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ABSTRACT

A NUMERICAL INVESTIGATION OF TRACK -BRIDGE INTERACTION
IN RAILWAY BRIDGES

¥zt , Alpk
Doctor of PhilosophyCivil Engineering
Supervisor : Prof. DiEray Baran

January 2024171 pages

In railwaytracks, additional stresses occur in rails due to interaction between the ralil
and the bridge superstructure, which is a phenomenon known asbtidg&
interaction (TBI). The additional rail stresses (ARSs) develop mainly as a result of
temperature effécvertical bending of bridge superstructuregking/acceleration of
trains traveling over the bridge. One of the major parameters affecting the TBI
response is the behavior of interface elements simulating the coupling between the
bridge superstructurend the rail. In TBI analysis this coupling is defined by the so

called longitudinal resistanatisplacement curves (RDCs).

The first part of the study focuses othe longitudinal aspect of TBthrough
numerical investigation. The numerical modeling apphoavas verified with
available analytical solutions and data obtained from bridge monitdtmegprimary
interest was to illustrate how sensitive the TBI response is to changes in RizCs
parametric study was extended to investigate the effeekpdnsion length and
substructure stiffnessAnalysis results reveal that for simply supported precast
concrete girder bridges, using RDCs developed from ballastless railway track

measurements can be an economical alternative to specified prov@ibasicture



stiffness was determined to have a crucial effect on the ARSs especially under

acceleration/braking loads.

The second part of the study comprehensively investigates longitudinal TBI in
railway bridges under seismic ground motidie investigatiorfocused on two
prestressed concrete girder bridges located in a seismically active &reaT ¢ r ki y e .
The study focuskon the influence of various parameters on TBI, including service
earthquake intensity measure, soil property, distance to fault, ancegpaksion

joint locations.A detailed numerical modeling approach utilized Nonlinear Time
History Analysis (NTHA) to capture dynamic responses under recorded seismic
ground motionsResults reveal that earthquake magnitude and distance to fault
significartly affect ARSs Expansion joints at pier locationsipacted rail stress
distribution, reducing maximum tensile stresses and increasing compressive stresses.
Furthermore,using fixed boundary conditions at pier bases provides comparable
results to soibpring modeling for the investigated bridg€amparison of analysis
results forutilization of unloaded and loaddRIDCs highlights the importance of

considering traifinduced loads in seismic assessments.

Finally, the same numerical approach viasher utilized to explorethe effect of

scaling of the ground motiondistances t@picenter and rupturen TBI response,

based on recent earthquakes happanéda h r a ma, 7 pa Kk Riwe different

ground motion setsvere selected based on their intenditg | udi ng Pazarcék
(Mw=7.7) and Elbistan (Mw=7.6) earthquak&sve stations were utilized for each

event to assess how earthquake intensity measures can reveal limitations in TBI

response in designAs seismic intensity increases, the analysighlights the

importance of displacements over ARSs in design limitatiob®esign

recommendations were developed based on evaluation of this study.

Keywords:TrackBridge Interaction, Additional Rail Stress, Hi§peed Railway,
Continuously Welded Rail,ifne-History Analysis

Vi
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rijitlijJimmel enemkel/ fkkeal eRBel ggkbereri adeékdnat

etkisi olduju belirlenmicktir.
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CHAPTER 1

INTRODUCTION

1.1 General

High-speed rail (HSR) holds\atal role in a nation's daily activities, impacting the
lives of its people, economy, and public transportation infrastructure significantly.
According to Union of Railways (UIC), a HSR is defined as a railway system with
an operating spee more than 200 km/R.he first segment of the Shinkansen Train
line, named agdapanese Bullet serving between Tokyo and Osaka was completed in
1964 and thiss considereds the first HSRvith 210 km/h maximunspeedDai et

al. (2016). In 1981, French Ravay Company (SCNF) started operating HSR line
between Paris and Lyomith a maximum 260 km/h train speddSR lines spread
throuch France, Italy, Germany, Spain and Belgifrom 1981 to 199. As of today,
HSRIines are operational in over 21 countriesirRekably, the global HSR network
expanded by more than a third from approximately 44,000 to around 59,000
kilometers between 2017 and 2022, as reported by ig2023).

To meet the growing demand f&étSR networks, there has been a significant
adoption of continuously welded rails (CWRs) in HSR lifég/Rrefers to a type

of railway track where long stretches of rail are welded together to form a continuous
line, as opposed to the traditional method ofrmating shorte¢20-25 meters long)
sections of rail usindish plate joints In CWR, the rails are welded etaolend,
creating a continuous and seamless track without the gaps found in jointed rails.
Example photos for typef railway tracksare givenn Figurel.l.

CWR offers several advantages over jointed rails, including smoother rides for
trains, reduced maintenance nee@slucedrisk of track buckling, and improved
durability. The absence of joints eliminates th@se as trains pass over them,

contributing to a quieter and more comfortable travel experience. Additionally,



CWR tends to require less frequent maintenance and imspecompared to jointed

tracks, enhancing overall operational efficiency for railways.

CWRs present a challengsthey lack the flexibility to expand or contract under
varying thermal and mechanical loads due to their uninterrupted struature.
contras, structures like bridges along the railway linendergoexparsion or
contracton during their service lifdeading to potentialegionsof disruption on the
railway track. This disparity in expansion and contraction between the track and the
bridge crates a coupling mechanism that introduces additi@iladtresse$ARSS)
and displacements, impacting both the track and the bsidgeure The thermal
gradientbetween the deck and radls well as theertical and acceleration/braking
loadsdue to pasing trainswere the main effects causing tiheechanismFactors
such asreep, shrinkage, and seismic actiomsy also cause TBI in railway lines
Figure 1.2 illustratesthe mechanism oforce transfer between the track and the
bridge caused by thermal effects when the bridge expands due to an increase in
temperaturend verticalraffic loading As depicted in the figurehe difference in
the temperaturereates compressive stresses in the 1@iisthe other handhestate

of stress in raill due tgertical loadtraffic loading might be differentn terms of
vertical train loadingthe locatim of train has also crucial impact on tesulting
ARSs and the most critical location should be considatetesignstage These
combinedstresseaccording to the most critical stateesuperimposedith existing
oneson the rail Theexisting stressearemainly due tahetemperature fluctuations
in rails, residual stresses, and stresses induced by bending from whednldaes
long run, uncontrolled stresses resulting fréBi, alongside thealreadyexisting
effects can potentidy lead to rail bucklingvhen rails areinder compression or ralil

fracture due to tension.

To ensure safety of railway with presenceAdSsacross various track typesnd
displacementsspecially in ballasted track® ensure ballast stabiljtyinternational
and national codes have regulated the determination of structural parameters and

associated action® be used in TBIThe codes alsprovide methodologies for



modeling TBI, based on theomprehensive experimental and numerical studies
condudedbetween the 1970s to the 1990s.

