equation (5.2)), the Kalker's linear
model is adopted to compute the creep forces insttmlations performed in the present

section.

For the wheelset considered in the present problémn,critical speed calculated with
equation (5.3) 1%/t = 234.4 km/h. Thus, the response of the wheelbeinwt is running at a
speed below and above the critical value is evetuaFigures 5.15 and 5.16 show the
comparison between the responses of the wheelts®ghet with the proposed method and with
the semi-analytical equations of motion expressgadpuation (5.2), for a running speed of
100 km/h and 250 km/h, respectively. The resultaiabd with both formulations show a good
agreement, with slight differences observed in gbkition regarding the wheelset running
above the critical speed. These differences mgydiiied by the fact that the numerical model
accounts for a minimum flexibility to avoid numeaidnstabilities, since it is developed in a
finite element method framework. As expected, whiem wheelset runs below the critical
speed, the energy dissipation due to the creegdarnd the stability provided by the primary
suspensions lead to a decrement of the hunting i@a@l On the other hand, when the
wheelset travels at 250 km/h the behavior becometahle and the system does not return to

the centered position.
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Regarding the hunting wavelength, which is independrom the running speed, the
numerical values obtained for the analysis belod @move the critical speed are, respectively,

100 = 22.618 m andyso= 22.710 m. These values are in a good agreem#énttve theoretical

value calculated with equation (5.4), which is fdua beiineory = 22.754 m.

0.015
0.010
0.005
0.000

—0.005

Lateral displacement (mm)

—-0.010

—— Proposed method
----Semi-analytical |

ors——
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Time (s)
(a)

Yaw rotation (mrad)

0.004

0.002

0.000

—0.002

—— Proposed method
- - - - Semi-analytical

04
0.

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Time (s)

(b)

Figure 5.15 - Wheelset response¥or 100 km/h: (a) lateral displacement and (b) yatatron.
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Figure 5.16 - Wheelset response¥or 250 km/h: (a) lateral displacement and (b) yatatron.

The lateral displacement of the wheelset for thdi#gerent running speeds, including the
critical speed, is plotted in Figure 5.17. As tpeed increases, the oscillation decay rate tends

to decrease, reaching a null value at the crispaled. After that, the hunting motion grows

indefinitely and the behavior of the wheelset beesmnstable.
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Figure 5.17 - Wheelset lateral displacement fogetdifferent running speeds.

The critical speed is therefore a transition in dyaamic behavior of the wheelset that can

be analyzed with the logarithmic decrement fagfpgiven by

5 =5|n(yL(t)] (5.5)

" ylt+nT)

wherey, (t) andy, [t +nT) are two peak displacements separated bynsecutive cycles with

periodT. The logarithmic decrement related to the resppp$¢he wheelset for speeds ranging
from 50 km/h to 300 km/h is depicted in Figure 5.A8 expected, the logarithmic decrement
for the lower speeds is positive, but starts tarelse as the speed increases. Once the critical
speed is reached, the decrement becomes null, sircehunting motion maintains the
amplitude throughout the analysis, as shown inff@igul7. Then, once the speed exceeds the

critical value, the decrement turns negative aeditheelset experiences an unstable behavior.
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Figure 5.18 - Logarithmic decrement factor as afion of the wheelset speed.
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5.5 SIMULATION OF AN EXPERIMENTAL TEST CONDUCTED IN A
ROLLING STOCK TEST PLANT

5.5.1 Background and description of the experimental test

High-speed railway lines require a more rigorousinte@mance when compared with
conventional lines. Since the displacements ofth&ctures may contribute to significant track
deviations, and subsequently influence the ridiomfort or the running safety of the train,
deflection limits should be imposed during the desof railway structures. Such precautions
are particularly important in countries prone totleguakes, where large lateral displacements
may occur during a seismic event. Japan, with dribeolargest railway networks in the world,
is one of those countries. Hence, in November 2889Committee on Displacement Limit of
Structures Associated with the Runnability of Raylwehicles consisting of engineers and
academics specialized in the design of railwaycstines and in the study of vehicle dynamics,
was formed to draw a Displacement Limit StandarcRailway Structures.

Over three years, the committee draft the codeigimns based on results obtained in a
series of experimental tests, developed in shatdhblps and rolling stock test plants using full
scale test vehicles, and in numerical simulati@garding the running safety of trains. Finally,
in April 2004, the committee approved the final eqgorovision. However, due to the 2004
Mid-Niigata Earthquake that occurred on October£00 which a Shinkansen train derailed
when running over a bridge at 200 km/h, the pubbecaof the code was postponed, since it
also included provisions regarding the running tyafé trains under seismic conditions. After
taking into consideration a report drawn by the ngansen Derailing Countermeasures
Council, the Displacement Limit Standard for Rayw@tructures (RTRI, 2006) was finally
published at the beginning of 2006.

One of the experimental tests (Sogabe et al., 2086) to draft the Displacement Limit
Standard is numerically reproduced in the presectian (Montenegro et al., 2015b). The test
was conducted in the rolling stock test plant ia RTRI and consisted in the analysis of a
railway vehicle mounted over a test rig with founeel-shaped rails controlled by independent

actuators that can simulate different types ofdauiations (see Figure 5.19).
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Measurement Pomt Carbody
of acceleration

_.~ Wheel-shaped rail

Secondary Driving device
suspensions

Bogie

Primary suspensions

Wheelset

Actuator

lateral vibration

(a) (b)
Figure 5.19 - Experimental test: (a) rolling stoekt plant (RTRI, 2013) and (b) test setup (adapted
from Sogabe et al. (2005)).

Actuator for
vertical vibration

Both vertical and lateral deviations were imposedhe track while the vehicle ran over it.
These deviations aimed to simulate track misaligntsmeaused by the deflection of a bridge
when it is subjected to an earthquake. When thiasatisns occur, the vehicle may experience
high levels of vibrations while travelling over thwidge, leading to an increased risk of
derailment. The deflection types considered intdst are divided into two: a bending shape
(BS), associated with the bending of two conseeusipans, and a translation shape (TS), in
which only one span rotates while the other is etted to a translation, as illustrated in
Figure 5.20. Span lengtHs ranging from 10 m to 60 m were also consideredhm tests,
together with transition sections at the ends @hesgpan to guarantee a smooth continuity of
rotations of the rail (see Figure 5.20c).

Track stiffness

(a) (b) (c)
Figure 5.20 - Deflection models: (a) BS, (b) TS &r)ddetail of the transition.

During the tests, the vertical and lateral accélena of the carbody were measured above
the rear bogie. The tests were conducted withlaséalle railway vehicle running over the test
stand at speeds ranging from 100 to 400 km/h. Teee@mum deflection amplitude considered
in all scenarios wa8é= 8 mm (see Figure 5.20) for both the vertical teral directions.
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5.5.2 Numerical model

5.5.2.1 Structure model

The structure shown in Figure 5.20 is modeled wigiid finite elements, being the track
deviation introduced as irregularities in the \eatiand lateral directions. The half length of the
transition zone is denoted hy(see Figure 5.20c), the span rotatiorgpgnd the distance from
the start of the transition zone ky This procedure avoids numerical problems asstiaith
unrealistic impacts that may occur in abrupt tréamss. Thus, according to Sogabe et al. (2005;

2006), the track deviatiop in the transition is given by

Bt cos] 4 (% - L,)]+sin[ 4 (x - L)]} if 0O<x <L,

_)45
yt - 9 (56)

ﬁe'mx““’{cosm (x =L )]+sin[B (x -L)]}+6(x -L) if L <x<2L

wherep; is the relative bending stiffness of the rails gads in the lateral direction, given by

=Ko 5.7
'8t_44EIr ®.7)

wherek; is the pad stiffnes€ the Young modulus of the steel andhe moment of inertia of

the rail. The parameters used for defining thesitaon zones are summarized in Table 5.3.

Table 5.3 - Parameters of the transition zones.

Track direction

Variable
Vertical Lateral
L, 3m 3m
K, 9.4%10° kN/m/m  47.2% 10* kN/m/m
l, 3090 cnf 509 cni

5.5.2.2 Vehicle model

The test vehicle consists of a narrow gauge prpwtgar specially developed for the
experimental test, whose properties were providethe RTR}. A schematic representation
of the dynamic model of the test vehicle is illagd in Figure 5.21. The springs and dampers

of the suspensions are denotedklandc and the masses and rotary inertias are indicated b

! The geometrical and mechanical properties ofésewvehicle are not published due to confidentiattens from
the manufacturer.
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andl. The longitudinal, lateral and vertical distanaes denoted bg, b andh, respectivelyl ¢,
refers to half of the lateral distance betweenitiigal contact points andR, is the nominal

rolling radius. The subscriptd, bg andwsindicate carbody, bogie and wheelset, respectively

(a) (b)

Figure 5.21 - Dynamic model of the test vehiclg:léteral view and (b) front view.

The carbody, bogies and wheelsets are modeled usdagn finite elements, and the
suspensions are modeled using spring-dampers inthttee directions, as depicted in
Figure 5.22. The masses and rotary inertias areeladdising mass point elements, located at

the center of mass of each component.

o m,l, ® mhg’lhg om,.1I,

k o, — kl,y’cl,y k...
ky o€y oo kZ.y’CZ.y ky..c,,
(a) (b)
Figure 5.22 - Finite element model of the test etehi(a) full perspective and (b) detail of the isog

The numerical mode shapes and the correspondiggdneies of the test train presented in
Figure 5.23 are computed with ANSYS (2010). Thédaody and bogie are denoted by CB and
BG, respectively.
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Figure 5.23 - Numerical frequencies and mode shapte railway vehicle.

The rail profile used in the analysis is the JIp6ét¥ile (JFE Steel Corporation, 2014), while
the wheel is a conic and arc profile wheel withnaiééer of 860 mm (Matsumoto, 2001), same

as that used in the Shinkansen trains. Figure $h@ws the geometry of the profiles.

20 —
....... Rail
1ol Wheel tread |
----- Wheel flange
Shinkansen $860
of T ——— i
e A 5
g/ -10¢ i ]
N A i,
0 ‘.‘ 7
. 1
\\ /
. /
_30 | g ~——— 4
JIS60 : :
—40 : : : — '
60 40 20 0 20 —-40 -60 —80
y (mm)

Figure 5.24 - Wheel and rail profiles used in timeusation.
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5.5.3 Analysis results

The results obtained with the train-structure imt@on method described in Chapter 4 are
compared with those obtained in the experimenttl aed with DIASTARS. The time step

used in all the performed analysisAd = 0001s and the total number of time steps is 2500.

Since DIASTARS uses the Newmark integration sch@@leugh and Penzien, 2003) to solve
the equations of motion, no numerical dissipati®rconsidered in the method in order to
establish a more reliable comparison. Therefore integration parametees= 0, 5 = 0.25 and

y = 0.5 are adopted. All the results presented isgction regarding the vertical direction are
obtained exclusively with the imposition of verlickeflections to the track, while the results
relative to the lateral direction are obtained witie imposition of transversal deflections (see
Section 5.5.1).

The comparison between the vertical acceleratioeasored in the carbody above the rear
bogie and the results obtained with the proposethodeand DIASTARS is depicted in
Figure 5.25. The same comparison, but for thedatacelerations measured at the same point,
is plotted in Figure 5.26. The results shown orhl@ures correspond to an analysis in which
the vehicle is running a¥ = 300 km/h and the letteng and z presented in the deflection
schemes of those figures indicate lateral and cadrtieflection shapes, respectively. A good
agreement can be observed between the measuredaddtdahe numerical results. The
differences observed may be justified by the faat the numerical model of the vehicle does
not consider the flexibility of some componentspexsally the carbody, where the
accelerations were measured. The lack of additierpérimental data to calibrate the vehicle
model may also contribute to these differences. MWdmenparing the numerical results obtained
with the proposed method and with DIASTARS an dectlagreement can be observed. The
slight differences may be due to the fact that tthe numerical formulations are based on
different wheel-rail contact models. The DIASTARSes an offline contact search algorithm
and a creep model based on Kalker's linear thedity avsaturation limit for high creepages,
whereas the proposed method uses an online cagaath formulation and the Kalker's book

of tables to compute the creep forces.
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Figure 5.25 - Vertical accelerations in the carbablgve the rear bogie fot= 300 km/h: (a) BS - 20 m
span; (b) BS - 40 m span; (c) TS - 20 m span; @} 40 m span.
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Figure 5.26 - Lateral accelerations in the carbalgigve the rear bogie fof= 300 km/h: (a) BS - 40 m
span; (b) BS - 20 m span; (c) TS - 40 m span; @} Z0 m span.
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Figures 5.27 and 5.28 show, respectively, the mamimertical and lateral accelerations in
the carbody, obtained in the experimental testsvatidthe proposed method. The results refer
to span lengths of 10, 20, 40 and 60 m and vebpbeds ranging from 100 km/h to 400 km/h
with steps of 50 km/h. In most of the cases, th@emical results show a good agreement with
the experimental results. Some discrepancies mayshi@ed by the incapacity of the actuators

to reproduce with precision the track rotationsg&ze et al., 2006).

Experimental: L=10m = L=20m L=40m a L=60m
Proposed method: L=10m — [=20m — [=40m — L=60m
2.0 2.0 :
(‘\lw (Tlm NI :
E 15 E 1s)
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S 1.0 S 10f
3 3
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> >
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(@) (b)

Figure 5.27 - Maximum vertical accelerations in thebody above rear bogie: (a) BS and (b) TS tests.
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Figure 5.28 - Maximum lateral accelerations indhebody above rear bogie: (a) BS and (b) TS tests.
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As mentioned earlier, the experimental data isricdet! to the acceleration in the carbody
above the rear bogie. Nevertheless, for a moreratcualidation, the responses obtained with
the proposed method in other components of thevagilvehicle are compared with those
obtained with DIASTARS. Only results regarding 8® test with a 20 m span and the TS test

with a 40 m span are presented hereafter.

The vertical displacements at the center of massheffirst wheelset and front bogie
obtained in the BS test are plotted in Figure 5Tt results obtained with both the proposed
method and with DIASTARS are in an excellent agreeimIt can be observed that the
wheelset follows the vertical irregularity almosiaetly, since the response of this component
of the vehicle is not filtered by the suspensidwstice that the initial displacement is different
than zero due to the effect of gravity. Regardihg wheelset, the displacement is almost
exclusively due to the wheel-rail static penetmatiovhile in the case of the bogie, the

displacement is already affected by the primarpsasions.
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- 0 =
g 15)
E 2 g 12
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= 4 =
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2 >
-10 : : : : =20 : : : :
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Time (s) Time (s)

(a) (b)
Figure 5.29 - Vertical displacements obtained sB$ testl( = 20 m): (a) wheelset and (b) bogie.

Figure 5.30 shows the response obtained at the gmm#s but in terms of vertical
acceleration. The solution obtained with the preposiethod show numerical instabilities due
to the stiff properties adopted to model the whetelSuch instabilities are not visible in the
DIASTARS solution, since it uses a pure multibodgniulation to model the vehicle. A better
agreement, however, can be observed in the actefesaf the center of mass of the bogie,

since the primary suspensions filter most of tlgh irequencies that occur in the wheelset.
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Figure 5.30 - Vertical accelerations obtained m B& testl{ = 20 m): (a) wheelset and (b) bogie.

The lateral displacements at the center of masiseofirst wheelset and front bogie obtained

in the BS test are depicted in Figure 5.31. Againjery good agreement can be observed
between the results obtained with the two methagleo Note that the displacements in the

bogie are practically identical to the displacersantthe wheelset due to the high stiffness of

the primary lateral suspensions.
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Figure 5.31 - Lateral displacements obtained irBSdest L = 20 m): (a) wheelset and (b) bogie.