Recently, an attempt has been made by diffeesgarcheéKang etal. (2021), Su

et al. (208)) to update thenternationalegulationdor accurate consideration of TBI
based on the recent developmergvertheless, little emphasis was placed on
exploring the utilization of diverse longitudinal resistance displacement curves
(RDCs), and investigating the impact of seismic actionBRInThis thesisnvolves

three distinct primary sections, each dedidate numerical studies aimed at
addressing the existing research gaps within the figid. first part is a numerical
investigation of simplyupported precast concrete girder railway bridges, where the
sensitiviy of RDCs were primarily aime@ihe secondart investigates TBI response
under seismic ground motion centered around designedprestressed concrete
girderbridges inT ¢, r kbasgdeorservicelevel earthquakesFinally, the third part
provides an insight into hownscaledground motion charactatics affect TBI,
based on recenPazarcék (Mw=7.7) and EIl bistan

following aftershocksnd its relation with the intensity measures

1.2  Objectives and Scope

Theprimary interesof the first part of the studig to illustrate how sensitive the TBI
response is to changes in RDCs widspect to separate and sequerdizlysis
approachggiven in the internationalesigncodes The motivation behinthe study

is the insufficient prior gploration and comprehensive investigation into the impact
and implications ofRDCs Following the validation of the modeling approach
against available analytical solutions amta obtained fronbridge monitoring a
parametric study was conducted to fulfill this objective. Subsequently, this study was
expanded to explore the impacts of expansion length and substructure stiffness,

alongside the type ®DCs



The considerations governing loadings Bl analysis, aing with associated
permissible stresses and displacements, originate from an ERRI (1997) project titled
Al mproved Knowledge of Frelevantestidies were C WR
primarily conducted in Western Europe, particularly centralized in Germanindead

to seismic actions not being factored in @aameter in TBI analysi€onsequently,

the outcomeare mostly valido railway systemkcatedin regions characterized by
lower seismic activityln order to address the gap in the literature on TBlyarsa

with the presence of seismic effect, an investigation was conducted as the second
part of the study. This exploration was based ondegignedrecast girder bridges
located in a seismically active area. A detailed numerical modeling approach was
enployed, utilizing Nonlinear Time History Analysis (NTHA) to capture the
dynamic response under recorded seismic ground motions. The parameters
investigated within this context include earthquake magnitude and distance, the

presence of expansion joints &rpocations, and tratimduced loads.

The third part of the study is motivated by a desire to gain deeper insights into the
specific impact of actual earthquake ground motions on TBI by using one of the

previously investigatedesignedbridges. To achiee this, ground motion records

Tr acl

from recent earthquakes I n t he Kahr amanma

investigation holds a crucial significance as the analyses were conducted without any
scaling of the recorded ground motions, aiming to demonstratd3ihregponse that
would be expected in the case of ground motions with varying intensities produced
by the same seismic activity. The outcomes of this investigation led to design
recommendations intended for use by bridge designers.

1.3  Thesis Organization

Thethesis comprises five chapters. The initial chapter is an Introduction. Chapter 2
addresses TBI response based on thermal loads and the train loading, while Chapters

3 and 4 specifically discuss seismic loads.



In Chapter 2, the numerical analysis is fixgrified with avaliable analytical
solutions and data obtained from bridge monitoring. Using this verified model
parametric results are represented by different RDC types, substructure stiffness

levels and expansion lengths, as well as seperate and Balpealysis approaches.

Chapter 3 presents the results of NTHA based on 15 sets of ground motion data. A
comprehensive examination of TBI behavior under various ground motion
parameters, such as service earthquake intensity measures, soil properties, and
distance to fault is provided. Additionally, the influence of two distinct methods for
pier support modeling (i.e., utilizing fixed boundary conditions at pier bases versus
employing soil spring modeling based on recommended values for spread footing)
on TBI response is discussed.

In Chapter 4, results from additonal analyses under the ground motion records from
t he Ka hr ethiatanntarthquakes are presented. Examining ARSs and
displacement thresholds, this section offers design recommendatiod failWay
bridges located within earthquakeone regions. Moreover, the variation of the
bridge ARSs and displacements with the peak ground velocity (PGV)paa#
ground acceleration (PGA) of the records is also presented.

The findings from the aforeméoned studies are consolidated and presented as

concluding remarks in Chapter 5.
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In numerical modeling of railway bridges, the interaction between the bridge
superstructure and the rails is simulated with interface elements and the behavior of
these etments is defined by the -salled longitudinal resistanatisplacement
curves (RDCs). Depending on the presence or absence of a vertical train loading, the
RDC is termed as either loaded or unloaded. As the RDCs represent the degree of
interaction betweethe bridge deck and the railway track, they have a significant

effect on the TBI response of the bridge system.

Two aspects of TBI need special consideration in the design ospiegd railway
bridges. Vertical aspect of the problem has previously bearstigated in detail

(Kim et al. 2010, Chellini et al. 2011, Rocha et al. 2012, Kwark et al. 2004, Liu et
al. 2008, Song et al. 2003, Galvin et al. 2018, Karoumi et al. 2005, Cheng et al. 2001,
Guo et al. 2012, Sung and Chang 2019, Alijjani et al. 20B#s aspect mainly
focuses on vibration analysis of the system and utilizes dynamic properties of the
bridge, track, and train. The second aspect, which has not been investigated as
thoroughly as the first one in the literature, is the longitudinal respoirthe track

bridge system. The longitudinal response of TBI is commonly studied by considering
temperature and moving loads according to several international standards (EN
19912 (2003), DIN Fachbericht 101 (2003), TB10015 (2012), kB3080 (2014),

UIC 7743R (2001)). In this case, the adopted approach generally involves treating

the problem statically by ignoring the dynamic effects.

Discussions on the phenomena of TBI date back to the effort driven by Stokes (1867)

in order to solve differential eqtians related with the braking of trains over railway

bridges. Friba (1996) solved the problem ar
relation between rail and bridge deck under thermal loads. For the longitudinal aspect

of TBI, some of the recent studidocus on the difference between the so called

Asepar ateguentisa ndnd&l ysi s approaches. The sepa
analysis approach, as described in design codes, assumes superposition of forces

resulting from the individual effects of theatbending, and braking/accelerating.

The rationale behind this assumption is that linear superposition of the ARSs should

always result in higher stresses. Such a linear superposition of various effects may
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produce inaccurate forces when any of the campts in the system exhibits a
nonlinear behavior. In this case, the procedure specified in design codes may
overpredict the actual ARSs and underpredict the relative displacements. In the case
of sequentiali.e.,completg analysis approach, a separatad effect is considered

at each analysis step with the final condition in the previous load step taken as the
initial condition for the next step. The separate analysis approach is more practical
and common than sequential analysis among bridge designdrse light of
international provisions, since it requires less effort and can be completed by many
of the available FE software without a need to implement the loaded/unloaded states
to the same model. However, there might be cases where a separais ardibates

a safe design while a sequential analysis indicates otherwise depending on the level
of loading, geometric properties of the bridge system, and the properties of the rail

interface elements used to model TBI.

Sanguino and Requejo (2009) shovike effect of numerical analysis method (i.e.,
separate versus sequential) on the results of test cases given in the Appendix of UIC
774-3R (2001). Ruge and Birk (2007) were one of the pioneers who investigated
arbitrary sequence of loads using couplimgrface based on the implementation of

an exact formulation. Widarda (2009) studied the ttarilge interaction problem
through dynamic analyses by utilizing appropriate dynamic properties of trains.
Zhang et al. (2015) conducted experiments on setgpak of fasteners used in
urban rail transit and obtained RDCs in order to improve the accuracy of numerical
TBI analyses. Huang et al. (2021) studied the effect of the mechanical behavior of
the fasteners to seismic performance of urban rail viaductetvan(2012) analyzed

a railway bridge consisting of both simply supported and continuous spans and
concluded that the effect of the longitudinal stiffness of piers on TBI analysis results
are different for the simply supported and continuous spans. afeshdang (2016)
proposed a practical solution using interface elements that are adaptive to various
loading cases based on their experimental findings. Yun et al. (2019) monitored the
last span of a 38pan simply supported prestressed concrete (PS@rgadway

bridge with ballasted track in order to collect the temperature values at different
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locations along the span, as well as to extract the unloaded RDCs. Furthermore,
numerical analysis of the bridge system was conducted for unloaded condition and
the numerical results agreed with the measured response. Dai et al. (2020) provided
an analytical algorithm for calculating longitudinal TBI forces especially for long
span bridges with rail expansion devices. Mirza et al. (2016) conducted an FE
numerical investigation on the behavior of rails under thermal action after
replacement of timber transoms with fiber reinforced urethane cross beams in an
existing rail way. Kagp8rek et al . (2020) m
equipped with a special steggirbar system in order to measure the resistance
displacement behavior at trabkr i d g e interface. Ryj 8l ek an
conducted a longerm monitoring on a fouspan simply supported steel truss bridge
utilizing both ballasted and ballastless tracksakametric study was conducted by
Ramos et al. (2019) to determine a limiting bridge length by adjusting rail and deck
expansion joints on PSC girder bridges. Chen et al. (2013) developed a numerical
analysis tool using an existing material library toabbsh a common computer
model for TBI on arch bridges with CWRs. Recently, Kang et al. (2021) indicated
that TBI rail stress limits specified in design codes were developed based on
theoretical models and track systems that are outdated nowadays deeapidh
advancement in the field of higdpeed rail transportation. They provided
recommendations to increase the current stress limits in order to allow for longer
railway bridges. In addition, ARSs also develop as a result of earthquakes or other
disastes. Recently, ARSs due to earthquake loads on the tracks forsiégul
railway bridges also studied by several authors (Hu et al. 2022 et al. (202B)).

Zhang et al. (2020) proposed an equivalent modeling approach for analysis of multi
span simplysupported railway bridges under seismic excitations. The proposed
model was reported to reduce the overall complexity of the model and hence improve
the computational efficiency. Wang et al. (2022) investigated the seismic response
of a specific type of siply supported railway bridge system under Aaaitt ground
motions with changing fault distance, spatial location characteristics and ground

acceleration. It was concluded that the regional ground motion analysis approach
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adopted in their study can be doyed for selection of higlspeed railway routes to
improve line safety. Analyses on railway bridges considering the interaction between
train and bridge have recently been conducted by several researchers (Peixer et al.
(2021), Kohl et al. (2023), Jin at. (2022), Eroglu et al. (2023Peixer et al(2021)
investigated the effect of track irregularities on railway line safety by considering a
continuous ninespan steetoncrete composite bridge. Jin et al. (2022) studied the
probability of train derailrant under the combined effect of seismic events and track
irregularities by utilizing a multispan simpsupported bridge model. Eroglu et al.
(2023) conducted dynamic analysis of a ttaackbridge system to investigate the
effects of variougparameters, such as train speed, bridge span length and track
stiffness. Kohl et al. (2023) considered many different vehicle models to study the
accuracy of the simplified approach (i.e., additional damping approach) for vehicle
bridge interaction. Kangteal. (2018) provided a review of structural systems
employed in higkspeed railway bridges in Germany and indicated that simply
supported box girder bridges are the most commonly used bridge type. The reported
span lengths for this type of bridges arer@Sor small overpasses, while longer

spans of 44 m and 58 m are typically used for valley crossings and large viaducts.

Although RDCs are the essential variable that determines TBI in terms of separate
and sequential analysis results, this aspect hade®wn studied in detail in the
literature. Therefore, the primary interest in the current study is to determine how
sensitive the TBI response is to changes in RDCs with both separate and sequential
analysis approaches. The effort was focused on the oenhleiffects of RDC type,
expansion length, and substructure stiffness on the TBI response. Apart from
expansion length, substructure stiffness and RDCs, parameters related with
geometrical and material properties of the bridge were also investigated tating

of ARSs and longitudinal displacements. Separate and sequential numerical TBI
analyses on several railway bridges were conducted using a commercial FE software
MIDAS Civil (2012). Analytical verification was performed by considering linear
elasticRDCs f or t her mal |l oads driven by Frl

research by Yun et al. (2019) were used for verification of the FE modeling approach.
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Following the verification of the FE model a parametric study was conducted. A

flowchart of the analsis steps followed in the current study is givefigure2.1.

2.1.1 Motivation for Present Study and Discussion of Methodology

The presenthapteraddresses the need Bbdetailed investigation of the sensitivity

of the TBI response to changes in RDCs with both separate and sequential analysis
approaches. Although RDCs are the essential variable that determines TBI in terms
of separate and sequential analysis resulits agpect has not been studied in detail

in the literature. Moreover, there is a need for a thorough investigation of the ability
of the RDCs specified in design codes to represent the actual TBI response. The
initial stiffness and resistance capacityhw trackbridge interface elements depend

on many factors, such as the presence and type of ballast, type of fastening system,
type of sleepers, as well as the friction between these components. With these
multiple factors affecting the behavior of theclkdridge interface, there is a
growing necessity for a comprehensive investigation. Therefore, the primary interest

in the current study is to fill these gaps in the literature.

The methodology adopted in this study involves a numerical investigatian in
attempt to provide a better understanding of TBI for bridges incorporating CWRs.
TBI analyses on several railway bridges were conducted using a commercial FE
software MIDAS Civil (2012). Analytical verification of the numerical results was
performed byc onsi dering | inear el astic RDCs for
(1996). Empirical data reported in previous research by Yun et al. (2019) was used
for further verification of the FE modeling approach. Following the verification of
the FE model against alytical benchmark and realorld data, the model was
utilized to conduct a parametric study. The effort was focused on the combined
effects of RDC type, expansion length, and substructure stiffness on the TBI
response. Apart from expansion length, sulottine stiffness and RDCs, parameters
related with geometrical and material properties of the bridge were also investigated
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both in terms of ARSs and longitudinal displacements. A flowchart of the analysis

steps followed in the study is givenkigure2.1.

2.2  TBI Modeling

2.2.1 Two Dimensional Modeling Approach

TBI modeling details adopted in the current study are illustratEayure2.2(a) and

Figure 2.2(b), respectively for the cases of a singp@an singldrack bridge and
multi-span doubldrack bridge. It should be noted that these figures are presented
for the illustration of the general modeling details, and the number of splaedu

in analyses varied, as mentioned in the subsequent seddeds.and rails were
modeled using 2D beam elements considering both axial and flexural properties.
Elements simulating the bridge deck and girders were located at the centroid of the
composite section. These elements were connected to the nodes located at the top
surface of the deck and to the nodes located at girder supports with rigid beam
elements. Flexibility provided in the longitudinal direction due to girder support
assembly and lifge pier was represented with a linear elastic spring. Rail elements
were defined at the centroid of rails along the track. The geometric properties for the
rail elements were determined based on the UIC60 EN 1B§Z@02) type rail.