The lateral accelerations calculated at the cafterass of the first wheelset and front bogie

obtained in the BS test are shown in Figure 5.82ah be observed that the highest peaks of

acceleration observed in the wheelset are filtbsethe primary suspensions.
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Figure 5.32 - Lateral accelerations obtained inBBaest L = 20 m): (a) wheelset and (b) bogie.

The vertical contact forces in the wheels of thstfivheelset for the BS and TS tests are
plotted in Figure 5.33. Since the contact forces similar in both wheels, only the results
obtained for the left wheel are presented. Thererise more, a very good agreement between
the two numerical tools. The differences observethe peak forces may be justified by the
fact that DIASTARS uses a linearized Hertz modeltfe normal contact, while the proposed

method adopts the nonlinear formulation.
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Figure 5.33 - Vertical contact force in the lefteeh of the first wheelset: (a) B& € 20 m) and
(b) TS L = 40 m) tests.

Finally, the lateral contact forces in the whedlshe first wheelset for the BS and TS tests

are plotted in Figures 5.34 and 5.35, respectivieljthe BS test, three flange impacts can be
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observed when the contact force suddenly increases:in the left wheel, approximately at
1.1s, and two in the right wheel, at 0.8 s andsl.Zhe functions defining the BS and TS
deflection models are the same for the first sgae Figure 5.20). Therefore, the higher contact
forces obtained in the BS test, when the wheelsetr®the first span, are due the fact that span
deviation is more abrupt in the BS test, .i.e.,meximum deflection amplitude is the same in
both tests but the span lengths are different. Onoee, the results obtained with both

numerical methods show an excellent agreement.

12

— Proposed method
9} y ----DIASTARS

— Proposed method
3| ----DIASTARS

Lateral contact force (kN)
Lateral contact force (kN)

\/_Iy-

0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
Time (s) Time (s)

() (b)
Figure 5.34 - Lateral contact force obtained inBietest L = 20 m): (a) left wheel and (b) right wheel

of the first wheelset.
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Figure 5.35 - Lateral contact force obtained inTtRetest L = 40 m): (a) left wheel and (b) right wheel
of the first wheelset.
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5.6 CONCLUDING REMARKS

The train-structure interaction method developethenpresent thesis is validated with three

numerical applications and one experimental test.

The first application consists of reproducing feest cases based on examples presented in
Kalker (1990), in which the longitudinal and latecaeep forces are computed for distinct
ranges of creepages and semi-axes ratios of th&aatoallipse. This application aims to
validate the implemented creep force models usemngpute the tangential forces that appear
in the contact interface due to the rolling frictioontact between wheel and rail. All the three
methods implemented in the present work provedet@dequate to deal with scenarios with
small creepages. However, the Kalker's linear madahot predict reasonable values of the
creep forces when the creepages increase andrgentsal stresses approach the saturation
limit. For higher values of translational creepages! low values of spin, both the Polach
method and the Kalker's book of tables provide adtg results, but only the latter is
sufficiently accurate for situations where the spi@epage is also higher. For these reasons, the
implemented book of tables is used in the majaritthe dynamic simulations presented in this

thesis.

In the second application, the Manchester Benchmpesgosed by Shackleton and Iwnicki
(2006) is revisited. The benchmark comprised aeseof tests simulated with ten different
softwares with the aim of allowing an informed ad®when selecting a contact model for a
particular railway vehicle simulation scenario. Thsts consisted of prescribing, both statically
and dynamically, lateral displacements and yawtiaia to a single wheelset in order to
analyze its behavior. Several contact charactesisivere analyzed during the benchmark,
namely the contact point positions on both wheéth® wheelset, the rolling radius difference
between wheels, the contact angles and the cregep@geerally, the results obtained with the
proposed method for all the analyzed quantitieswslan excellent agreement with those
obtained with widely used softwares in railway wdidynamics, such as GENSYS, NUCARS
and VAMPIRE. The few discrepancies observed arenipgustified by limitations of the
contact models adopted by some of the tested s&syaspecially CONPOL and VOCOLIN,
rather than by limitations of the proposed method.

The third numerical example consists of evaluatirgylateral stability of a single wheelset

running at several speeds. The dynamic respontdeofheelset calculated with the proposed
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method is compared with that obtained using a seralytical model with two degrees of
freedom available in the literature (Knothe and B(999; Valtorta et al., 2001; Wickens,
2003). The model follows a number of simplifyingsasiptions whereby the dynamics of the
wheelset can be described by simple linear diffemerquations. A good agreement between
the responses obtained with the proposed methodhaise obtained by the integration of the
equations of motion of the semi-analytical modeblserved. As expected, for speeds below
the critical limit, both the lateral displacememdathe yaw rotation of the wheelset tend to
damp out after being driven away by a lateral disince. This is due to the energy dissipation
provided by the creep forces and to the stabiliyvjgled by the suspensions. However, when
the speed exceeds the critical value, the behatithre wheelset becomes unstable, leading to a
hunting motion that grows indefinitely. The criticapeed predicted by the proposed
formulation using a logarithmic decrement factorailso in a good agreement with the

theoretical value determined from a stability stdeégcribed in Antolin (2013).

Finally, an experimental test conducted in thamglktock test plant of the RTRI, in which a
full scale railway vehicle runs over a track thesubjected to vertical and lateral deviations, is
reproduced numerically. The lateral acceleratiorssde the carbody measured during the test
are compared with those obtained with the propasethod and with the train-structure
interaction software DIASTARS. The results showoad)agreement, especially when the two
numerical methods are compared. Regarding the expetal results, the discrepancies
observed may be caused by the fact that vehicteoeled using rigid bars and thus important
deformations are not considered. Furthermore,rtbapacity of the actuators to reproduce with
precision the track rotations may also contributethe differences between the experimental

and numerical results.
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RUNNING SAFETY ANALYSIS OF A HIGH-SPEED TRAIN
MOVING ON A VIADUCT UNDER SEISMIC CONDITIONS

6.1 INTRODUCTION

In the present chapter, a study regarding the ngnsafety of a high-speed train moving on
a viaduct under seismic conditions is conducted rifdoegro et al., 2015a) using the
methodology presented in Chapter 3. The main dbgatf the present study consists of
evaluating the influence of the seismic intensity d@rack irregularities on the train running
safety. First, a description of the case studyxigosed in order to introduce the viaduct, the
vehicle and the external excitation sources, narttedyearthquake and the track irregularities.
The viaduct is based on an existing flyover typeditre of the Portuguese railway network
situated in the city of Alverca and composed byminsupported box girders, while the vehicle
consists of a Japanese Shinkansen high-speedath@ise mechanical properties were known.
The numerical models of both subsystems are deedlasing the finite element method
software ANSYS (2010), being their dynamic propgexti namely the mode shape
configurations and respective natural frequen@essented. The seismic action is represented
in terms of ground acceleration time-histories gsantificial accelerograms that are generated
from the elastic spectra described in EN 1998004), with PGA corresponding to moderate
events with relatively high probability of occurcen This type of seismic actions is of the

utmost importance, since the running safety ohgranight be jeopardized not only by intense
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shakings, but also by moderate earthquakes, whiy mot cause significant damage to the
structure. Since no significant nonlinearity iselik to be exhibited in the piers of the viaduct
for these levels of seismicity, all the analysi® grerformed in the elastic domain by
considering the effective stiffness of the piere do concrete cracking. Furthermore, and
unlike the majority of the studies in this fieldhet time offset between the beginning of the
earthquake and the entry of the vehicle in the waads taken into account by considering
different instants in which the earthquake staotsexcite the viaduct. Regarding the track
irregularities, they are also based on artificiabfifes generated based on analytical PSD
functions. Then, the dynamic behavior of both tlaguct and vehicle under seismic conditions
is evaluated. For the viaduct, the vertical ancerkdt dynamic responses in terms of
displacements and accelerations obtained with atitbut earthquake are studied. Moreover,
the influence of the reduction in the stiffnessha piers due to concrete cracking on the lateral
response of the viaduct is evaluated. Regardingehele, in addition to analyzing the vertical
and lateral response in terms of displacementsaandlerations, the contact forces between
wheel and rail are also assessed. Special atterstigiven to the strong lateral impacts that
occur between the wheel flange and the rail whigy head to derailment. At the end of the
section, the influence in the response of the Velo€ both the suspension stoppers and the
time offset between the beginning of the earthqualek the entry of the vehicle in the viaduct
is analyzed. Finally, the running safety analy$ithe railway vehicle running over the viaduct
is assessed based on the derailment criteria dedan Section 3.5 of Chapter 3. The influence
in the running safety of the seismic intensity lewehicle running speed and track quality is
evaluated separately. Next, all the informatioraot#d in the dynamic analyses is condensed
in the so-called running safety charts, which csinsf the global envelope of each analyzed
safety criteria as function of the running speedhefvehicle and of the seismic intensity level.
At the end of the chapter, a critical analysis dltbe running safety criteria adopted in the

present work is carried out.

6.2 NUMERICAL MODEL OF THE VIADUCT

6.2.1 Description of the Alverca railway viaduct

The Alverca viaduct is a flyover structure belorggto the Northern Line of the Portuguese
railway network that connects Lisbon to Porto.dtsstruction allowed the separation of the

rail traffic flowing in both directions and was dgsed for a maximum speed of 200 km/h.
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Figure 6.1 shows an aerial view of the frame typmdocated in the middle of the viaduct,
which allows the intersection with the other raijwianes, along with a perspective view of the
current zone in one of the ramps.

Figure 6.1 - Alverca viaduct: (a) frame area (Fades, 2010) and (b) ramp (Malveiro et al., 2013).

The viaduct has a total length of 1091 m divided the following parts:

a) South ramp with a total length of 388 m dividedoir20 simply supported spans
distributed as follows: 416.5 m + 417.5 m + 1221.0 m;

b) Middle frame type viaduct with a total length ofélih divided into 3 continuous spans;

c) North ramp with a total length of 527 m dividedan27 simply supported spans
distributed as follows: £16.5 m + 517.5m + 1421.0 m.

The deck of the current zones consists of a priefaied and prestressed U-shaped beam on
which pre-slabs serving as formwork to the concuogleer slab cash situ are placed, forming
a single-cell box girder deck. The deck is simplported on the piers and abutments by
elastomeric-reinforced bearings, each one compasefdur layers of neoprene with plan
dimensions 500300 mnf and 8 mm thick, interspersed with steel plateshEgpan is fixed in
one extremity and longitudinally guided in the athieeing the transverse direction fixed on
both edges. Since the spans are all simply suppame disconnected from each other, the
deck does not confer any transversal stiffnestgovtaduct. The track consists in UIC60 rails
with an Iberian gauge of 1.688 m, elastomeric ruljms, prestressed concrete monoblock
sleepers and a 25 cm ballast layer under them. allfzinthe piers have a rectangular
cross-section with dimensions<4 nf and heights ranging from, approximately, 5 m tarl5
Figure 6.2a shows the elevation view of both thats@nd North ramps, while Figures 6.2b
and 6.2c present the cross-section and the dedk jespectively.
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Figure 6.2 - Blueprints of the Alverca viaduct: égvation view of the South and North ramps;

(b) cross-section and (c) deck joint above the. pier

6.2.2 Finite element model of the idealized viaduct

The structure used in the present study is baseth@rlverca viaduct described in the
previous section. However, for simplicity of the det an idealized structure with a total
length of 630 m divided into 30 simply supportedrsp with 21 m length each and supported
by piers with 10 m height is adopted in the prestatly. The geometrical properties of both

the deck and the piers are the same as the origamhict.

The numerical model of the viaduct is developedNSYS. The deck, piers, sleepers and
rails are modeled using beam finite elements, wihisebearing supports, ballast and pads are
modeled using linear spring-dampers. Mass poinhetds are also used to model the ballast
mass and the non-structural elements such as saflsgand edge beams of the deck. The
connection between the top of the piers and thé&,dex well as the connection between the

deck and the track, is accomplished by rigid fragteaments. In order to guarantee a correct
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representation of the transition zones betweerstiueture and the embankment, an extension
of the track is modeled in both extremities of vieuct.

Special focus is given to the track modeling, sithgeay strongly influence the behavior of
the vehicle. This is one of the advantages of usimgyfinite element method to model the
structure, since in the majority of studies perfedmin multibody platforms the track is
considered to be rigid, which is far from reality.

A schematic representation of the numerical maglehg with a detail of the cross-section
and the deck joint above the piers is illustratedrigure 6.3 (the track is not included in
Figure 6.3a for simplicity), while Figure 6.4 praese a partial overview and two details of the
numerical model of the viaduct developed in ANSYRhough the spans are disconnected
from each other, the track mobilizes a certain amai transversal stiffness when relative

movements between adjacent spans occur, as caebarsthe detail of the joint depicted in

Figure 6.3c.
l deck element / rigid link | o deck element /f rigid link 11
. "X See detail in
= . . [ Figure 6.3¢
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Figure 6.3 - Numerical model of the viaduct: (awaltion view, (b) cross-section and (c) deck joint.
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Figure 6.4 - Finite element model of the viaduotedeped in ANSYS: (a) overview, (b) detail of the

transition and (c) detail of the deck joint.

Table 6.1 presents the main mechanical properfisgkeonumerical model of the viaduct.
The mechanical properties used in the numericalenofl the deck are those reported by
Malveiro et al. (2013). In this study, the authorade a calibration of the mechanical properties
of the deck using experimental results of an antbiésration test. The process involved the
application of an iterative procedure based on@imuzation technique grounded on a genetic
algorithm. The pairing between the numerical angeexnental vibration modes was
performed using the modal assurance criterion (Mp&pameter (Allemang, 2003), for global
modes, and the energy-based modal assurance aritéEMAC) parameter (Brehm et al.,
2010), in the case of local vibration modes. TlaeKkrproperties, namely ballast stiffness and
pads/fasteners stiffness and damping, are adopted the literature, since they could not be
estimated with accuracy in the calibration procégste that the track in the existent viaduct
consists in UIC60 rails with an Iberian gauge @&8B m. However, since the study is carried
out with a Japanese high-speed train, the stangaode of 1.435 m is considered in the
numerical model, as well as the JIS60 rail prof(&SE Steel Corporation, 2014) used in the

Japanese high-speed lines.
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Table 6.1 - Mechanical properties of the numencadtiel of the viaduct.