The railelements were connected to the bridge superstructure with bilinear springs
Multilinear elastic link elements available in MIDAS Civil (2012) element library
have been used for this purpose. As mentioned earlier, the interaction between rail
and bridge sugrstructure in typical TBI analysis is represented with resistance
displacement curves (RDCs). Several different RDCs that were reported based on
laboratory and field measurements as well as those specified by design standards
were used in the present spuds discussed in the following sections. The bilinear
spring elements utilized in the numerical model were assigned initial stiffness values
corresponding to the track resistance in the longitudinal direction based on the RDC

consideredin the transvelsand vertical directions, the rail elements were connected
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to the bridge superstructure through linear elastic springs with a relatively high
stiffness. Spring stiffness in the vertical and transverse directions was taken to be
106 times the stiffness the longitudinal direction, based on the approach previously
used by Pertangeli and Tortolini (2008) and Lie et al. (2021). Behavior of the track
bridge interface springs in the longitudinal direction is a function of the vertical load
available on the tk. Thus, depending on whether there is a train loading (i.e.,
loaded case) or no train loading (i.e., unloaded case) present on the track, different
resistancalisplacement behaviors were assigned to the interface spring elements.

A 300 m embankment letig on both sides of the bridge was considered for all
studied cases. The tratkidge interface springs were typically provided at 1.0 m
intervals. Utilizing a 1.0 m element length provides sufficiently accurate results both
in terms of ARSs and displacents, as reported previously by Yang and Jang
(2016). It should be noted that the embankment length and element length values
utilized in the current study satisfy the corresponding limits spedcifipdint 1.7.3

of the UIC 7743R Code (2001) (i.e., a mimum embankment length of 100 m and

a maximum element length of 2 nijor more details of the verification please see

AppendixA.

2.2.2 Difference between Separate and Sequential Analysis Approaches

As specifiedn point 1.7.1 oJIC 774 3R (2001), the TBI respae can be obtained
through either a separate analysis aeguentialanalysis. The separate loading
approach is simply based on the application of temperature, vertical, and
braking/accelerating loads separately followed by the superposition of the
correponding results. Temperature loading was applied on a model utilizing
unloaded resistanadisplacement behavior for the interface elements, while the
vertical and horizontal loads are applied on a separate model utilizing loaded RDCs.
The results from thestwo separate models are then superimposed to obtain the total
response. Because this approach is based on the superposition of responses from two

separate analyses with RDCs exhibiting nonlinear behavior, the results are only
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approximate. The sequentehalysis approach, on the other hand, utilizes a single
model, where temperature loads are applied first, followed by the application of
vertical and braking/acceleration effects simultaneously with the interface elements
already deformed.

A comparison ofthe separate and sequential analyses in terms of rail resistance
displacement response is illustrate@Figure2.3. For the case where the loaded track
resistance is reached under sequence of thermal, vertical and horizontal train loads,
separate analysis indicates larger ARSs but smaller relative disgats as
reported by Sanguino and Requejo (2009). Therefore, for bridges designed with ralil
stresses as the governing effect as opposed to displacements, using separate analysis
will be a conservative approach. However, it is necessary to check theelispla

results carefully if separate analysis is to be used. For sisuplyorted test cases
defined in theappendix Dof UIC 774 3R, Sanguino and Requejo (2009) reported
higher relative and deck displacements in sequential analysis as compared to separate
analysis, indicating that linear superposition is not conservative in terms of
displacements. The maximum difference between separate and sequential analyses
was reported to be 28% in these test cases. Therefore, in a sequential analysis special
attentionshould be paid to the displacements when they are close to the code
specified limits. The effect that the analysis type (i.e., separate versus sequential) has
on TBI response of railway bridges has been investigated earlier by several
researchers (Sangaimand Requejo (2009), Widarda (2009), Ruge and Birk (2007)).
The primary interest in the current study is to determine how sensitive the TBI
response is to changes in RDCs with both separate and sequential analysis
approaches. The initial stiffness andistence capacity of the tradkidge interface
elements depend on many factors, such as the presence and type of ballast, type of
fastening system, type of sleepers, as well as the friction between these components.
Li et al. (2021), gave an insight on heevconsider the friction spring systems. With
these multiple factors affecting the behavior of the tiaeitge interface, the ability

of the RDCs specified in design codes to represent the actual response requires

further investigation. The current studgports the findings of such an investigation.
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2.3 Longitudinal Track ResistanceDisplacement Curves (RDCs)

The longitudinal track resistancisplacement curves considered in the numerical
analyses conducted as part of the current investigation are shéigure2.4 and

Figure 2.5, respectively for the unloaded and loaded track cases. The resistance
values for the RDC curves are specified in terms of resistance per unit length along
the track. The curves are either édson experimental results reported in the
literature or taken from the related design codes. For ballastless track, the Korean
Code KRC08080 (2014) and UIC 772R (2001) specify the same initial stiffness

and resistance limit values for both unloaded laaded casesn Figure2.4(a) the

RDC reported by Yun et al. (2019) based on field measurements from a recently
constructed ballasted track lies Wween the UIC good and moderate maintenance
RDCs. The measurements were collected on a ballasted track with Pantipol e
fasteners and UIC60 rails supported on prestressed concrete sleepers. It should be
noted that the RDC reported by Yun et al. has &l ydesplacement of 2.7 mm, as
opposed to a 2.0 mm yield displacemenpamnt 1.2.1.2 oRDCs specified in UIC
7743R (2001).

Unloaded ballastless RDCs utilized in the numerical study are givegure2.4(b).

The RDC reported by Yang and Jang (2016) is based on the laboratory tests on tracks
with resilient base plate pad type fastening system. Zhang et al. (2015) also
conducted laboratory test on ballastless tracks with a low resistance type fastener
that is commonly used for urban rail transit in China. As evident in the plots, the
RDC reported by Zhang et al. has slightly lower initial stiffness and approximately
50% higher resistance litmihan those reported by Yang and Jang. It is noteworthy
that the RDCs reported in both studies consistently fall far below the RDC specified
in KR-C08080 (2014) and UIC 773R (2001) Codes for unloaded ballastless tracks,

in terms of initial stiffness andesistance limit. In an attempt to examine the effect

of changing track resistance limit with the same initial stiffness, a new RDC was

proposed in this study by extending the RDC reported by Yang and Jang (2016) up
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to a resistance limit of 20 kKN/m. Thisew RDC i s | abel |l ed as
Figure2.4(b).

The RDCs investigated as part of the current study for loaded track condition are
presented irFigure 2.5. For ballastless tracks, the RDCs reported by Zhang et al.
(2015) and Yang and Jang (2016) based on laboratory measurements are provided in
Figure2.5(b) together wit the RDC specified in KRE08080 (2014) and UIC 774

3R (2001) Codes. Even though the RDCs that are based on experimental
measurements have similar initial stiffness values, there is approximately 3.3 times
difference between the resistance limits. Thishilge attributed to the fact that the
vertical loads applied on the tracks to simulate the loaded track condition were
different in two studies. Yang and Jang tested their track with 30 kN of vertical load
on the fastening system, whereas 40 kN of vertozd was used by Zhang et al. In
addition to such a difference in the amount of vertical loading applied on tracks,
different fastening systems were utilized in these studies. This can be another reason
for the difference in the measured resistance linegp®rted by Zhang et al. (2015)

and Yang and Jang (2016). The RDC specified ir@®I8080 (2014) and UIC 774

3R (2001) Codes has approximately three times larger initial stiffness than the
experimentally determined relations with the resistance limit itwden the

measured values but somehow close to the one reported by Zhang et al. (2015).

2.4  Verification of Numerical Modeling Approach

2.4.1 Verification with Analytical Solution of a Single Span Bridge under

Temperature Loading

Friba (1996) pr colutioh éodthe aiffecehtial @quation ffoo TBM
under temperature loading assuming a linear elastic response for théridaek
interface elements. System idbars were connected to each other to represent the
bridge and CWRs. The problem was divide ifttur bar segments, where segments

1-3 represent the rails while segment 4 represents the bridge Figelfg2.6). The
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interface elements were assumed tdis&ibuted along the bridge with linear spring
constantsk) per unit length of thé" bar. For the investigated case, the bridge was

assumed to have a single span with one fixed and one moveable support.

It is usually assumed that rail temperaturesdoa have any influence on the bridge
since the crossectional area of the rail compared to bridge is significantly small
(Strauss et al. (2018)), whereas a change in bridge temperature results in a change in
rail stresses. The following equation is dafor each part of the investigated bar

according to Hookebs Law.
O 066 | Yo (2.1)
where u = u(Xx) is the longitudinal displacement of the bar elermeistthe relative

el ongation (strain) of t hensinafthebajands t he c o:¢
pt -tFis the temperature change with respect to initial temperature t

For a bar element with lengtlx, the force equilibrium equation can be written as

follows

5 0 0Qm QoQam (2.2)

whereN = N(x) is the longitudinal force at locationon the bar element.
Equaton(22) can be rewritten using2i)he Hookeds |

oW Q6 m (2.3)

Solving the differential equation resuitsthe displacements of individual segments

as follows.

More details for the intermediate steps can

6w —p p a Q™ Q
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6 ® | YY® (2.4)
w h e ri & thé coefficient of thermal extension of the rails and | is the
coefficient of thermal extension of the bridge  _ — — assuminghe

same modulus of elasticity and areas for segmént 1
gd is the difference in temperature for rail bars from initial temperagure
Yo Yo o Oo0hQéMp o (25)
qor is the difference in temperature for bridge bar from initial temperafgire
YY ¥YY o o (2.6)

The corresponding bar forces are:

0 w 00| woe—p p _0Q°Q

0 w 00| woe— ¢_ w Q p _a Q~°

0 00| wo6— _a p Q° Q

0 w T (2.7

T h e sitfor emch bar i§ determined by dividing the axial fddcby the rail area
A.

Numerical model of the bridge and track system for which the analytical solution is

presented above has been created and analyzed under temperature loading following
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the modelig assumptions as givenkiigure2.2(a). Linear elastic springs were used

for the bridgetrack interface elements in the numerical model and the bridge was
assigned a temperature increase €33 he geometric and material properties used

in the numerical model and the analytical solution are giverTable 2.1.
Comparisons between the analytical and numerical solutions are provigigdiia

2.7 in terms of ARSs and longitudinal displacements. Displacement of thgebrid
increases linearly from the fixed support to the movable suppatre 2.7(c)),

while the rail displacement has a nonlinear variation along the bridgeré 2.7

(b)). As a result of such bridge and rail displacement distributions, tensile and
compressive stresses develop within the rail with the distribution shrowigure

2.7(a). As evident, the maximum compressive rail stress occurs at the movable
support location, while the maximum tensile stress occurs at a location bétheeen
fixed support and midspan. The agreement between the two sets of results in terms
of displacements and rail stresses indicates that the assumptions and the element size

adopted in the numerical model are acceptable for the investigated problem.

2.4.2 Verification with Measured Response from Multispan Bridge with
Unloaded Ballasted Track

Rail displacements, ARSs, and relative displacements between rail and bridge have
previously been monitored by Yun et al. (2019) on a ballasted track. The studied
bridge has 38 simplysupported spans with each span consisting of 25 m long
precast/prestressed concrete girders. The investigation by Yun et al. (2019) focused
on the final span of the bridge, which is the most critical span in terms of TBI under
thermal loadingAs part of the current study, the last six spans of the same bridge
that had previously been monitored by Yun et al. (2019), was modeled based on the
geometric and material properties given in the study. This is done in order to increase
modeling efficiecy since after 6 spans the analysis results converged to same
relative displacement and ARSs. According to the measurements reported by Yun et
al. the railbridge attachment devices have a longitudinal resistance limit of 18 kN/m
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and a corresponding lorigdinal displacement of 2.7 mm. Numerical analyses
di scussed in this section wutilized the

measurements.

Rail stresses and relative displacements between the bridge deck and the rail are
compared, respectively iRigure 2.8(a) andFigure 2.8(b). The figures show the
numerical results from the current study and the measured values reported by Yun et
al. (2019) for a temperature drop of’C) 2F°C, and 36C in the bridge deck which

were retrieved from daily temperature change data collected on site. Due to
temperature decrease in the bridge deck, the bridge contracts in each span at the roller
support location. As a result of this motion, the relative displacement between the
bridgedeck and the rail changes sign within each span. The amount of rail stress that
develops as a result of bridge temperature change depends directly on the level of
relative longitudinal displacement between the bridge deck and the rail. A
comparison ofFigure2.8(a) andFigure2.8(b) indicates that relatively small stresses
developwithin the rail at locations where the deehl relative displacements are
small (i.e., near midspan location). Similarly, largest relative displacements occur at
the right end (i.e., roller support) of the investigated span, and this results in kelative
large rail stresses at this location. The numerically determined rail stresses provide
an accurate estimation of the measured values along the final span of the bridge and
the abutment. As for the relative displacement between the rail and the deck, the
numerical results underestimate the measured values at the roller support of the last

span.