Parameter Designation Value Unit Reference
Modulus of elasticity of the .
Ec siab concrete of the upper slab 33.48 GPa Malveiro et al. (2013)
Modulus of elasticity of the .
Ecbeam concrete of the prefabricated beam48'08 GPa Malveiro et al. (2013)
Modulus of elasticity of the .
Ec.sleeper concrete of the sieeper 40.90 GPa Malveiro et al. (2013)
Modulus of elasticity of the
Ec.pier concrete of the pier 33.00 GPa EN 1992-1-1 (2004)
Pe Density of concrete 2590.4 kgim Malveiro et al. (2013)
Phal Density of ballast 1995.9 kgfm Malveiro et al. (2013)
Kpal, Ballast's longitudinal stiffness 30 MN/m/m UIC4#3-R (2001)
Kpal,t Ballast's transversal stiffness 7.5 MN/m/m  ERRI@2/RP 11 (1999)
Kparv Ballast's vertical stiffness 100 MN/m/m  ERRID ZRP 11 (1999)
Coal Ballast's damping (3 directions) 50 kN.s/m/m Wd afang (2003)
Kfas, Fastener's longitudinal stiffness 20 MN/m Zhaale(2009)
Kfasit Fastener's transversal stiffness 20 MN/m Zhal. €2809)
Ktas.v Fastener's vertical stiffness 500 MN/m ERRI D RE5 (1999)
Kfas,r Fastener's rotational stiffness 45 kN.m/rad ERRIOR/RP 11 (1999)
Chas,| Fastener's longitudinal damping 50 kN.s/m Zhail ef2009)
Chast Fastener's transversal damping 50 kN.s/m Zhdi €2@09)
Chasy Fastener's vertical damping 200 kN.s/m ERRI D RP45 (1999)
K| Longﬁudlnal stifiness of the 4.4 MN/m Malveiro et al. (2013)
earing supports
K, Vertical stiffness of the bearing 5200 MN/m Malveiro et al. (2013)

supports

6.2.3 Dynamic properties of the viaduct

The first mode shapes and natural frequencieseofitiduct are plotted in Figure 6.5. Since
all the spans are simply supported and disconnected each other (see Figure 6.3c), the
frequencies of the first modes are identical, thee,global frequencies of the viaduct are mainly
controlled by the first mode of the piers. The drddferences observed are due to the fact that

the track confers a slight amount of stiffness®deck in the transversal direction.
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Figure 6.5 - Numerical frequencies and mode shaptse viaduct.

6.3 DEFINITION OF THE SEISMIC ACTION

6.3.1 Artificial accelerograms

The seismic excitations adopted in the presentystahsist of artificial accelerograms
generated from the elastic spectra described il 8»8-1 (2004), with PGA corresponding to
moderate events with return periods less than €@bsy which is the reference return period of
the design seismic action associated with the tlajgxe requirement. Thus, four levels of
seismic intensity with return periods of 95 (propdseturn period for the damage limitation
requirement of EN 1998-1 (2004)), 150, 225 and $4érs are considered, being the ground

motion imposed along the lateral direction.

The artificial accelerograms are generated withstifevare SeismoArtif (2013), which uses
a random process of adjustment by correction infiiaguency domain. The method used by
SeismoArtif defines the artificial ground motionnsidering a target spectrum and adapting the

frequency content through an iterative processguie Fourrier Transformation Method (see
Section 3.3.1 of Chapter 3). The intensity functlt(m)n used to simulate the transient nature of

the earthquake consists of a trapezoidal shapdidmmaevith 10 s for the stationary part of the
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accelerogram (minimum value according to EN 199@Q@04)) and 2 s of slope in each
extremity, as shown in Figure 6.6.

1.0

Intensity /(z)

0 2 4 6 8 10 12 14
Time (s)

Figure 6.6 - Intensity function adopted in the prasstudy.

The target elastic spectra are defined for therseigone 2.3 of the Portuguese territory and
for a soil type A (EN 1998-1-NA, 2009), with an ionpance factor of 1.0, as proposed by EN
1998-2 (2005) for railway bridges, and a viscouspiamg of 5 %. The PGA corresponding to
the return period$ of the seismic actions considered in this workpaesented in Table 6.2.

Table 6.2 - PGA corresponding to the return perigfdie seismic actiohs

T (years) 95 150 225 310
PGA (m.§) 0.862 1.050 1.250 1.420

The artificial ground motions generated with Seigmid and the respective response
spectrum adjustments to the target spectrum ateeglom Figures 6.7 to 6.10.
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Figure 6.7 - Generated ground motion Ter 95 years: (a) accelerogram and (b) spectrum adg@mgtm

! The values of the PGA were kindly provided by Magional Laboratory for Civil Engineering of Poralg
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6.3.2 Time offset between the beginning of the earthquakand the entry of the vehicle in
the viaduct

The random nature of the seismic events makespbssible to predict the position of the
vehicle in the moment the earthquake starts. Therefand unlike the majority of studies in
this field, in which the earthquake is assumedtaot st the instant the train enters the bridge,
the time offset between the beginning of the eardkg and the entry of the vehicle in the
viaduct is taken into account by considering ficergrios corresponding to different instants
in which the earthquake starts to excite the viadlicis procedure to cover covering a wider

range of combinations for a more extensive study.

The coordinate of the first wheelsgtat the instant the earthquake starts is presanted
Figure 6.11. The coordinaigis defined with respect to the coordinate system) (positioned

at the beginning of the viaduct and the subsciipty, 2,...,n indicate the scenario number.

Ya X =
L 1 [ 14
(coo———'5¢ —
X ” g
Viaduct edge / :
Viaduct length

Figure 6.11 - Coordinate of the first wheelsehatinstant the earthquake starts.

The first scenario represents the case in whichvéécle enters the viaduct in the instant
the earthquake stops, while the last scenario septe a situation in which the earthquake
starts in the instant the vehicle leaves the viadiite other scenarios will cover the

intermediate situations. Hence, for each scenatlee coordinate of the first wheelset at the
instant the earthquake starts is given by

x :v[—te+(i —1)[ﬂﬂ (6.1)

n-1

whereV is the vehicle speed, is the earthquake duration andis the time that the vehicle
takes to cross the viaduct. Note that the coordimatis negative in the scenarios in which the

vehicle enters the viaduct after the beginninghefeéarthquake. This is to ensure that, for these
scenarios, the simulations initiate with the begigrof the ground motion. On the other hand,
in the scenarios in which the earthquake startsnvthe vehicle is already on the viaduct, the
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simulation begins with the vehicle positioned atdtige. This procedure aims to guarantee that
the vehicle is already excited due to the trackgutarities and due to the interaction with the
structure at the instant the earthquake startsir€i§.12 schematizes the position of the vehicle

at the start of the simulation for the two aforetrared types of scenarios.
) W
. I—Vladuct edge
\—'@—rﬁ—@‘—@ £ C.

ag‘
1

Viaduct edge /

Viaduct length

(b)
Figure 6.12 - Position of the vehicle at the stathe simulation: (a) the vehicle enters the vidiiter

the beginning of the earthquake and (b) beford#genning of the earthquake.

6.4 MODELING OF THE SEISMIC BEHAVIOR OF THE PIERS

The seismic actions considered in the present stodsespond to moderate events with
relatively high probability of occurrence, as shomnSection 6.3.1. Although no significant
damage to the structure is expected for thesedeskintensity, the reduction in the piers'
stiffness due to concrete cracking should be adeourThus, the effective stiffness of the piers

is evaluated based on the methodology describ8eation 3.4 of the Chapter 3.

6.4.1 Monotonic response of the piers

The first step of the methodology consists of paniag a nonlinear monotonic static
analysis to evaluate the horizontal response of giees. In this analysis, the idealized
representation of the structure is subjected torstant gravity load and to a monotonically
increasing displacement that represent the inegffatts from the earthquake. Since the force
is increased until the ultimate capacity of ther jgereached, the model has to account for the
effects of both the material inelasticity and tle®getric nonlinearity.
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In the present work, the monotonic response ofpilkes is evaluated using the software
SeismoStruct (2013). Since all the spans are simppported and disconnected from each
other (see Section 6.2), the monotonic analysisgoied in this section is carried out using a

single degree of freedom model of one of the pesshown in Figure 6.13.

-

(b)
Figure 6.13 - Single degree of freedom model ofpilee developed in SeismoStruct: (a) initial pasiti

and (b) ultimate capacity deflection{&mmplified).

The pier is modeled using frame elements with itsted inelasticity based on the
displacement-based formulation, in which the seetlicstress-strain state is obtained through
the integration of the nonlinear uniaxial matemnasponse of the individual fibers used to
discretize the cross-section. The uniaxial confieetmodel proposed by Mander et al. (1988)
coupled with the cyclic rules given by Martinez-Raeand Elnashai (1997) is used to model
the concrete, while the steel is modeled usingMeaegotto and Pinto (1973) model coupled
with the isotropic hardening rules of Filippou €t(@983). Figure 6.14 shows the stress-strain

relationships of both models, whilst the parametisiesd to define them are given in Table 6.3.
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Figure 6.14 - Stress-strain relationship of theMajpder concrete model (Mander et al., 1988) and

(b) Menegotto-Pinto steel model (Fragiadakis et24l07).
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Table 6.3 - Parameters of the nonlinear constgutisaterial models.

Concrete C30/37 Steel S500
Parameter Value Parameter Value
Compressive strength 38 MPa Modulus of elasticity 200 GPa
Tensile strength 2.9 MPa Yield strength 500 MPa
Strain at peak stress 0.002 Strain hardening paeame  0.005
Specific weight 24 kN/rh Specific weight 78 kN/th

The piers are designed according to the specifisatproposed in the EN 1998-2 (2005) for
the seismic zones 1.4 and 2.3 of the Portugueséotgy soil type A (EN 1998-1-NA, 2009)
and using a behavior factor of 2.5. The dimensiohshe existing cross-sections from the
Alverca viaduct (see Section 6.2.1) were adopteaklihg to a reinforcement ratio of 0.41 %.
Figure 6.15 presents the force-displacement capaxitve of the piers obtained in the
monotonic analysis. The piers begin to crack fdvase shear forcE, . of approximately
298 kN and fail for displacements of 0.5 m. Theufey also shows the location of the yield
region of the pier. The perturbations in the cuaxe the result of difficulties in reproducing the

tensile behavior of the concrete when cracking sccu

800
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Figure 6.15 - Capacity curve of the piers.

6.4.2 Nonlinear dynamic analysis

The second step for the estimation of the effecstifness consists of performing a
nonlinear dynamic analysis to predict the inelastgponse of the piers subjected to the seismic
ground motions described in Section 6.3. The fielement model used in this analysis is the
same as that presented in the previous sectionwitiita lumped mass of 281t positioned

above the top of the pier at the center of grawitthe deck cross-section, representing the mass
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of the deck. Again, the software SeismoStruct isduto perform the nonlinear dynamic

analysis.

The energy dissipation mechanism is accounted @nmef Rayleigh damping (Clough and
Penzien, 2003), with an equivalent viscous dampiip of 2 % fixed infea=1.84 Hz,
corresponding to the frequency obtained with arrasked cross-section, andfygg = 0.76 Hz,
which corresponds to the frequency of the pier wvaitheffective stiffness estimated with the
procedure described in the Annex C of EN 1998-D%20for reinforced concrete ductile
members. This criterion is based on the fact thatrtatural frequency of the piers after the
calibration of the effective flexural stiffness sesmewhere between the two aforementioned
frequencies. The Rayleigh damping curve adoptethé present analysis, and also in the

train-structure interaction dynamic analyses desdriater, is plotted in Figure 6.16.
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Figure 6.16 - Relation between damping ratio aeduency according to the Rayleigh damping.

The time-history responses at the top of the pignyvell as the base shear force obtained for
the seismic load cases with return periddsf 95 and 310 years, are shown in Figure 6.17 for
exemplification purposes, being the remaining tsssummarized in Table 6.4. It can be
observed that the piers do not exhibit significamdnlinearity, since the maximum
displacementgnax Obtained for all the seismic cases adopted inwusk are still far from
reaching the yield region (see Figure 6.15 and & &bl). This behavior was expected, since
the piers are designed for a seismic action adealcisith the no-collapse requirement defined
by the EN 1998-1 (2004)T(= 475 years). However, the maximum base skgafx exceeds
Foer In all the analyses, making it necessary to udeweer stiffness for the piers in the

train-structure dynamic analyses performed in thste domain.
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Figure 6.17 - Time-history responses of the p@&rig¢p displacements and (b) base shear force.

Table 6.4 - Peak values of the responses obtamtxinonlinear dynamic analyses.

Analysis Quantity Value
Omax 9.8 mm
T =095 years
Omax 13.4 mm
T =150 years
Fb,max 387 kN
Omax 14.5 mm
T =225 years
Omax 18.9 mm
T =310 years

6.4.3 Calibration of the effective stiffness of the piers

The third and final step of the present methodologwsists of calibrating the effective

stiffness of the piers in order to obtain, withireelr dynamic analysis, levels of displacement

similar to those obtained with the nonlinear dyraamalysis presented in Table 6.4. Thus, the

base shear forcd=, obtained in the pushover curve corresponding to mm@ximum

displacemend .« at the top of the pier computed in the nonlingaraginic analysis is evaluated

(see Section 3.4.4 of Chapter 3). The effectiveuital stiffness of the pier will correspond to

the secant stiffness at the aforementioned point.
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In the present study, since all spans of the viadue simply supported and disconnected
from each other, the stiffness of the deck doesiguiificantly influence the lateral behavior of
the viaduct. Therefore, the effective flexuralfegfss of the pieEle+ can be calculated based

on the elastic deflection of a cantilever beamettied to a concentrated load, given by

2
_ kX

Jmax
6El,

(3h-x) (6.2)

whereh is the total height of the cantilever, from theséaf the pier to the center of gravity of
the deck, and is the position in which the displacement is batogputed, which in this case

corresponds to the top of the pier.

In order to avoid the dependency of the model @ninlensity of the action, the minimum
effective flexural stiffness obtained with the sigest excitation is adopted in all calculations.
Nevertheless, although the analyses with lowemseisntensities are performed with a more
flexible model, the aforementioned assumption esswan acceptable approximation of the
stiffness of the piers, especially in the mosticaitscenarios when the viaduct is subjected to
stronger excitations. Hence, the proposed methggdiads to a value of the effective flexural
stiffnessEle¢ of about 43 % the value of the elastic flexurdfretssEly.

The comparison between the responses of the pidiected to the seismic action with
T =310 years, in terms of displacements at theatop shear force at the base, obtained with
the nonlinear dynamic analysis described in Sedid?2 and with a linear dynamic analysis
with effective stiffness, is presented in Figur#8&. A good agreement can be observed
between the linear and nonlinear results in terfmaaximum displacements and shear forces.
Regarding the global response, the differences exgpected, being justified by the fact that, at
the beginning of the analysis, the nonlinear masldtill with the elastic stiffness, while the
linear model is already with a stiffness correspongdo the cracked section. However, when
the nonlinear model begins to crack, the respoob&sned with both models become similar

in terms of maximum values.

165



Chapter 6

500

25.0

— Linear Ely — Linear El gy
—— Nonlinear —— Nonlinear
e 125} ~ 250}
=} —
5) <
g 0.0 j:; 0
ks 2
& 3
£ -125f —250} U
-25.0 - - - =500 . . .
0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)
(a) (b)

Figure 6.18 - Time-history responses of the piettie seismic action witli = 310 years: (a) top
displacements and (b) base shear force.

6.4.4 Dynamic properties of the viaduct considering the féective stiffness of the piers

The mode shapes and natural frequencies of theati@dnsidering the effective stiffness of
the piers are plotted in Figure 6.19. As expectieel,modes are identical to those presented in

Figure 6.5, but with lower frequencies due to thduced stiffness of the piers.
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Figure 6.19 - Numerical frequencies and mode shapt® viaduct after calibration of the effective

stiffness of the piers.
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6.5 NUMERICAL MODEL OF THE VEHICLE

6.5.1 Description of the Shinkansen high-speed train

The vehicle used in the present work for the dywcammalysis is based on a Japanese
Shinkansen high-speed train (see Figure 6.20). frais was chosen for carrying out the
running safety study since its geometrical and raeal properties were provided by the
RTRI.

Figure 6.20 - Examples of Shinkansen trains usdaan (Wikipedia/Shinkansen, 2014).