Effect of the temperature drop within the bridge deck on the ARSs is sh&iguie

2.9 at four different locations along the investigated span of the bridge. For all four
locations considered, ARSs increase almost linearly with increasing temperature
drop applied to the bridggeck. The rate at which ARSs change with temperature
drop increases when moving from the midspan location towards the right support.
As depicted inFigure 2.8 2.8 and 2.9, the numerically predicted relative
displacements and ARSs agree well with the trend that is based on the measured

values.
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The final span of the bridge reported by Yun et al. was further analyzed under a
temperature decrease of°80by consideringboth the moderate maintenance and
good maintenance ballasted RDCs specifigabint 1.2.1.2 oJIC 7734 (2001), in
addition to the RDC that is based on measurements. As mentioned earlier, Yun et al.
(2019) reported a resistance limit of 18 kN/m and aesmonding longitudinal
displacement of 2.7 mm based on their measurements on the bridge. For ballasted
tracks under unloaded condition with good maintenance UIG3R742001)
specifies 20 kN/m resistance limit and 2 mm longitudinal displacement. The
resigance limit drops to 12 kN/m for the case of moderate maintenance. The relation
between these three RDCs is showrFigure 2.4(a). Results from the analyses
performed by utilizing these three RDCs are presenté&agure 2.10. The type of

RDC does not have an appreciable effect on relative displacements as presented in
Figure 2.10(b). However, the corresponding rail stresses are affecteccéotain
degree. As evident, the level of ARSs developing as a result of similar levels of rall
deck relative displacements depends on resistance and stiffness levels of the RDC
used. The maximum difference in ARSs is 14% when the RDC proposed by UIC for
good maintenance track is used instead of the RDC reported by Yun et al. In this
case, the UIC RDC produces more conservative values. The RDC proposed by UIC
for moderate maintenance track, on the other hand, resulted in 15% lower maximum
rail stress than thexperimental RDC reported by Yun et al. The results indicate that
for this specific bridge with 25 m long simply supported concrete girders, utilizing
the RDC that is specifiein point 1.2.1.20f UIC 7743R (2001) for good
maintenance tracks is conseivaly acceptable in the absence of measured data
from monitoring of the tracks.

2.5 Parametric Investigation

In order to investigate the effect of major parameters on TBI, additional numerical
analyses were conducted on the precast concrete girder bridge reported by Yun et al.
(2019) considering both ballasted and ballastless track cases. Similar to the model
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usal for the experimental verification study, the last six spans of this bridge were
modeled based on the geometric and material properties given by Yun et al.(2019).
As part of the investigation, the RDCs giverrigures 2.4and2.5were utilized with

35°C thermal loading in bridge deck, as well as vertical and horizontal (i.e., braking
and acceleration) loadings. For ballasted track condition, the UIC moderate
maintenance RDC and the RDC reported by Yun et al. (2019) were not included in

the analyses, asdk cannot be used in loaded track case.

Two tracks were considered on the bridge for vertical and horizontal loadings, and
the loading arrangements were adjusted such that maximum compressive ARS
occurs at roller support location of the last span. Accgidirpositive temperature
loading was considered together with braking/acceleration force directions and train
positions indicated ifrigure2.11. As indicated, the #&in on track2 is 30 m into the
bridge and creates an acceleration force of 33 kN/m, while the front end of the train
on trackl is about to leave the bridge with a braking force of 20 kN/m. A uniformly
distributed load of 80 kN/m was used for vertical mgvioading based on LM71

train model. For longitudinal loading, acceleration force was taken as 33 kN/m for
30 m and braking force was taken as 20 kN/m for 300 m as per UIGR/{2D01).

It is worth mentioning that the horizontadaking/acceleration forces as well as the
vertical loading values employed in the analyses are those specified in point 1.4.3 by
UIC 774 3R (2001) and Annex G of EN 1921(2003).

2.5.1 Effect of RDC on ARSs and Relative Displacements

ARS distributions under vmus loading effects are presentedrigure2.12, both

for the cases of ballasted and ballastless track. An increase in maximum compressive
ARS is observed undentgerature loading with increasing initial stiffness of RDC.
Among all unloaded RDCs considered, the one specified in UIESR{2001) and
KR-C08080 (2014) for ballastless track has the largest stiffness of 80kN/mm/m. On
the other hand, the RDC that has #imallest stiffness (i.e., 10 kN/mm/m) is the one
specified inpoint 1.2.2by UIC 7743R (2001) for ballasted track with good
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maintenance. These two RDCs, representing the largest and smallest stiffness, result
in respectively 39.9 MPa and 23.7 MPa aaditil compressive stress in rails under

a temperature increase of°85in bridge deck. The ratio of the maximum and
minimum thermal ARS values is 1.68, which is much smaller than the stiffness ratio
of the two RDCs. The reasdéor the amount of change in A28 being much smaller

than the difference in the RDC stiffness is due to the tbaicige interface spring

el ements reaching the resistance | i mit
loading and undergoing significant relative displacemerasiation of trackbridge
relative displacements along the span length under thermal loading is illustrated in
Figure2.13(a) andFigure 2.13(b) for the two RDCs specified ipoint 1.2.1.2 by

UIC 774-3R (2001) for ballasted track with good maintenance and ballastless track.
The span length waswvided into five equal segments and the range of ttacge
relative displacements within each segment is indicated on the corresponding RDC
curve. As evident, all trackridge interface spring elements in segrrérdnd
segmenb reached the resistanaait for both RDCs. In the case of ballastless track,
segmertl also reached the resistance limit. This is due to the lower displacement
resistance limit of 0.5 mm for ballastless track. For segigallasted track spring
elements remain in the linedastic zone, whereas a portion of the elements reached

the resistance limit in the case of ballastless track.

ARS distribution under vertical moving loading is giverFigure2.12(b). Results

are provided only for traeR, because vertical loading on this track creates the most
unfavorable condition due to the neighboring span being only partially loaded
(Figure 2.11). As evident inFigure 2.12(b) stiffness of tracloridge interface
elements has a profound impacttba compressive ARSs for vertical moving loads.

On the other hand, the resistance value in loaded RDCs does not have an appreciable
influence on the resulting ARSs. This is because of the fact that under vertical
moving loading the interface elements mpstimain within the initial linear portion

of the corresponding RDC.

ARS behaviors with changing RDCs under braking and acceleration forces are

presented inFigure 2.12(c)-(e). Longitudinal forces created on rails due to
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acceleration and braking of trains are transferred from rail to bridge deck based on
the RDC stiffness. Plots iRigure 2.12(c)-(e) indicate that the RDC with higher
initial stiffness (i.e., the one specified by KIR08080 and UIC 778R) results in
smaller rail stress under braking and acceleration forces thanhteRDCs. The
reason is that this RDC develops the resistance capacity under a relatively small
relative displacement of 0.5 mm and results in large slip between rail and bridge
deck, which in turn causes relatively small ARSs. Furthermore, the RDQigjtér

yield displacement capacity (i.e., the one suggested by Zhang et al. (2015)) creates
higher rail stress than the other RDCs due to delayed yielding. This behavior is
observed for the loading cases of braking on t¢kigureFigure 2.12(c)) and
acceleration on traeR (Figure Figure 2.12(d)), as well as the simultaneous
application of these two loadings (Figurigure2.12(e)).

The total ARSs are determined as the summation of stresses due to temperature,
vertical, and braking/accekgion loadings. Total ARS distributions determined this
way are shown ifrigureFigure2.12 (f). Among all loadings, the largest portion of
ARSs is caused by thermal loading. Another observation is that ARS in none of the
cases exceeds the compressive stress limit of 72 MPa defipedht 1.5.2 byJIC

7743R (2001).

2.5.2 Effect of Span Length on ARSs and Relative Displacements

As mentioned in the previous section, temperature loading contributed the most to
the total ARS in the investigated bridge. The thermal component of the ARSshang

directly in relation with the expansion length. In order to investigate the effect of

expansion length on ARS due to different loading components, the bridge reported
by Yun et al. (2019) was further investigated by changing the span length from 25 m
to 40 m with 5 m increments. The maximum span length was considered to be 40
meters due to the practical span limit of precast girder bridges. The parameters
regarding material and section properties were based on the following assumptions.