The train is a conventional type train with all teight cars independent from each other
with 25 m length each. Since the traction is distieéd along the whole train, the cars are
identical in terms of geometrical and mechanicalpprties, being the total weight of each car
45 t. Figure 6.21 illustrates the load model of @akdepted train, including the static axle load of

110 kN of each wheelset and the longitudinal distarbetween them.

250;2.50 12,50 15.00 12.502.50;

110 kN
o |
110 kN
110 kN
110 kN
110 kN
110 kN
110 kN
110 kN
110 kN
<

Figure 6.21 - Load model of the Shinkansen higredgeain.

6.5.2 Finite element model of the vehicle

As with the structure, the numerical model of tlehicle is also developed in ANSYS. A

schematic representation of the dynamic model ef @nthe cars is illustrated in Figure 6.22.

2 The geometrical and mechanical properties of triakansen train are not published due to confiéémtiatters
from the manufacturer.
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The springs and dampers of the suspensions areéedebgk andc and the masses and rotary
inertias are indicated by andl. The longitudinal, lateral and vertical distanees denoted by
a, b andh, respectively] ¢, refers to the lateral distance between the indtaitact points and
Ry is the nominal rolling radius. The subscripts bg and ws indicate carbody, bogie and

wheelset, respectively.

multilinear

a,/2 ‘ T &

ch>"ch

k2,z 4 CZA,Z kz’y ? CZ
mhg ’]bg
kLz’CLz & kl,z’cl,z
" k ..c

bilinear

(@) (b)

Figure 6.22 - Dynamic model of the railway vehidge) lateral view and (b) front view.

The carbody, bogies and wheelsets are modeled umag finite elements, while the
suspensions are modeled using spring-dampers inrbe directions, as shown in Figure 6.23.
The springs used to model the suspensions areotbarad by bilinear laws, as shown in
Figure 6.22b, except the one used to model thenslacy transversal suspension. This
suspension follows a multilinear law to simulatee thresence of rubber stoppers whose
stiffness increases gradually (Matsumoto et al0420These stoppers are used to avoid large
lateral displacements of the carbody, especiallyinduearthquake. Finally, the masses and
rotary inertias are modeled using mass point elésnéocated at the center of mass of each
component (see Figure 6.23). The wheel profile tetbjn the contact model is the same as
that used in the validation application presentefiection 5.5 of Chapter 5.

No material damping is considered in the modelcesithe flexibility of the several
components of the car, such as the carbody, bagesvheelsets, is not accounted in the beam

elements used for modeling them.
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Figure 6.23 - Finite element model of the railw@picle: (a) overview and (b) detail of the bogie.

6.5.3 Dynamic properties of the vehicle

The numerical mode shapes and the correspondiggdneies of one the cars of the train

are presented in Figure 6.24. The carbody and lmygidenoted by CB and BG, respectively.

(a) CB: f'rolling - 0.58 Hz (b) CB: bouncing - 0.86 Hz (cBC2" rolling - 0.87 Hz

> ‘ K

/ A

x“ ﬁ.
(d) CB: yawing - 0.96 Hz (e) CB: pitching - 1.04 Hz (f) BG: bouncing - 6.61 Hz
S \\/\ =%
Ly ) .
r\ \ «/w '{rlvj——_\

(9) BG: pitching - 6.91 Hz (h) BG: rolling - 9.34zH (i) BG: yawing - 26.90 Hz

Figure 6.24 - Numerical frequencies and mode shapte railway vehicle.
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6.6 DEFINITION OF THE TRACK IRREGULARITIES

6.6.1 Main characteristic of the generated irregularity profiles

The track irregularities are defined as a stochds#ussian ergodic process and artificially
generated based on analytical PSD functions (Se8t&2 of Chapter 3). In the present study,
two levels of track irregularities are considerggregular railway operation limit, according to
Claus and Schiehlen (1998) and 2) alert limit dediin EN 13848-5 (2005). The scale factors
Aa, Ac, Ay andAc referred in equation (3.6), the maximum valuegadh irregularity profile
and the standard deviations obtained are presentd@ble 6.5. The scale factors used to
generate the alert limit profiles were chosen ideorto obtain profiles with maximum values
close to the limits defined in EN 13848-5 (2005¢r Both levels of track irregularity, the
profiles are generated with 2000 discrete frequeneith wavelengths ranging between 3 m
and 25 m (see equation (3.8)), according to EN &3B#£005).

Table 6.5 - Characteristics of the generated iteggy profiles.

Irregularity type Parameter Regular operation limit Alert limit
A, (rad.m) 1.5861%10° 2.0X10°
Alignment Peak value (mm) 3.01 3.07
Standard deviation (mm) 0.80 0.88
As (rad.m) 1.5861%10° 2.0X10°
Gauge Min. peak value (mm) -3.42 -3.83
Max. peak value (mm) 3.85 3.88
Ay (rad.m) 1.5861%10° 5.0X10°
Elevation level Peak value (mm) 2.57 6.03
Standard deviation (mm) 0.78 1.37
Cross level Ac (rad.m) 1.5861%X10° 4.0X10°
Peak value (mm) 3.85 5.86

6.6.2 Generated irregularity profiles

A 200 m stretch of the generated rail deviationstesponding to the regular operation limit
and to the alert limit level, is depicted in Figai@25 and 6.26, respectively. By performing the
Fourier transform of the correlation function aading to equation (3.5), the PSD functions
used to generate the profiles can be obtainedh@srsin Figures 6.27 and 6.28. These figures

also present the analytic PSD functions definedeguation (3.6) and a good agreement
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between both functions can be observed. Note HeaPED functions are only defined within

the frequency range used to generate the irregyfanfiles.
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Figure 6.25 - Rail deviations corresponding toregular operation limit: (a) vertical and (b) later
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Figure 6.26 - Rail deviations corresponding todtest limit: (a) vertical and (b) lateral.
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Figure 6.27 - PSD functions of the irregularity files corresponding to the regular operation limit.
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Figure 6.28 - PSD functions of the irregularity files corresponding to the alert limit.
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6.7 DYNAMIC BEHAVIOR OF THE TRAIN-STRUCTURE SYSTEM

6.7.1 Introduction

In the present section, a preliminary dynamic asialyof the train-structure system
performed with the numerical tool described in Gbag is presented. The analysis consists of
a Shinkansen train (see Section 6.5) travellingr ove idealized Alverca viaduct (see
Section 6.2) subjected to the lateral ground metiand to the track irregularities described in
Sections 6.3 and 6.6, respectively. Only one aanfthe whole train is considered, since the
train is composed by several independent carsdihaiot interact significantly with each other
(conventional type train). Furthermore, the evatrabf resonance effects that may occur in

the viaduct due to the passage of repeated lodmsy/and the scope of the present thesis.

The preliminary dynamic analyses are performedsfmeeds of 200 km/h and 350 km/h,
which are the limits of the speed range considarede running safety analysis presented later
in Section 6.8. The results are presented separfatethe viaduct (Section 6.7.2) and vehicle
(Section 6.7.3). For the first, both the verticaddateral dynamic responses are evaluated,
being the influence of the effective stiffness bk tpiers due to concrete cracking also
discussed. Regarding the vehicle, besides the av@huof its vertical and lateral behavior, it is
also analyzed the influence of the suspension stgppn the lateral response of the vehicle.
Additionally, the adoption of distinct time offsdietween the beginning of the earthquake and

the entry of the vehicle in the viaduct (see Secfi@.2) is justified with examples.

Finally, the time step\t used in the analyses is 0.004 s, which is the maxi value to
guarantee that the minimum wavelength of 3 m camed in irregularity generation is
discretized with 8 points when the vehicle runstree maximum speed of 350 km/h. The
following parameters for the method are adopted:=-0.1,5 = 0.3025 ang = 0.6. A nonzero
value of thea parameter is used to provide numerical dissipat@ncontrolling spurious
participation of the higher modes. According to Heg (2000), values af in the interval
[-1/3, O] ensure second-order accuracy and undonditstability to the integration algorithm.

6.7.2 Dynamic response of the viaduct

The present section aims to analyze the dynamigonse of the viaduct under seismic
conditions. The results correspond to the scenaxi@ and to a running spe&t= 350 km/h
according to equation (6.1), in which the first wlset of the vehicle is positioned at the
coordinatexs = -365.56 m at the beginning of the simulatiore(Begure 6.29).
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Figure 6.29 - Scenario= 3 according to equation (6.1) fgr= 350 km/h.

6.7.2.1 Vertical response

The vertical displacements of the deck at the nsidsgf the first span and $%pan (center
span) are plotted in Figure 6.30. The response®latgned for two distinct scenarios: in the
first scenario (Figure 6.30a) the viaduct is sul@eécexclusively to the load of the vehicle
running atV = 350 km/h, while in the second scenario (Figurgd0B) the viaduct is also
subjected to the seismic action with= 310 years (see Section 6.3). On both scenathes,
track quality corresponds to the regular operalilmit (see Section 6.6). Since only the lateral
component of the earthquake is considered, thecaeresponse of the deck is not affected by
the seismic action. As a consequence, and alstodihe fact that there is almost no continuity
between spans, the vertical excitation in each sp#ait only when the vehicle crosses them. A

similar conclusion can be drawn from the verticalederations presented in Figure 6.31.
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Figure 6.30 - Vertical displacements of the decthatmidspan of span 1 and A6 350 km/h):
(a) without earthquake and (b) subjected to thensieiaction withl = 310 years.
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Figure 6.31 - Vertical accelerations of the decthatmidspan of span 1 and A6 350 km/h):
(a) without earthquake and (b) subjected to thensieiaction withl = 310 years.

6.7.2.2 Lateral response

Figures 6.32 and 6.33 show the lateral responséseadeck in terms of displacements (the
lateral displacement of the deck is relative to ltteral displacement at the base of the piers)
and accelerations, respectively, for the same sicedascribed above. Contrary to what is
observed in the vertical direction, the vehicle aasnall influence in the lateral response of the
viaduct, since the lateral impacts that occur betwiéhe wheel and rail are barely reflected in
the deck response (the maximum displacement anelemation is less than 0.10 mm and
0.15 m/&, respectively). It can also be observed, espgciallthe displacements, that the
response of the first span has a higher frequendyilaver amplitude than the response of the
middle span. This is a consequence of the loweaitility of the viaduct at the ends due to the
connection to the abutments. Although the bearugperts are the same in these locations as
in the rest of the viaduct, since the flexibilitiytbe abutment and the surrounding embankment

is not considered in the model, the edge spansa@msiderably more constrained than the

others.
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(a) without earthquake and (b) subjected to thensieiaction withl = 310 years.
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(a) without earthquake and (b) subjected to thenseiaction withl = 310 years
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6.7.2.3 Influence of the effective stiffness of the piers

As mentioned in Section 6.4, although the structsimeot expected to experience significant
damage for the levels of seismicity considerethepresent study, the reduction in the flexural
stiffness of the piers should be considered to auicéor concrete cracking. Therefore, the
present section aims to evaluate the effect of pina&edure on the lateral response of the

viaduct.

The lateral displacements of the deck at the midsgfathe 15 (center span) when the
viaduct is subjected to the vehicle load, runnihg/& 350 km/h, and to the seismic actions
with T =95 years and = 310 years are depicted in Figures 6.34 and Gepectively. The
figures also show the response spectra of botHeaogeams, together with the representation
of the shift in the structural periotdue to the reduction in the flexural stiffnessttod piers
(see Figures 6.5a and 6.19a for the frequerf¢ciesthe first mode of vibration of the viaduct
considering the elastic and the effective stiffngespectively). The subscriptda and eff
indicate elastic and effective stiffness. For bstienarios of seismicity, the frequency of the
response become lower after considering the etfecbncrete cracking in the piers. On the
other hand, although the spectral accelerationedsess due to the increase in the period of the
structure (see Figures 6.34b and 6.35b), the amdglibf the response increases. This is due to
the fact that the piers are less stiff and theeefoay experience larger displacements during

the earthquake.
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Figure 6.34 - Influence of the effective stiffn@dghe piers on the response of the structurehfer t
seismic action witil = 95 years: (a) lateral displacements of the d&t¢ke midspan of span 15

and (b) shift in the structural period.
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6.7.3 Dynamic response of the vehicle

The present section aims to assess the dynamiwibelod the Shinkansen high-speed train
when travelling on the railway viaduct under seismonditions. All the results, with the
exception of Section 6.7.3.4, correspond to thenatei = 3 according to equation (6.1), in
which the first wheelset of the vehicle is posigdnat the coordinates =-73.89 m or
X3 = -365.56 m at the beginning of the simulationdpeeds of 200 and 350 km/h, respectively
(see Figure 6.29). In Section 6.7.3.4 the influeocthe time offset between the beginning of
the earthquake and the entry of the vehicle invtaduct is discussed, using as an example the

scenarios = 1,i = 2,i = 3 and = 4 (see equation (6.1))

6.7.3.1 Vertical response

Figure 6.36 shows the vertical accelerations attmer of mass of the carbody and second
wheelset calculated for speeds of 200 km/h andk&®@. On both scenarios the track quality
corresponds to the regular operation limit andcesithe earthquake does not influence the
vertical response of the system (see Section &)7.80 seismic action is considered. It is
perfectly clear that the frequency of the acceienatesponse of the carbody is much lower
than that of the wheelset, which demonstrates ffi@esmcy of the suspensions on filtering the
high frequencies arising from the contact betweépekland rail. Regarding the amplitude, the
differences are more pronounced when the vehicise at higher speeds, since the influence of
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the track irregularities on the levels of acceleratbecome more prominent. Hence, the
maximum vertical acceleration at the wheelset m®es from 5.4 migo 17.5 m/éfor speeds

of 200 km/h and 350 km/h, respectively, while thecederation at the carbody remains
approximately constant (3.46 m/and 3.65 m/s for the minimum and maximum speed

considered).
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Figure 6.36 - Vertical accelerations of the carbady 2° wheelset without earthquake and for a track

guality corresponding to the regular operationftirfa) V = 200 km/h and (bY = 350 km/h.

The vertical contact forces in the left wheel oé teecond wheelset calculated for the
aforementioned scenario and for speeds of 200 km¢éh350 km/h are plotted in Figure 6.37.
Again, the increase in speed has a significantuémite in the magnitude of the vertical contact
forces due to the stronger impacts that occur beivtbe wheel and the rail caused by the
presence of track irregularities. The maximum eattcontact force obtained in this wheel for
speeds of 200 km/h and 350 km/h is, approxima®@&hykN and 110 kN, respectively, which
represents an increase of about 54 % and 100 %tbeestatic load value of 55 kN of each

wheel (see Figure 6.21).
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Figure 6.37 - Vertical contact forces in the lefteel of the 2 wheelset without earthquake and for a

track quality corresponding to the regular operatimit: (a) V = 200 km/h and (bY = 350 km/h.

6.7.3.2 Lateral response

The lateral displacements at the center of masthefcarbody and second wheelset are
plotted in Figure 6.38 (the displacements of thieicle are relative to the lateral displacement
of the track centerline). The responses are oldafbe two distinct scenarios: in the first
scenario (Figure 6.38a) the viaduct is subjectedusively to the load of the vehicle running at
V = 350 km/h, while in the second scenario (FiguR8b) the viaduct is also subjected to the
seismic action witil =310 years. On both scenarios, the track irregidarcorrespond to the
regular operation limit. By comparing Figure 6.38&h Figure 6.38b, it is clear that the
earthquake is the main responsible for the largerdh displacements experienced by the
carbody, since the track irregularities barely dbote to them, as it can be observed in
Figure 6.38a. Under seismic conditions, the maximataral displacement of the carbody,
relative to the lateral displacement of the traekterline, is approximately six times higher

than the maximum displacement of the wheelset.
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Figure 6.38 - Lateral displacements of the carkamty the ? wheelset for a track quality corresponding
to the regular operation limiv/(= 350 km/h): (a) without earthquake and (b) sulei@¢o the seismic
action withT = 310 years.

Figure 6.39 shows the lateral response of the leehicthe same locations described above,
but in terms of accelerations. The response atvtheelset is not significantly affected by the
seismic action, since it depends mainly on thearetween wheel and rail and on the track
irregularities. However, a considerable differencan be observed between the lateral
accelerations at the carbody obtained with andawitlearthquake, during the period in which
the vehicle is crossing the viaduct. Such behaigoexpected, since the carbody has a low
natural frequency and, therefore, is more susdeptibbe excited by the lateral movements of
the viaduct imposed by the earthquake. Moreovererwlsomparing the relatively high
frequency observed in the response of the wheelghtthe much lower frequency of the
response of the carbody, it is clear once agairfiltieeing effect provided by the suspensions,

as already shown in Figure 6.36 for the verticedation.
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Figure 6.39 - Lateral accelerations of the carbaty the 2 wheelset for a track quality corresponding
to the regular operation limiv/(= 350 km/h): (a) without earthquake and (b) sulei@to the seismic
action withT = 310 years.

Finally, the lateral contact forces obtained in te& wheel of the second wheelset for
speeds of 200 km/h and 350 km/h are plotted inreg6.40 and 6.41, respectively. On both
figures, the lateral contact forces are superimghose the relative lateral displacements
between wheel and rail. It is clear that the peathserved in the lateral contact forces during
the earthquake are due to the wheel flange impsicise they occur at the same moment as the
gap between the flange and rail closes (approxignétenm). This is particularly noticeable in
Figure 6.41b. When the viaduct is not subjectedry ground motion, the excitations caused
solely by the track irregularities are not suffiti¢o cause lateral impacts between the flange
and the rail, leading to a decrease in the levelsoatact force. Figure 6.42 illustrates, as an
example, the relative position between the wheeal #Hre rail at the instant indicated in
Figure 6.41 {=5.7 s). As expected, in the scenario where taduet is not subjected to any
ground motion, the flange is still far from thel r@nd no impact occurs, while in the scenario in

which the earthquake action is considered the itpaeerfectly visible.
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Figure 6.40 - Lateral contact forces and displacemef the left wheel of the second wheelset
(V =200 km/h): (a) without earthquake and (b) suleigéto the seismic action with= 310 years.
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Figure 6.42 - Relative position between the lefealrof the 2 wheelset and rail at= 5.7 s
(V =350 km/h): (a) without earthquake and (b) sulei@t¢o the seismic action with= 310 years.

6.7.3.3 Influence of the suspension stoppers

Most of the high-speed trains have stoppers imstalin the secondary transversal
suspensions in order to avoid large lateral digstents of the carbody, especially during
earthquake. These devices are characterized by lalimear force-displacement law that
simulates the presence of a rubber pad whosees#fincreases gradually (see Section 6.5.2).
Thus, although the importance of the stoppers dguastionable during intense earthquakes, the
present section aims to evaluate if they also emfbe the behavior of the carbody in the

presence of moderate seismic actions as thosedewadiin this work.

The lateral displacements of the carbody at a pabdve the first bogie relative to the
displacements of the center of mass of the firgidare depicted in Figure 6.43a. The response
is obtained for a scenario in which the vehiclesran the viaduct af = 350 km/h, subjected to
the seismic action witfi =310 years and to the track irregularities coresiing to the regular
operation limit. In order to evaluate the influerade¢he stopper on the response of the carbody,
the displacements of the actual vehicle are condparth those obtained for the same vehicle
but without the presence of this device, i.e., veiteecondary lateral suspension characterized
by a linear force-displacement law equivalent t® ithtial stretch of the actual suspension, as

shown in Figure 6.43b It can be observed that the maximum relative ldesmnentdmax

¥ As mentioned in Section 6.5, the geometrical arethmnical properties of the Shinkansen train caiweot
published due to confidential matters from the nfacturer. Therefore, no details about the multdine
suspension law are given in Figures 6.43b and 6.44b
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between the carbody and the bogie is around 33 mnich is already above the linear
threshold value of 22 mm of the multilinear law. wlver, although it is notable that the
responses start to diverge from each other afeethteshold value is reached, the maximum
displacements do not show considerable differentas. is due to the fact that the increase in
the suspension's stiffness is still not significemtthe levels of displacements experienced by
the carbody, as can be seen in Figure 6.43b. Tauthe levels of seismic intensity studied in

the present work, the stoppers do not have an it@mompact in the lateral response of the

vehicle.
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Figure 6.43 - Multilinear vs. Linear law of the sedary transversal suspension: (a) lateral respainse

the carbody and (b) force-displacement laws ofstispension.

Nevertheless, in order to demonstrate the behavitre stopper in a situation in which the
carbody would experience the impact with the stiftber pad, a comparison between the
response of the carbody with the actual susperaiohwith a suspension characterized by a
bilinear law whose first and second stretches guavalent to the first and last stretches of the
actual suspension is depicted in Figure 6.44. Whilthe scenario represented in Figure 6.43
the stiffness of the linear suspension is abouto66f the value of the actual suspension's
stiffness fordmax= 33 mm, in the scenario depicted in Figure 6thd,stiffness of the bilinear
suspension for the same level of displacementsasnd 265 % of the value of the actual
stiffness. Consequently, the sudden increase fimnests provided by the suspension with a
bilinear law significantly restrains the lateraspliacements of the carbody, thus demonstrating

the importance of these devices in maintainingstability of the vehicle.
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Figure 6.44 - Multilinear vs. Bilinear law of thendary transversal suspension: (a) lateral regpoh

the carbody and (b) force-displacement laws ofstispension.

6.7.3.4 Influence of the time offset between the beginointhe earthquake and the entry of

the vehicle in the viaduct

As mentioned earlier, the random nature of thehgagke makes it difficult to predict in
advance the most critical scenario for the runrsafety of the train. Therefore, five scenarios
with different time offsets between the beginnirighe earthquake and the entry of the vehicle
in the viaduct are considered in this study in otdecover a wider range of combinations (see
Section 6.3.2). Since the running safety critedapded in the present study are based on the
wheel-rail contact forces (see Section 3.5 of Cérap}, the discussion carried out in the
present section is mainly focused on the variatibthe contact forces, in particular the lateral

ones, according to the position given by equation (6.1). As an example to illugtréhis

point, Figure 6.45 presents the evolution of therk contact forces for four scenarios with
distinct time offsets between the beginning of¢éaethquake and the entry of the vehicle in the
viaduct. In all scenarios, the characteristicshaf &nalysis are: vehicle's speéd 350 km/h,
seismic action with a reference return period 95 years and track quality corresponding to
the regular operation limit. Furthermore, Figurééshows the equivalent results but for the
strongest ground motion considered in this studyhwa reference return period of
T = 310 years.
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Figure 6.45 - Lateral contact forces in the lefeahof the 2 wheelset for the seismic action with

T = 95 years, track quality corresponding to theil@goperation limit an®/ = 350 km/h: Coordinates

of the first wheelset according to equation (6(&)X;, (b) X;, (C) X3 and (d)x,.
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As expected, the most critical scenario is notsame for the two situations depicted in
Figures 6.45 and 6.46, since the maximum lateratamb force for the seismic action with
T = 310 years occurs in the scenario presentedguar&ic.46b (44.5 kN), while for the seismic
action withT = 95 years this scenario is one of the least ¢mming with a maximum lateral
force of 17.8 KN. Similar conclusions were drawm &l other scenarios, i.e., the random
nature of the seismic action, together with thet wasnber of possible combinations regarding
the time offset between the start of the earthquaddethe entry of the vehicle in the viaduct,
makes it very difficult to find a unique scenartmat could be representative of all possible
situations. Therefore, in the running safety stpdgsented in Section 6.8, the outcome of each
analysis is the result of the envelope obtainethénfive scenarios presented in Section 6.3.2.
Nevertheless, a stochastic approach of the probleuld be necessary to obtain a more

representative range of results.

6.8 RUNNING SAFETY ANALYSIS

6.8.1 Introduction

In the present section, the running safety analysisne of the Shinkansen cars travelling
over the idealized Alverca viaduct under seismiaditions is assessed. As mentioned in
Section 6.7, the use of only one car is adequati&purpose of evaluating the running safety,
since the Shinkansen is a conventional type trdinss cars do not significantly interact with

each other.

For each level of seismic intensity and track inlagty described in Sections 6.3 and 6.6,
respectively, the dynamic analyses are performadsfteeds ranging from 200 km/h to
350 km/h with steps of 10 km/h. Furthermore, fotheapeed, five scenarios are considered to
account for the time offset between the beginnifipe earthquake and the entry of the vehicle
in the viaduct, as described in Section 6.3.2 alchescenario, the circulation is considered to be
safe as long as none of the safety criteria desdrib Section 3.5 of Chapter 3 is violated
during the whole time that the vehicle is crosdimg viaduct. Regarding the derailment due to
wheel flange climbing, only the modified Nadal eribn based on the lateral impact duration is
used (See Section 3.5.1.4 of Chapter 3).

The time integration parameters adopted for thetsol of the dynamic equations of motion
of the train-structure system are the same as tbasgidered in Section 6.7. All the analyses

finish 2 seconds after the vehicle leaves the dadu
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6.8.2 Influence of the seismic intensity level

The maximum values of the safety criteria obtaif@deach seismic intensity level in a
scenario in which the vehicle crosses the viaduct3®0 km/h with a track quality
corresponding to the regular operation limit as¢eldl in Table 6.6. The values presented in this
table correspond to an envelope of results regagrdith the five scenarios described in
Section 6.3.2 and all the wheels of the vehicle.il§/the Nadal, Prud’homme and rail roll
criteria, which depend on th¢/Q ratio or on the lateral contact force solely, significantly
affected by the earthquake intensity, the wheebanstihg criterion, which depends exclusively
on the vertical contact forces, shows less vamafidthis is due to the fact that only the lateral
component of the earthquake is accounted.

In the present scenario, the risk of derailmentul$ for levels of seismicity corresponding
to earthquakes with return periods up to 95 yeabeve this level, at least one out of the four
criteria is not satisfied. Note that, accordinghese criteria, the safety of the vehicle may be at
risk for levels of seismicity around three timessléhan the level of the design seismic action
defined by the EN 1998-1 (2004) (the referencernejperiod associated with the design
seismic action is 475 years). Thus, the resultsvdhat the train's safety might be jeopardized

even if the structure does not suffer significaamtdge during the earthquake.

Table 6.6 - Maximum values of the safety critedadifferent seismic intensities.

T (years) Modified Nadal Prud’homme Rail roll Wheel unloading
No earthquake 0.26 0.37 0.16 0.72
95 0.71 0.89 0.41 0.76
150 0.70 1.17 0.69 0.82
225 1.02 1.35 0.69 0.89
310 1.05 1.42 0.72 0.90

As an example to clarify the present discussioatittne-histories of the four safety criteria
obtained in the aforementioned scenario for the $&ismic intensities considered in this study
are plotted in Figures 6.47 to 6.50. All the resabrrespond to the scenarie 2 according to
equation (6.1). The Nadal and wheel unloading risiteorrespond to the left wheel of the
second wheelset, while the Prud’homme and railcrakria are related to the second wheelset
and to the left side of the first bogie, respedyiveAs it can be observed, the Nadal,
Prud'homme and rail roll criteria are significantlgpendent on the seismic action when the

vehicle is crossing the viaduct, while the whedbading criterion is barely affected.
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6.8.3 Influence of the train running speed

The maximum values of the running safety criterlztamed for speeds ranging from
200 km/h to 350 km/h in a scenario with a trackliggiaorresponding to the alert limit and an
earthquake action with a return period of 150 yeams shown in Table 6.7. The values
presented in this table correspond to an enveldpesults regarding all the five scenarios
described in Section 6.3.2 and all the wheels efubhicle. As a first observation, it is clear
that the vehicle speed has an important influendeoth the vertical and the lateral dynamics,

since the maximum values of all the criteria siigaifitly increase with the increase in speed.

The results show that for speeds above 250 km/lichwis the lower limit value for the
railway traffic to be considered as high-speed,tladl criteria indicate a significant risk of
derailment. Special attention should be given,dtoge, in the design of high-speed railway
bridges located in regions prone to earthquakegh&umore, the quality of the track is also an
important factor that may jeopardize the trainfetyain high-speed railways, since the values
of the safety criteria for the present scenarimificantly increase when compared to those
presented in Table 6.6 (see the values in Table@.@sponding to the seismic action with

T =150 years). The influence of this factor is desmd with more detail in Section 6.8.4.

Table 6.7 - Maximum values of the safety critedadifferent running speeds.

Vehicle speed (km/h Modified Nadal Prud’homme Rail roll Wheel unloading
200 0.75 0.90 0.46 0.88
250 0.82 0.99 0.52 0.89
300 0.95 0.97 1.04 0.90
350 2.64 1.68 1.15 1.00

As an example to illustrate the influence of thaning speed on the train's safety, the
time-histories of the safety criteria obtained fbe circumstances mentioned above and for
speeds between 200 km/h and 350 km/h are plottdéigares 6.51 to 6.54. All the results
correspond to the scenarig= 3 according to equation (6.1). The Nadal and whe&ading
criteria refer to the right wheel of the second ®lket, while the Prud’homme and rail roll
criteria are related to the second wheelset anldetoight side of the first bogie, respectively. It
is clear that, contrary to what is observed in ®ad.8.2, both the lateral and the vertical
dynamics are affected by the speed of the vehithés is due to the fact that the track
irregularities in poor quality tracks (alert lim@vel) come to play a predominant role in the

vehicle's vertical and lateral dynamics.
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6.8.4 Influence of the track quality

The maximum values of the safety criteria obtaified the two levels of irregularity
considered in this work in a scenario in which tehicle crosses the viaduct at 350 km/h
without earthquake are presented in Table 6.8.vBh@&es shown in this table correspond to an
envelope of results regarding all the five scersadescribed in Section 6.3.2 and all the wheels
of the vehicle. It can be seen that the irreguégitnay significantly influence the safety, since
even without earthquake, all the limit values ateeeded for the track with worse quality. On
the other hand, for the regular operation limitredgularities, the risk of derailment is null and
the values of the running safety criteria are faoty the limit. This result was expected, since
the train is supposed to remain safe during orgliogeration for this level of track quality if

no other actions are considered.

It is common to associate the track quality wite ttomfort of the passengers rather than
with the vehicle stability. In fact, if the desigaquirements for the track are met, the track
irregularities do not pose a significant problenthe running safety of the vehicle. However,
the present results show that, in extreme situstishen the track quality is very poor, the

stability of the train may be put at risk, partedy at high speeds.

Table 6.8 - Maximum values of the safety critedadifferent levels of track quality.