The crosssectioral dimensions of the bridge was increased with increasing span
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length such that the ratio of vertical displacement to span length under uniformly
distributed load remains constant. The cresstional area and total height of the
bridge cross section wenecreased linearly with the span length. Relative location

of the center of gravity of the bridge cross section was kept constant in relation to
the section heightThe parameters determined based on these assumptions are
tabulated inTable2.2. It should be mentioned that a modulus of elasticity value of
35.22 GPa was used for the bridge superstructure to represent the C40 grade

concrete.

Maximum compressive ARS results are plotte&igure2.14. As evident, the total

rail compressive stress is dominated by thermal stresses. The rail stress due to
temperature loading corresponds to 56% of the total stress in 25 m span length,
whereas it increases to 63% for 40 m span length, indicating that after a certain point
rail stresses due to braking/acceleration and vertical loadings are not increasing as
muchas the thermal loading. Increasing the span length for simply supported bridges
leads to an increase in the expansion length, which affects thermal stresses the most.
The higher increase in the thermal stresses may also be attributed to obvious increase

of the crosssectional area of the bridges as the span length increases.

Similar to the ARS, a significant portion of the total displacements is produced by
the thermal loading. Temperature loading contributes to 84% to 86% of the total
bridge top deck disptement, and 82% to 86% of the total deak relative
displacement depending on the span length. Braking/acceleration loading produces
very small bridge top deck displacement and ewadkrelative displacement with
almost no change with the span lengtherefore, the impact of the span length on

the relative displacements due to braking/acceleration and vertical loadings is

insignificant.
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2.5.3 Effect of Substructure Stiffness on ARSs and Relative

Displacements

Another design parameter that has an impact Bhré&sponse is the longitudinal
stiffness present at bridge supports. Petrangeli and Tortolini (2008) stated that
longitudinal stiffness of a short abutment/pier roughly corresponds to 100 mN/m/m.
Based on this substructure stiffness value, additionaysemivere conducted on the

test bridge reported by Yun et al. (2019) with different substructure stiffness levels
using the RDC specifieh point 1.2.1.2by UIC 7743R (2001) for ballasted track.

It should be noted that, the analyses mentioned in presgiections utilized idealized
roller and pin boundary conditions. In addition to these idealized boundary
conditions, the bridge model was also analyzed with linear elastic springs provided
at girder supports to represent the substructure stiffness. pmg stiffness values

of 2500 mN /m (25 m span x 100 mN/m/m) and 250 mN /m (25 m span x 10
mN/m/m) were utilized in these analyses. The bridge model was further analyzed
with bridge piers and elastomeric girder supports included in the model instead of
the elastic springs simulating the substructure stiffness. This type of modeling
approach is believed to represent the actual substructure response more accurately.
In these analyses two pier heights of 2 m and 10 m were used together with 2 m
diameter circlar pier cross section. The 2 m and 10 m heights can be considered to
represent a short and medium length pier, respectively.

ARS results from the bridge models mentioned above are plotteidune2.15a)

to Figure 2.1Xf). Maximum ARSs under thermal loading vary between 18.9 and
23.4 MPa Figure2.15a)), with the largest ARSs occurring with idealized roller and
pin girder boundary conditions, and the smallest ARSs occurring with 10 m tall piers.
Any increase in bridge substructure stiffness provides a larger restraint at girder
supports against longitudinal movement, which in turn, results in larger rail stresses
under temperature loading. Similar result is also valid for vertical loading, as shown
in Figure 2.15(b). This is due to the increased substructure stiffness resuiting

higher top deck displacement, which leads to higher ARS.

29



The effect of substructure stiffness on rail stresses due to braking/acceleration
loading is different than that of temperature and vertical loading. As
braking/acceleration loading is appliedaditly on rails any increase in substructure
stiffness results in smaller rail stresses. This is the reason for the model with 10 m
tall piers (i.e., the model with smallest substructure stiffness) having the largest
maximum compressive ARS among all castadied Figure 2.15(c)-Figure
2.15(e)). Under the combined effect of braking on trdcknd accelerationnatrack

2, maximum compressive ARSs vary between 12.1 to 35.4 FiBaré2.15 (e)).

Such a variation indicates that substructure stiffness has ificsighinfluence on

ARSs under braking/acceleration loading.

Variation of ARSs along the bridge span under the combined effect of all loadings
(i.e., thermal, vertical and braking/acceleration) with all studied substructure
stiffness levels is presented FFigure 2.15(f). Maximum compressive rail stress
occur in models with 10 m tall piers and 250 mN/m support stiffness. It is worth to
note that none of the ARSs exceeds the compressive stress limit of 72 MPa defined
in point 1.5.20f UIC 774 3R (2001). A comparison afhe stress plots ifrigure

2.15(f) indicates that the 100 mN/m/m longitudinal stiffness as suggested by
Petrangeli and Tortolini (2008) is a propernegentation of stiffness level for short
piers (i.e., 2 m pier height with 2 m diameter circular pier cross section). For the
bridge model considered, the idealized pin and roller girder support conditions
closely represent this substructure longituditiefhess level. As evident in the plots,

in the presence of medium length or slender piers, braking/acceleration loading
becomes the dominant effect in terms of rail stresses. It should be noted that using
idealized pin and roller girder support conditiomghout modeling the support
stiffness leads to unconservative rail stress estimates. This is mainly due to the effects
caused by braking and acceleration forces getting larger when bridge piers are of
medium or high slenderness, as discussed previoyslydmner et al. (2019).
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2.6 Comparison of Separate and Sequential Analysis Results

As illustrated inFigure2.3 separate and sequential analyses might lead to different
track-bridge interaction responses. This difference may be especially critical in the
cases where the ARSs are close to the limits specified in the standards. In order to
investigate the extent offterence between the responses obtained with separate and
sequential analysis approaches, the verified numerical model of the bridge monitored
by Yun et al. (2019) was further studiéichble 2.3 shows the analysis parameters
used for this purpose. In these analyses, thermal loads were definé@ ascB&ase

in the bridge deck and the train loadings were applied on the numerical model as

illustrated inFigure2.11.

The level of difference between separate and sequential analysis results was analyzed
with different support conditions, span lengths, and RDC behaviors. Results of thi
investigation are presentedhigure2.16(a)(d) in terms of total ARSs. There is no
appreciable difference in ARS values from separate and sequerdlgses for the

case of ballasted track, irrespective of the span length and support condition. Among
the cases investigated, the largest difference between ARS values from separate and
sequential analyses occurs when ballastless track is considerdu: autbs$tructure
stiffness is included in the analysis model. With 250 MN/m support stiffness (i.e.,
equivalent to a stiffness of 10 MN/m per meter of span length) and 25 m span, the
maximum compressive ARS is 68.5 MPa and 62.8 MPa, respectively for separat
and sequential analyseFiqure 2.16(b)). The reason of having 9% difference
between these two ARS values can be explained by the yielding of the longitudinal
RDCs.The RDCs exceed the 0.5 mm resistance limit with a support stiffness of
250MN/m. As a result, the displacements under vertical and longitudinal moving
loads result in higher dedhil relative displacements, which in turn, leads to
additional force in thdoaded track in the case of separate analysis. A similar
behavior is also valid for the span length of 40 m. When this span length is considered
together with a ballastless track and 400 MN/m support stiffness (i.e., equivalent to

a stiffness of 10 MN/m gr meter of span length) the maximum ARS of 84.6 MPa
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and 76.9 MPa is obtained, respectively from sequential and separate arratyses (
2.16(d)). These values indite an increase of 10% in the maximum compressive
ARS when changing the analysis method from separate to sequential. Even though,
this much increase may seem insignificant, conducting a sequential analysis can

eliminate using rail expansion joints for teheld bridges.