Track quality Modified Nadal Prud’homme Rail roll Wheel unloading
Regular operation 0.26 0.37 0.16 0.72
Alert limit 1.45 1.68 0.70 0.90

The comparison between the safety criteria obtafoethe regular operation limit level of
irregularities and for the alert limit level, whére vehicle crosses the viaduct at 350 km/h with
no earthquake, is shown in Figures 6.55 to 6.5& MNadal and wheel unloading criteria
correspond to the left wheel of the first wheelsdtile the Prud’homme and rail roll criteria are
related to the first wheelset and to the left @iflthe first bogie, respectively. As seen earlier i
Section 6.8.3, several peaks can be observed iN#ol, Prud'homme and rail roll criteria
factors when the vehicle runs on the track withseoguality. These peaks are mostly related

with lateral impacts between the wheel flange &edrail (see Figures 6.40 and 6.41).
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6.8.5 Running safety charts

The global envelopes of each of the analyzed safetgrion, as function of the vehicle's
speed and seismic intensity, calculated for thettack quality levels considered in the present
work, are plotted in Figure 6.59. Each point cqumgls to the maximum seismic intensity that
guarantees the safety of the vehicle for each ngnspeed, considering the envelope of the five
scenarios to account for the time offset betweenbiéginning of the earthquake and the entry
of the vehicle in the viaduct and the envelope l# tesults obtained in all the wheels,
wheelsets and bogie sides of the vehicle. Thergfbee given criterion is violated at least in
one wheel, the circulation is considered to be f@ns&@ihe gray area, callegsafety zone
correspond to the combinations of seismic interesity running speed that do not put the safety

of the vehicle at risk.
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Figure 6.59 - Running safety charts obtained feele of irregularities corresponding to the (a)ulag
operation limit and to the (b) alert limit.

As expected, the trend observed in all the critéiagimilar, indicating that the risk of
derailment increases with the increasing of thenimop speed and seismic intensity. It may be
observed that the risk of derailment due to theedhaloading is null when the train runs over
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a track whose quality corresponds to the regularaimn limit. For this level of irregularities,
the Prud’homme criterion proved to be the most @wasive, since it controls the derailment
risk for almost all the speeds. However, this temgechanges for poorer quality tracks, in
which the Nadal, rail roll and wheel unloading eri& define the safety zone, as may be seen in
Figure 6.59b. Hence, for the track with better guathe vehicle remains safe at every speed if
no earthquake occurs, while for the track with poquality, the derailment risk predicted with

the majority of the criteria significantly increasi®r speeds above 270 km/h.

6.8.6 Critical analysis of the running safety criteria

As a final remark, it is important to confront thesults obtained with the safety criteria with
the actual behavior of the vehicle. Past studiesqud that some of the commonly used safety
criteria are too conservative, leading to the deiacof possible derailments in situations in
which the vehicle is yet far from derail. Therefotee present section aims to evaluate the

actual behavior of the vehicle when the limitshad safety criteria are exceed.

6.8.6.1 Nadal criterion evaluation

As mentioned before in Section 3.5 of Chapter &, studies carried out by Ishida and
Matsuo (1999) shown that, when the Nadal critehiont is reached, the wheel rises less than
1 mm. These results proved that the Nadal critesaonservative, since the actual derailment
occurs when the wheel lifts 30 mm relative to thi€ (flange height), thus tending to run out of
the track.

In order to evaluate the actual derailment riskhi@ most critical scenario, i.e., when the
vehicle crosses the viaduct at 350 km/h over &twdwse quality corresponds to the alert limit
during the occurrence of the earthquake witk 310 years, the time-history of the Nadal
criterion factor of the left wheel of the secondeslset, along with the wheel-rail configuration
in an instant in which the Nadal limit is exceededillustrated in Figure 6.60. As it can be
observed, although the Nadal limit is exceeded,wheel does not rise sufficiently to cause

derailment, proving the high degree of conservatgs of this criterion.
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Figure 6.60 - Evaluation of the Nadal criterion): tfene-history of the Nadal criterion factor and
(b) wheel-rail configuration during a lateral impac

Figure 6.61 shows the lateral and vertical relatigplacements between the wheel and rail
for the same scenario described above. As expeittedateral relative displacement between
wheel and rail barely exceeds 6 mm in one of thections due to the constraint imposed by
the flange when it impacts with the rail, which mgdhat the wheel is not climbing the rail.
The same conclusion can be drawn from the smaltivel vertical displacements between the

wheel and rail plotted in Figure 6.61b.
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Figure 6.61 - Relative displacements between theehéind rail: (a) lateral and (b) vertical direntio

Nevertheless, since the Nadal criterion is useal @sde provision to avoid train derailment,
the conservative predictions provided by this dote may be considered acceptable. However,
a more exhaustive study about the derailment phenamould contribute for the development

of more sophisticated running safety criteria.
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6.8.6.2 Wheel unloading criterion evaluation

The wheel unloading criterion aims to evaluateribke of derailment in scenarios in which
one of the wheels loses contact with the rail. Hmvethe detachment of one wheel does not
necessarily mean that the train will derail, itae wheel may lose contact with the rail for a

short period of time without compromising the traumning safety.

In order to evaluate the degree of conservativeokssis criterion, the time-history of the
wheel unloading criterion factor for the left whewl the second wheelset obtained in the
scenario described in the previous section, togetht the wheel-rail configuration in an
instant in which the wheel detaches from the nailplotted in Figure 6.62. Although the
separation between the wheel and rail is notoribus not enough to provoke derailment, since

the wheel flange is still far from rising above tlad.
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Figure 6.62 - Evaluation of the wheel unloadingecion: (a) time-history of the wheel unloading

criterion factor, (b) wheel-rail configuration dog detachment and (c) zoom on the tread region.
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6.8.6.3 Evaluation of the remaining criteria

Regarding the remaining criteria, both of them nago be open to criticism. The
Prud’homme criterion is based on the lateral rascst of a standard track, which may be far
different from the actual track that is being saddiFurthermore, the lateral resistance of the
track may be easily changed by improving the bafiaslity or the rail fasteners, leading to an
even more conservative limit value given by thed®romme criterion. Similar conclusions
may be drawn regarding the rail roll criterion, canthe rotation of the rails is strongly
influenced by the stiffness provided by the radtémers. Therefore, the adoption of these two
criteria to evaluate the running stability of alway vehicle without taking into account the
characteristics of the existing track should be enadh some precautions.

6.9 CONCLUDING REMARKS

A study regarding the assessment of the runningtysalff trains on bridges subjected to
earthquakes is presented. The vehicle-structueraction method presented in Chapter 4,
which takes into account the geometry of the wiaeel rail surfaces and the behavior of the
contact interface in the normal and tangential afiogs, is adopted to solve the dynamic

problem.

The study focuses on the dynamic analysis of a-fpged train running over an idealized
viaduct based on an existing flyover type structfréhe Portuguese railway network situated
in the city of Alverca. This viaduct has been esteely studied by Malveiro et al. (2013), both
numerically and experimentally, thus providing edsse data for developing the numerical
model. However, for simplicity of the model, a ctarg span length of 21 m, based on the most
typical span of the actual structure, and a congtin height of 10 m are adopted.

The two main sources of excitation of the traiusture system considered in the present
study are the track irregularities and the eartkguaction. The irregularities are defined as a
stochastic Gaussian ergodic process and artiffcigknerated based on analytical PSD
functions. Regarding the earthquake action, ieesented in terms of artificial accelerograms
generated from the elastic spectra described il 8»8-1 (2004), with PGA corresponding to
moderate seismic events with relatively high pralitgbof occurrence and return periods
ranging from 95 to 310 years. This type of seisagtions is of the utmost importance, since
the running safety of the trains might be jeopadidue to the excessive vibrations caused to

the track, even if the structure does not expeégesignificant damage. Therefore, all the
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dynamic train-structure interaction analyses ardopmed in the elastic domain, being the
reduction in the stiffness of the piers due to cete cracking evaluated by a methodology
specially developed for this purpose. The methagiploonsists of calibrating the effective
stiffness of the piers in order to obtain, withireelr dynamic analysis, levels of displacement
on the piers similar to those obtained with thelim@ar dynamic analysis. In the present study,
a good agreement is observed between the two respomroving the efficiency of the

methodology for dealing with moderate earthquakes.

The dynamic responses of both the viaduct and leehie@ analyzed. Since only the lateral
component of the earthquake is considered in tesegmt work, the vertical response of the
deck is not affected by the seismic action. Ondtier hand, in the lateral direction, the deck
response is mainly dominated by the earthquakengbkie influence of the vehicle almost

negligible.

The influence of the effective stiffness of therpien the lateral response of the viaduct is
also assessed. Two scenarios of seismicity areyzmthlwith reference return periods of
95 years and 310 years. As would be expected,ugththe spectral acceleration decreases due
to the increase in the period of the structure attmglitude of the response increases due to the
fact that the piers become less stiff and therefoay experience larger displacements during
the earthquake.

Regarding the vehicle and its vertical responsegfficiency of the suspensions on filtering
the high frequencies arising from the contact betweheel and rail is perfectly clear when
comparing the accelerations on the wheelset andodgy especially at high-speeds. The
maximum vertical acceleration at the wheelset m®es from 5.4 migo 17.5 m/éfor speeds
of 200 km/h and 350 km/h, respectively, while thecederation at the carbody remains
approximately constant (3.46 m/and 3.65 m/s for the minimum and maximum speed
mentioned earlier). It is important to notice thiae increase in speed also influences the
vertical contact forces between wheel and railesithe maximum values obtained for speeds
of 200 km/h and 350 km/h are, respectively, 85 kN 410 kN, which represents an increase of
about 54 % and 100 % over the static load valugbdN of each wheel.

Unlike in the vertical direction, the lateral resge of the vehicle is significantly affected by
the earthquake. Under seismic conditions (seismimra with T =310 years), the maximum
lateral displacement of the carbody, relative @ ltiteral displacement of the track centerline,

is approximately six times higher than the maximdisplacement of the wheelset, while
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without earthquake this difference is almost nefgleg In order to avoid excessive lateral

displacement of the carbody during the occurrerfcanoearthquake, most of the high-speed
trains have stoppers installed in the secondanstersal suspensions. However, for the levels
of seismicity considered in the present work, thees@ces do not have an important impact in
the lateral response of the vehicle, since the mami displacements of the carbody with and

without the presence of stoppers do not show cerelide differences.

In the last part of the chapter, the influencehaf $eismic intensity level, running speed and
track quality on the running safety of the railwaghicle moving over the viaduct is discussed.
Unlike the majority of studies in this field, in veh the earthquake is assumed to start at the
instant the train enters the bridge, the time offe#ween the beginning of the earthquake and
the entry of the vehicle in the viaduct is taketoimccount by considering five scenarios
corresponding to different instants in which thetleguake starts to excite the viaduct. The
consideration of these scenarios is of the utmmogbrtance, since the random nature of the
seismic action, together with the vast number ddsgde combinations regarding the time
offset between the start of the earthquake ancktitiy of the vehicle in the viaduct, makes it
almost impossible to find a unique scenario thatlddbe representative of all possible
situations. Thus, as expected, the sensibilityysmalcarried out in the present chapter proved
that the most critical scenario is not always tame for the different scenarios considered in
this work. Nevertheless, a stochastic approachhefproblem would be necessary to obtain a

more representative range of results.

Regarding the running safety analysis, the reshitsv that, even for the moderate seismic
intensities considered in the present study, the tsafety is put at risk in a considerable
number of scenarios, thus proving the importanceéaking low intensity earthquakes into
account in the design of railway bridges, everndyt do not represent a major threat to the
structural integrity. The train running speed isoahn important factor to take into account
during the design of railway bridges, especiallyegions prone to earthquakes, since all the
safety criteria show that, in the presence of @&msiei excitation, the risk of derailment
significantly increases for speeds above 250 krivlareover, the vibrations caused by the
presence of irregularities in poorly maintainedcksa may considerably increase the risk of

derailment, even without the presence of earthcgiake

All the information obtained in the dynamic analyse condensed in the running safety

charts, which consist of the global envelope oheatalyzed safety criterion as function of the
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running speed of the vehicle and of the seismienisity level. These charts allow a quick
interpretation of the results, providing a usetdltfor analyzing which scenarios may pose a
significant threat to the stability of the vehicknd, consequently, to the safety of the
passengers. As would be expected, the trend oluk@nvall the criteria is similar, indicating

that the risk of derailment increases with the easing of the running speed and seismic
intensity. It may be observed that the risk of derent due to the wheel unloading is null when
the train runs over a track whose quality corregigoto the regular operation limit. For this

level of irregularities, the Prud’homme criterioroyed to be the most conservative, since it
controls the derailment risk for almost all the egig@ However, this tendency changes for
poorer quality tracks, in which the Nadal, raillrhd wheel unloading criteria define the safety
zone. Hence, for the track with better quality, ttehicle remains safe at every speed if no
earthquake occurs, while for the track with poageality, the derailment risk predicted with

the majority of the criteria significantly increasi®r speeds above 270 km/h.

Finally, the critical analysis regarding the safetiferia adopted in the present work show
that the Nadal criterion is very conservative, egensidering that it is only violated if the ratio
between lateral and vertical contact forces excéeelsnaximum value for more than 0.015 s,
as proposed by the Japanese standards. Such ¢ondhexzomes clear when looking at the
lateral relative displacement between wheel and Taese displacements barely exceed 6 mm
in one of the directions due to the constraint isggbby the flange when it impacts with the
rail, which means that the wheel is not climbing tail. Furthermore, the wheel unloading
criterion proved to be conservative as well, siagen when the wheel detaches from the rall,

the wheel flange is still far from rising above tlad.
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CONCLUSIONS AND FUTURE DEVELOPMENTS

7.1 CONCLUSIONS

The present thesis is focused on the assessménée ofinning safety of trains on bridges,
with special emphasis given to the running safeggpirsst earthquake. The methodology
proposed to achieve this goal includes the devedmpmimplementation, validation and
application of a numerical tool to analyze the dgiacoupling between the train and the

structure.

In Chapter 2, an overview of the recent studiesexduout in the field of rail traffic stability
over bridges, with special focus on the runningatgainst earthquakes, was presented. In
this chapter, a review of the different existingtinoels for analyzing the dynamic response of
the vehicle-structure system was also made, enphgsithe main advantages and
disadvantages of each one in terms of accuracycamgbutational cost. Since the majority of
the running safety criteria are related with thetoal of the wheel-rail contact forces, the
wheel-rail contact model used in the vehicle-stitetinteraction tool is of the utmost
importance to obtain accurate results. Therefdre,nhiost common wheel-rail contact models
existing in the literature were revisited, togetheith the recommendations and norms
regarding the stability and safety of trains dedie the standards from different regions of the

world.
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As mentioned earlier, the main objective of thespra thesis consisted on developing a
methodology for evaluating the running safety @irts moving on bridges. The proposed
methodology was, therefore, described in Chaptdan3which the risk of derailment is
evaluated using safety criteria based on the wtaeleontact forces computed in the
train-structure interaction dynamic analysis. Tleésmic motion applied to the system was
represented in terms of ground acceleration tinseehies using artificial accelerograms that
were generated from the elastic spectra descrimedEN 1998-1 (2004), with PGA
corresponding to moderate events with relativeghtprobability of occurrence and low return
periods. Since no significant nonlinearity is expecto be exhibited in the bridge piers for
these levels of seismicity, all the analysis wesdgrmed in the elastic domain with a reduction
in the stiffness of the piers to account for coter@acking. This reduced stiffness, referred to
as effective stiffness, was calculated based ommaliied methodology that proved to be

efficient for dealing with moderate earthquakes.

Another important source of excitation that wa® aflgluded in the methodology consisted
in the track irregularities. These deviations & thil from the ideal geometry were artificially

generated, based on a stationary stochastic prdesssbed by PSD functions.

According to the proposed methodology, for eachlyaed scenario, the circulation is
considered to be safe as long as none of the atlgatiety criteria used to assess the train
running safety is violated during the whole timattthe vehicle is crossing the bridge.

The train-structure interaction method developedhia present thesis was formulated in
Chapter 4 and validated in Chapter 5. The tool waslemented in MATLAB, being the
structural models of both the vehicle and bridgeettgped in the finite element software
ANSYS. The structural matrices are imported by MAB_from ANSYS using an efficient
interconnection tool between both softwares. Thénnf@ature of the method consists in a
wheel-rail contact model that takes into accountghometry of the wheel and rail surfaces in
order to accurately evaluate the lateral interactichis contact model is divided in three main
parts, namely the geometric problem, the normdblera and the tangential problem.

The geometric problem, which consists of detecting position of the contact points
between wheel and rail, is solved online. Althoubls procedure is computationally more
expensive than an offline contact approach, in twhite location of the contact points is
precalculated as a function of the relative disphaents between wheel and rail, its higher

accuracy outweighs this drawback. The proposed adeit able to look for potential contact
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points in any types of geometrical surfaces (corstegoncave) at both the tread and the flange
of the wheel. Thus, the formulation is suitableingestigate not only scenarios related to
ordinary railway operation, but also derailmentaitons, in which the flange contact plays an

important role.

Regarding the normal contact problem, the nonlitéatz theory was used to compute the
normal contact forces between wheel and rail. Algio this theory rests on a series of
assumptions that may limit its range of applicatidnoffered a good compromise between
computational efficiency and accuracy for dealinghwthe dynamic analysis of railway

vehicles.

For simulating the behavior at the contact intexfarcthe tangential direction, three different
approaches were adopted. Since the exact theorgllofg contact proposed by Kalker is
impracticable to be used in dynamic analysis ofwat vehicles due to its excessive
computational cost, the Polach method, the Kalkeosk of tables and the Kalker's linear
theory were implemented and integrated in the gegdormulation. The first two methods
combine accuracy with computational efficiency, itthe latter is limited to scenarios with

small creepages.

The coupling between the vehicle and the strucita® accomplished by the direct method,
which complements the governing equilibrium equeaiof the vehicle and structure with
additional constraint equations that relate theldsements of the contact nodes of the vehicle
with the corresponding nodal displacements of tinectire. These equations form a single
system, with displacements and contact forces &aawns, that is solved directly using an

optimized block factorization algorithm.

The train-structure interaction method mentionedvabwas validated with three numerical
applications and one experimental test describ&hapter 5. The first application consisted of
validating the creep models implemented and integran the numerical tool. Four test cases
based on examples presented in Kalker (1990), iichwthe longitudinal and lateral creep
forces are computed for distinct ranges of creepage semi-axes ratios of the contact ellipse,
were reproduced. All the three creep models prawdak adequate to deal with scenarios with
small creepages. However, the Kalker's linear modeld not predict reasonable values of the
creep forces when the creepages increase andrbentsal stresses approach the saturation
limit. For higher values of translational creepagesl low values of spin, both the Polach

method and the Kalker's book of tables providedgadie results, but only the latter was
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sufficiently accurate for situations where the spmeepages were also higher. For these
reasons, the implemented book of tables was uséteimajority of the dynamic simulations

presented in this thesis.

In the second application, the Manchester Benchnvaals revisited. The benchmark
comprised a series of tests that consisted of pb&sg, both statically and dynamically, lateral
displacements and yaw rotations to a single wheeiserder to analyze its behavior. Several
contact characteristics were analyzed, namely dinéact point positions on both wheels of the
wheelset, the rolling radius difference between eldyethe contact angles and the creepages.
The results obtained with the proposed method fotha analyzed quantities showed an
excellent agreement with those obtained with widaked softwares in railway vehicle
dynamics, such as GENSYS, NUCARS and VAMPIRE.

The third numerical example consisted of evaluatimgglateral stability of a single wheelset
running at several speeds. The dynamic responteoftheelset calculated with the proposed
method was compared with that obtained using a-sealytical model with two degrees of
freedom available in the literature. The modeldas a number of simplifying assumptions
whereby the dynamics of the wheelset could be destrby simple linear differential
equations. A good agreement between the respoisamed with the proposed method and
those obtained by the integration of the equatm@nsotion of the semi-analytical model was
observed. As expected, for speeds below the driiro#, both the lateral displacement and the
yaw rotation of the wheelset tended to damp ou¢rafteing driven away by a lateral
disturbance. This was due to the energy dissipairowided by the creep forces and to the
stability provided by the suspensions. However, wie speed exceeded the critical value, the
behavior of the wheelset became unstable, leadiagiunting motion that grew indefinitely.

In the last application, an experimental test catelll in the rolling stock test plant of the
RTRI in Japan, in which a full scale railway vebician over a track that was subjected to
vertical and lateral deviations, was reproduced enically. The lateral accelerations inside the
carbody measured during the test were compared thidke obtained with the proposed
method and with the train-structure interactiontwafe DIASTARS. The results showed a
good agreement, even during extreme situations) asdlange-rail impacts due to excessive
lateral vibrations cased by the rail deviationsm8odiscrepancies, however, were observed
between the numerical and experimental resultssdlneay be caused by the fact that vehicle

was modeled using rigid bars and thus importantordeditions were not considered.
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Furthermore, the incapacity of the actuators taa@yce with precision the track rotations
could also contribute for the differences betwdenexperimental and numerical results.

In summary, the results obtained in the four vdiada applications showed that the
implemented tool is sufficiently accurate to dedhwa vast range of scenarios regarding the

running safety of trains moving on bridges.

Finally, in Chapter 6, a study regarding the assess$ of the running safety of a train
moving on a viaduct subjected to earthquakes wasedaout. The dynamic analyses were
performed with the vehicle-structure interactiontimoel presented in Chapter 4 and validated in
Chapter 5.

The study focused on the dynamic analysis of a-Bmged train running over an idealized
viaduct based on an existing flyover type structofehe Portuguese railway network. This
viaduct has been extensively studied in the past) bhumerically and experimentally, thus

providing essential data for developing the nuna¢meodel.

The two main sources of excitation of the traiuisture system considered in the study
were the track irregularities and the earthquake,levhich were described in Chapter 3. Since
the seismic excitation was not expected to caugafsiant damage to the structure, all the
dynamic train-structure interaction analyses wesdgomed in the elastic domain, being the
reduction in the stiffness of the piers due to ceteccracking evaluated using the methodology
exposed in Chapter 3. As mentioned before, the odelbgy consisted of calibrating the
effective stiffness of the piers in order to obtawith a linear dynamic analysis, levels of
displacement on the piers similar to those obtaimighl the nonlinear dynamic analysis. In the
present study, a good agreement was observed betthee two responses, proving the
efficiency of the methodology.

Before starting the running safety analysis, aipieary study for evaluating the dynamic
behavior of the train-structure system was caroetl As a first conclusion, the vertical
response of both the structure and the vehiclebsasly affected by the seismic action, since
only the lateral component of the earthquake wasidered in the present work. On the other
hand, in the lateral direction, the deck responag mainly dominated by the earthquake, being

the influence of the vehicle load almost negligible

The influence of the effective stiffness of therpien the lateral response of the viaduct was
also assessed. Two scenarios of seismicity werby/zath with reference return periods of
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95 years and 310 years. Although the spectral aatedn decreased due to the increase in the
period of the structure, the amplitude of the resgoincreased due to the fact that the piers

became less stiff and therefore could experiengetalisplacements during the earthquake.

Regarding the vehicle, when the viaduct was subjedb the strongest earthquake
considered in this study, the maximum lateral dispinent of the carbody, relative to the
lateral displacement of the track centerline, wapraeximately six times higher than the
maximum displacement of the wheelset, while witheatthquake this difference was almost
negligible. In order to avoid excessive lateralratiobns, the high-speed trains are equipped
with stoppers installed in the secondary laterapsasions. However, it was concluded that for
the levels of seismicity considered in the presemtk, these devices do not have an important

impact in the lateral response of the vehicle.

Finally, the influence of the seismic intensity égvrunning speed and track quality on the
running safety of the railway vehicle was discusdéalike the majority of studies, in which
the earthquake is assumed to start at the instaritdin enters the bridge, a time offset between
the beginning of the earthquake and the entry efuhicle in the viaduct was taken into
account by considering five scenarios correspondimgdifferent instants in which the
earthquake starts to excite the viaduct. The adoptif these scenarios proved to be of the
utmost importance, since the results obtained e dénsibility analysis carried out in this
chapter showed that the most critical scenaridHertrain's running safety was not always the
same for the different situations considered indfugly. This conclusion was expected, since it

is very difficult to find a unique scenario thaiubm be representative of all possible cases.

The running safety analysis showed that even fa thoderate seismic intensities
considered in the present study, the train safety put at risk in a considerable number of
scenarios, thus proving the importance of taking ilotensity earthquakes into account in the
design of railway bridges, even if they do not esggnt a major threat to the structural integrity.
The train running speed is also an important fattotake into account during the design of
railway bridges, especially in regions prone taleguakes, since all the safety criteria showed
that, in the presence of a seismic excitation,rifle of derailment significantly increased for
speeds above 250 km/h. Moreover, the vibrationsezhupy the presence of irregularities in
poorly maintained tracks may considerably increthserisk of derailment, even without the

presence of earthquakes.
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All the information obtained in the dynamic analyseas condensed in the running safety
charts, which consist in the global envelope oheatalyzed safety criterion as function of the
running speed of the vehicle and seismic intensgtyel. These charts allow a quick
interpretation of the results, providing a usetdltfor analyzing which scenarios may pose a
significant threat to the stability of the vehickd, consequently, to the safety of the
passengers. The trend observed in all the criteaa similar, indicating that the risk of
derailment increases with the increasing of theingnspeed and seismic intensity. It could be
observed that the risk of derailment due to theeNmloading was null when the train ran
over a track whose quality corresponded to the laegoperation limit. For this level of
irregularities, the Prud’homme criterion provedbéthe most conservative, since it controls the
derailment risk for almost all the speeds. Howetleis tendency changed for poorer quality
tracks, in which the Nadal, rail roll and wheel asding criteria defined the safety zone.
Hence, for the track with better quality, the védicemained safe at every speed when no
earthquake was considered, while for the track vptorer quality, the derailment risk

predicted with the majority of the criteria sigo#intly increased for speeds above 270 km/h.

Finally, the critical analysis regarding the safetijeria adopted in the present work shown
that the Nadal criterion is very conservative, egensidering that it is only violated if the ratio
between lateral and vertical contact forces exceleedimit value for more than 0.015 s, as
proposed by the Japanese standards. The resultedltbat in the instants in which the limit
value of the criterion was exceeded, the relatiweral displacement between the wheel and the
rail barely exceeded 6 mm due to the constrainbsed by the wheel flange, showing that the

wheel was not climbing the rail as the criteriotenrded to prove.

7.2 FUTURE DEVELOPMENTS

The work presented in this thesis focuses on dpugjoa methodology for the assessment
of the train running safety on bridges, includingtrain-structure interaction tool fully
developed by the author. However, the course o tesearch raised several questions that
were not addressed. In this context, some topigsitiag further analysis are referred in the

following paragraphs:

a) The train-structure interaction tool developedhis tthesis still requires further work,
especially regarding the computational efficientlge use of direct integration to solve

the dynamic equations of motion of the train-stuuetsystem represents a significant
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b)

d)
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fraction of the total time needed to solve the whalynamic problem. The
implementation of the modal superposition methagdatbe an important step towards a
better computational efficiency in linear problerivkreover, it would be interesting to
exploit the potential of the parallel computatiooyded by theGraphic Processing
Unit (GPU) toolbox of MATLAB. Although there are stillo functions in this toolbox
to solve system of equations defined by sparseiceatrthis could be an important

improvement in the near future;

Still regarding the interaction tool, further woik needed in the wheel-rail contact
model developed in this thesis. A better computaicefficiency is necessary in the

geometric contact problem, especially on the aljoriused to locate the contact points
in concave regions. This is an important drawbac#rnialysis with worn profiles, where

the concave region that exists in the transitiotwben the tread and flange plays an
important role. Moreover, the time needed to lo¢chéecontact points in each wheel is
still an important limitation in the analysis ohig trains with a large number of cars;

The implementation of more realistic models to de#h the normal contact problem
may also be an important development in the futdldough the Hertz theory offers a
good compromise between computational efficiencyg accuracy in the dynamic
analysis of railway vehicles, a more realistic mogleuld be needed to deal with local

problems such as wear;

It is intended to extend the formulation to deathwcurve tracks. Although the

high-speed railway recommendations impose regiristion the curve radii, the curve
negotiation is a topic of the utmost importanceaitway engineering, since it is one of
the major causes of derailments. To accomplishgba, the wheel-rail contact model
requires some improvements, since, in the two-pmntact scenario, the contact point

search is no longer restricted to only one plane;

In the present work, only moderate earthquakesdbatot represent a major threat to
the structural integrity were studied. However, &waluation of the running safety of
trains under stronger seismic conditions is a tapibe addressed in the future. To
achieve that, the structure model has to accounthi® effects of both the material
inelasticity and the geometric nonlinearity dudhe large displacements caused by the
earthquake;
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f)

g)

h)

)

K)

The analysis of the influence of the vertical grdunotion on the running safety of
trains moving on bridges is also an important tojgcbe addressed in the future.
Although the majority of the authors reported tha vehicle running safety against
earthquake has a stronger relation to the latexalngl motions than to the vertical
excitations, the inclusion of the vertical grounatimn might contribute to a better
understanding of some of the derailment mechanmesented in this thesis;

The case study presented in this thesis focuset@munning safety analysis of a
railway vehicle running over a simply supported tirsphan viaduct based on an existent
viaduct belonging to the Portuguese railway netwadthwever, a wider parametric
study, comprehending different types of viaductsd dridges (different support
conditions, pier heights and structural solutiordijferent types of trains and more
types of earthquake (different soil conditions aetsmic zones), might contribute to a

more representative conclusion;

It is intended to evaluate in the future the rugnsafety of trains moving over bridges
under other types of actions, such as crosswinttkodgh the methodology proposed
in the present thesis allows this type of analysisly the running safety against

earthquakes is addressed in the case study;

It may be necessary in the future a stochasticagmprto deal with the type of problems
discussed in this work, since there is a vast nunobeuncertainties presented. For
example, the random nature of the seismic actiogether with the vast number of
possible combinations regarding the time offsetvben the start of the earthquake and
the entry of the vehicle in the viaduct, makesifficilt to obtain representative results

exclusively with a deterministic approach.

The running safety criteria adopted in the preseotk are, in most cases, very
conservative. In fact, some experimental testgnexdein Chapter 2 reported that a train
might be far from derail if the criteria limits aexceeded only for a short period of
time. Moreover, the critical analysis performedtts# end of Chapter 6 led to similar
conclusions. Therefore, a better understanding he&f physical meaning of the
derailment phenomena may contribute for the dewvedy of more sophisticated

running safety criteria.

It would be interesting to integrate the numertoall proposed in the present thesis in a
railway monitoring system used to evaluate the s&ite of maintenance. With such
219
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kind of monitoring system, it would be possibleatmid the huge periodic maintenance
operations, contributing to a more optimized maiatee program.
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Appendix A

IMPLEMENTATION OF A CONTACT LOOKUP TABLE

A.1 INTRODUCTION

For computing the contact lookup table, the trac#t wheelset are assumed to be rigid. The
relative motion between them occurs in a plane gragjular to the track, being the wheelset
allowed to rotate about the track longitudinal atdsll rotation). Furthermore, the contact

between the wheel and rail occurs at only one pariat no separation is allowed. Under these

assumptions, the surface parametgrsand s, (see Section 4.3.1 of Chapter 4) can be

computed as a function of the relative lateral ldispmenty,, between the wheelset and track.

A.2 COORDINATE SYSTEMS

For the computation of the contact lookup tables @assuming that the wheelset is rigid, two
new coordinate systems have to be introduced, natheltrack centerline and the wheelset
coordinate systems (see Figure A.1).

The track centerline coordinate systém, Yier ztc) has its origin at a point equidistant from

the two rails that is located at the same heighthaspoint where the wheel contacts the rail

when the wheelset is centered with the track. Kpeaxis is orientated tangent to the track

centerline, while they,, and z, are contained in the rail cross-section planentated,
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respectively, parallel and perpendicular to thd-bad horizontal plane. Since the track
rotations are not considered in the contact tablaputation, the axes that form the track
centerline coordinate system are parallel to thekieh form the target element and the ralil

profile coordinate systems.
The wheelset coordinate systdm,., V... Z,.) is fixed with the wheelset and has its origin

at the center of mass of the wheelset. The and z,, are contained in the wheelset

cross-section plane, being the former orientatedgalthe wheelset axis. The transformation
matrix from the track centerline coordinate syst@nthe wheelset coordinate system is
analogous to the matrif™ defined in equation (4.8), since the wheelset behas a rigid

body and the track rotations are not considered.

> i

Figure A.1 - Track centerline and wheelset coordirsgstems.

A.3 PARAMETERIZATION OF THE RAIL AND WHEEL PROFILES

A.3.1 Parameterization of the rail profile

The two-dimensional surface geometry of the railpggameterized with respect to the
centerline coordinate system and described in teftise surface parametsyr, as depicted in

Figure A.2.
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. 4

Figure A.2 - Parameterization of the rail profilelwrespect to the track centerline coordinateesyst

The position vectou; of an arbitrary poinR of the rail surface, defined with respect to the

track centerline coordinate system, is given by
Ug =ug +Ug (A1)
where uy, is defined in equation (4.10) an@r is the position vector of the origin of the rail

profile coordinate system, defined with respectthe track centerline coordinate system,

written as
u¢ =0 L 0 (A.2)
where L is the distance along thg, axis between the origins of the track centerlind gail

profile coordinate systems (the sign depends whdltleeleft or right wheel is being analyzed).

A.3.2 Parameterization of the wheel profile

Assuming that the wheel belongs to a rigid wheelseprofile is parameterized with respect

to the centerline coordinate system and describetbrims of the surface parametgy, as

shown in Figure A.3.
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Figure A.3 - Parameterization of the wheel prabiédonging to a rigid wheelset with respect to tlaek

centerline coordinate system.

The position vectouy, of an arbitrary pointV of the wheel surface, defined with respect to

the track centerline coordinate system, is given by
ule =yt +-|-th (uws +UW) (A.3)
w ~ Yoys w :

whereu,, is defined in equation (4.16) of Chapteru%bvs Is the position vector of the origin of

the wheelset coordinate system, defined with rdsfmedrack centerline coordinate system,

expressed as

C —_ C C T
us. =l e (R+2)] (A%
where y° and z° are, respectively, the lateral and vertical disptaents of the center of mass

of the wheelset, defined with respect to the traekterline coordinate system, amj the

initial rolling radius of the wheel. The positiorector of the origin of the wheel profile

coordinate systeray , defined with respect to the wheelset coordingstesn, is given by

ug =0 tL -R) (A.5)
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A.4 CONTACT POINT SEARCH AND TABLE STORAGE

Since the accuracy of the contact table dependtherdegree of discretization used, the
wheel and rail surfaces are discretized by a sqtoaits that reliably represent the profile
geometry. Hence, for a given lateral displacemédnthe wheelset, the vertical distances
between each point of the wheel and rail surface®w@aluated, as shown in Figure A.4. Using
this set of vertical distances, the points with mmaxm absolute value, which belong to the
intersection between the wheel and rail surfacescansidered to be potential contact points.
Since the wheelset is rigid, the potential confamints are in contact only if the following

condition is met:

where Az is the maximum vertical distance between the whedlrail in the region where

the surfaces intersect each other, ands a specified tolerance. The superscrlifiteind rht

indicate left and right side of the wheelset, resipely. For each side, the distanée__, is

given by
£z, =madq (@S -ut ), }, i=12,..,n, (A7)
wheren,, is the number of points that discretize the wiseeface,e, is a unit base vector of

the track centerline coordinate systeufj, is defined by equation (A.3) araj;; is the position

vector of the vertical projection of thiln wheel point into the rail surface, defined widispect
to the track centerline coordinate system, as tighimn Figure A.4. Note that the calculation of

the vertical distanceAz could also be performed, in an analogous waygusia points of the

rail surface.

Figure A.4 - Vertical distances between wheel aildintersection scale exaggerated).

225



Appendix A

If the condition (A.6) is not fulfilled, the wheelsroll rotation ¢, defined with respect to

the track centerline coordinate system, has tadratively adjusted. According to Li (2002),
the number of iterations can be substantially redui€ the roll rotation of the wheelset is

adjusted by an anglag° given by

. A Ift _A rht
A(é& - ( Zmax Zmax (A8)

utc,lft _utc,rht) (&

w max w max Yic

whereuy, .. is the position vector of the point of the whe@hwmaximum vertical distance to

the rail in the region where the surfaces intersach other, with respect to the track centerline

coordinate system, anel,_ is a unit base vector of the track centerline doate system. The
contact search is repeated until the toleranceifsggean the condition (A.6) is satisfied, being
the surface parameters that define the contactt paisition in each wheel of the wheelset
stored in the contact table.

The vertical displacements of the center of masthefwheelsetzC and the wheelset roll
rotation ¢’ , the contact angles on both wheelsnd the surface parameteyrsands,, defined
as a function of the lateral displacement of theteeof mass of the wheelsg{’ , are plotted in

Figures A.5 to A.7. These results refer to the 21WBeel and UIC60 rail.

15.0 20
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10
100 =
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g 75 £
N 50 ¥
-10
2.5 s
0.0 ——s — o0
20-15-10 =5 0 5 10 15 20 “20-15-10 =5 0 5 10 15 20
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(a) (b)

Figure A.5 - Wheelset movement as a function ofréhative lateral displacement between wheelset and

rail: (a) vertical displacements and (b) roll raias.
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Figure A.6 - Contact angles as a function of thatine lateral displacement between wheelset aihd ra
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Figure A.7 - Surface parameters as a function ®féhative lateral displacement between wheels#t an
rail: (a) rail parameter and (b) wheel parameter.
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COEFFICIENTS FOR THE NORMAL AND TANGENTIAL
CONTACT PROBLEMS

B.1 INTRODUCTION

This appendix aims to summarize the coefficienteded for solving the normal and
tangential contact problems described in Sectiohsdd 4.5, respectively, of Chapter 4. These

are:
a) Hertz coefficientsn andn for computing the semi-axes of the contact ellipse
b) Hertz constanC;, for computing the generalized stiffness coeffitien

c) Kalker's creepage coefficients

B.2 HERTZ COEFFICIENTS FOR COMPUTING THE SEMI-AXES OF T HE
CONTACT ELLIPSE

The Hertz coefficientsn andn used to compute the semi-axes of the contactsell{gee
equation (4.37)) are given as a function of theutargparamete$ defined in equation (4.38).

These coefficients are summarized in Table B.vé&bwes ofd ranging from 0 to 180 degrees.
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Table B.1 - Hertz coefficient® andn (Hertz, 1882; Andersson et al., 1999; Shabanh,&2G08).

6 (degrees) m n 0 (degrees) m n
0 00 0 100 0.8930 1.128
1 36.890 0.1314 110 0.8020 1.284
2 22.260 0.1691 120 0.7170 1.486
3 16.500 0.1964 130 0.6410 1.754
6 9.790 0.2552 140 0.5670 2.136
10 6.604 0.3112 150 0.4930 2.731
20 3.813 0.4125 160 0.4125 3.813
30 2.731 0.4930 170 0.3112 6.604
40 2.136 0.5670 172 0.2850 7.860
50 1.754 0.6410 174 0.2552 9.790
60 1.486 0.7170 177 0.1964 16.500
70 1.284 0.8020 178 0.1691 22.260
80 1.128 0.8930 179 0.1314 36.890
90 1.000 1.000 180 0 00

B.3 HERTZ CONSTANT FOR COMPUTING THE GENERALIZED
STIFFNESS

The Hertz constant;, used to compute the generalized stiffness coefficexpressed in
equation (4.40) is presented in Table B.2 as atiomof the raticA/B (see equation 4.32).

Table B.2 - Hertz constaft}, (Goldsmith, 1960; Shabana et al., 2008).

A/B C,
© 0
1.0 0.3180

0.7041 0.3215
0.4903 0.3322
0.3333 0.3505
0.2174 0.3819
0.1325 0.4300
0.0718 0.5132
0.0311 0.6662
0.00765 1.1450
0 0
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B.4 KALKER'S CREEPAGE COEFFICIENTS

The Kalker's creepage coefficiemisdepend on the semi-axes radi (See equation (4.37))
and on the Poisson's ratio of the wheel and railerads v. Table B.3 summarizes these
coefficients, including closed-form expressions campute their values for high and low

semi-axes ratios.

Table B.3a - Kalker's creepage coefficiegjtéor b > a (Garg and Dukkipati, 1984; Kalker, 1990).

alb C11 C22 C23=-Ca2 Cs3
v=0 025 05 v=0 025 05 v=0 025 05 v=0 025 05
0 Equation (B.1) Equation (B.2) Equation (B.3) uBtion (B.4)

01 251 331 485 251 252 253 033 047 0.73426.8.28 11.7
02 259 337 481 259 263 266 048 060 0.81463.4.27 5.66
03 268 344 480 268 275 281 061 072 089492 296 3.72
04 278 353 482 278 288 298 0.72 082 0.98022. 232 277
05 288 362 483 288 301 314 083 093 1.07741.193 222
06 298 372 491 298 314 331 093 103 1.18561. 168 1.86
07 309 381 497 309 328 348 103 114 1.29431.150 1.60
08 319 391 505 319 341 365 113 115 140341.1.37 142
09 329 401 512 329 354 382 123 136 151271.1.27 1.27

Table B.3b - Kalker's creepage coefficiegit$or a > b (Garg and Dukkipati, 1984; Kalker, 1990).

Ci1 Co2 Cp3=-C32 Cs3
v=0 025 05 v=0 025 05 v=0 025 05 v=0 025 05

b/a

1.0 340 412 520 340 367 398 133 147 163211.119 1.63
09 351 422 530 351 381 416 144 159 1.77161.111 1.06
08 365 436 542 365 399 439 158 175 194101.1.04 0.95
07 382 454 558 382 421 467 176 195 218051.0.97 0.85
06 406 478 580 406 450 504 201 223 250011.0.89 0.75
05 437 510 6.11 437 490 556 235 262 296960.0.82 0.65
04 484 557 657 484 548 631 288 324 3.70910.0.75 0.55
03 557 634 734 557 640 751 379 432 5.01870.0.67 0.45
02 696 778 882 69 814 979 572 6.63 7.89830.0.60 0.34
01 107 117 129 10.7 128 16.0 122 146 18.0800.0.53 0.23
0 Equation (B.6) Equation (B.7) Equation (B.8) Etipra (B.9)
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Thec; coefficients for low values of treb ratio (see Table B.3a) are given by

= 4(1-v) (B.1)
_ T
C0 =y (B.2)
_myab 1 )
Co3 = 30-v) {1+v(2/\l +In4 SH (B.3)
_ T
" 16(-v)(alb) (B.4)
where A is given by
16
A= R (B.5)
{(ab) }
Thec; coefficients for high values of tl&b ratio (see Table B.3b) are given by
2  3-In4
) B.6
s (A, -2v) (b/a) _1+/\T -2./} (B.6)
C, = 27 1+ 1-v)(3=In 4)} &)
[@-v)n, +20] (pa)l @-V)A, +2v
27 1
) B.8
Cys 3(b/a) Jb/a L-v) A -2+4v (B.8)
_T. (/\T —2)|/
€77 {1 )N _2+4V} (B.9)
where A is given by
16
A =N ar (B.10)
{(b/a) }
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BLOCK FACTORIZATION SOLVER

C.1 INTRODUCTION

The present block factorization algorithm is basadhat developed by Neves et al. (2012)
and later extended by Montenegro et al. (2015)eal with the three-dimensional contact.
This algorithm aims to solve the system of equati@hl102) efficiently by taking into account

the specific properties of each block, namely sytnmeositive definiteness and bandwidth.

C.2 SOLVER FORMULATION

Since the submatrix ., presented in equation (4.102) may be indefinit therefore may
not have a stable factorization without pivotinige tines and columns of the system matrix
corresponding to the incremental displacemefits and contact forcesAX have to be

grouped together. Hence the block factorizatiothefsystem of equations (3.101) is presented

below using the following notation.

All A-I2—1 A;l Xl bl
A21 A22 A;2 X2 = b2 (Cl)
A31 A32 A33 X3 b3

where x, and x, correspond tad\a, and Aa,, respectively, anc, corresponds to the group
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formed by Aa, and AX. The coefficient matrix presented in equation {Catimits the
following factorization
All A;l A-il;l O O LT11 I—T21 L-Ii—il

Ly
Ay Ay Agz =Ly Ly 0 (% 0 I—T22 LT32 (C.2)
Az Ay Ag Ly Ls Lg 0 0 Uy

whereL and U are lower and upper triangular matrices, respelgtivFor simplicity, the

permutation matrices associated with the factaomabf A, are not represented. The block

factorization solver is divided into three stagekich are described below.

By equating part of the corresponding blocks inatgqu (C.2) the following relations are

obtained
A,=L, LT11 (C.3)
Al =L,L%, (C.4)
The first stage consists of factorizing,,, which is assumed to be symmetric positive
definite and therefore admits a Cholesky factomrat(Burden and Faires, 1997), and

calculatingL,, by forward substitution as follows. Sind®, and A}, are time-independent,

the operations associated with equations (C.3)(@w) have to be performed only once at the

beginning of the analysis.

By equating the remaining blocks in equation (@h2)following relations are obtained

Al =L,LY, (C.5)
A,,=L,L%, (C.6)
AL =L, LT +L,,LY, (C.7)
A,=L,U, (C.8)
where
A,=A,-L, LY, (C.9)
A=A, -L,L,-L,LY, (C.10)

The second stage consists of obtaining the renwimatrices of the right hand side of

equation (C.2) in an analogous way. It is assunhed the matrixA,, admits a Cholesky
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factorization, whereas the submatrideg and U, are obtained using adrUJ factorization with

pivoting. Since the matrices involved in equati¢@s) to (C.8) depend on the time and
contact conditions, the operations belonging tostheond stage have to be performed in each
Newton iteration.

Finally, the third stage of the block factorizatiaigorithm consists of obtaining the solution

of the system of equations through the following steps.

Ly, 0 0 Y1 b1
Ly Ly 0 Yo |= bz (C.11)
L31 L32 L33_ | Y3 ] bs

0 Ly Ly%|[X|=|Y. (C.12)
0 0 Ug|[X]| [Ys

The vectory, to Yy, are obtained by forward substitution as following

Ly =b, (C.13)
LY, =b, =Ly, (C.14)
LasYs=bs=Ls Y, —LaY, (C.15)

being the solution of the system of equations (Ghtained by back substitution

U33)(3 =Y, (C.16)
LT22 X, =Y, _LTe.z X3 (C.17)
Ly, X, =y, =LY%, x, =LY X, (C.18)
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