The results presented Figure 2.16 indicate that performing a separate analysis
instead of a sequential analysis does not result apareciable difference in ARS
values for ballasted tracks and for ballastless tracks over bridges with relatively high
substructure stiffness. It should be noted that the maximum compressive ARSs
presented irFigure 2.16(b) remain below the compressive stress limit of 72 MPa
definedin point 1.5.20f UIC 774 3R (2001), while those ifrigure2.16(d) exceed

this limit, irrespective of whether a sequential or a separate analysis is used.
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Table2.1 Material and geometrical properties used in verification of the numerical

model with analytical solution

Element Description Properties
Ralil Cross sectional area (m?) 0.1234
Elasticity modulusE (kN/m?) 21x10°
Thermal expansionoefficient U 1.0x 10°
(°C)
Rail length on spari; (m) 60
Bridge Span lengthls (m) 60
Embankment Embankment lengthy, 13 (m) 100
Spring Spring constant per unit length, 1x 10°
(KN/m?)

Table2.2 Parameters used for various span lengths

Span length, L (m) 25 30 35 40

Moment of inertia, | (rf) 7.19 12.42 19.73 29.45
Area, A (m?) 11.09 19.16 30.42 45.41
Depth of girderD (m) 260 312 364 4.16
L/D 9.62 9.62 9.62 9.62

Center of gravity from bottom (m 1.70 2.04 238 2.72
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Table2.3 Analysis parameters used for comparisbseparate and sequential

analysis results

Span Length Support RDC
(m) Condition
25 Pin-Roller UIC 774 3R (2001) Ballasted
25 250 mN/m UIC 774 3R (2001) Ballasted
40 Pin-Roller UIC 774 3R (2001) Ballasted
40 400 mN/m UIC 774-3R (2001) Ballasted
25 Pin-Roller UIC 774 3R (2001)

KRC 08080 (2014) Ballastless
25 250 mN/m UIC 774-3R (2001)

KRC 08080 (2014) Ballastless
40 Pin-Roller UIC 7743R (2001)

KRC 08080 (2014Ballastless
40 400 mN/m UIC 7743R (2001)

KRC 08080 (2014) Ballastless
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CHAPTER 3

INVESTIGATION OF LONGITUDINAL TRACK BRIDG E INTERACTION IN
RAILWAY BRIDGES UNDER SEISMIC GROUND MOTION

3.1 Introduction

TBI analysis is extensively employed in bridge engineering practice to evaluate the
impact of the interaction between rails and the bridge structufeR@sand rait

deck relative diplacements. Established railway bridge design standards, including
UIC 7743R (2001) and ENL991-2 (2003), set forth limitations on both the ARSs

and relative displacements caused by different loading sodicegrimary aim of

these design standardste ensure the structural integrity and safety of railway
bridges under such operational conditiod$e loadingsspecified in design
standardiclude thermal effects resulting from temperature differences between ralil
and deck, as well as the acceleratibraking forces, and vertical bending effects
induced by passing train$he loadings to be considered in TBI analysis and the
corresponding permissible stresses and displacements date back to an ERRI (1997)
project titled Al mpr €WRAId t k acwloed Ho wetl ef ¢
actions were not considered as a load effect in this project, therefore the outcomes
are primarily applicable to railway systems located in regions with lower seismic
activity. Among the relevant national guidelines, TechnMalmorandum Track
Structure Interaction TM 2.10.10 (2010) reported by California tsigked Rail
Authority includes a specific load case, which is identified as ldexex design
earthquake, for superposition of earthquake and train loads. For thisdead c
designers are allowed to increase the allowable rail stress limits from 68 MPa to 137
MPa for compression and from 89 MPa to 165 MPa for tension. TaiwarStiged
Railway Provision (2000) is another national design code that considers seismic
loadingas part of TBI investigation. This design document utilizes an equivalent

service earthquake, which is defined as -thnel of the repairable damage
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earthquake, and combines the seismic loading with thermal and train loadings.
Similar to TM 2.10.10 (2010Q)the Taiwan Code (2000) also increases ARS and
relative displacement limits when considering the earthquake loading. While both
aforementioned national guidelines incorporate seismic loading in TBI analysis, it is
worth noting that this loading has notelmeincluded in international standards such
as UIC 7743R (2001) and ENL991-2 (2003).

Several experimental and numerical studies have been reported on the longitudinal
aspect of TBI under thermal and train load effects during the past two decades
(Sanguim and Requejo (2009), Chen et al. (2013), Ruge and Birk (2007), Ramos et
al. (2019), Sung and Chang (2019), Ryj 8l ek
Yun et al. (2019), Yang and Jang (2016), Dai et al. (2020), Zhang et al. (2015), Liu
et al. (2021), Kag et al. (2021)). Results from these studies have made significant
contribution to the understanding of TBI phenomenon under the effects of thermal
and train loadings. However, there is still an ongoing need for extensive investigation
of TBI with the presnce of seismic loading. This need is particularly critical as high
speed railways with CWR (continuously welded rail) tracks become increasingly
popular around the world, including the seismically active regions. In addition to the
ARS limits to be impos#in the presence of seismic loading, there is also a lack of
consensus regarding the proper combination of other load effects with earthquake
loads. In order to establish standardized earthquake loads and ARS limits, a deeper
understanding of the impacf seismic loading on the behavior of traokdge
interaction is necessary. However, due to the complex nature of earthquakes,
accurate representation of seismic loading is relatively more complicated than
defining the temperature or other mechanical logdeffects. Additionally, the
combination of load effects may vary depending on the specific type of railway
service. For instance, designers may need to consider thermal, train, and service
earthquake loads for urban railway bridges due to the high inegus passing

trains. On the other hand, bridges on major railway lines may primarily require the

combination of only thermal and service earthquake loads.

52



The influence of various parameters on trackige interaction, including service
earthquake intensity measure, soil property, distance to fault, and deck expansion
joint locations, calls for extensive investigation in order to gain insights into their
effects. Among the notable research in this field, Hu et al. (2022) proposed a
classfication of damage grade based on lateral displacement and train velocity,
which can be directly applied in seismic vulnerability analysis. In another study, Hu
et al. (2022) investigated an optimal intensity measure consisting of spectral
acceleration andhass participation for highpeed railway bridges. Denghani et al.
(2019) conducted a comprehensive finite element analysis of a concrete bridge. The
study included pushover analyses to assess the strength and elastic behavior,
followed by incremental dyamic analyses to investigate the load and structural
capacity uncertainties. Their results demonstrate the benefits of incorporating track
bridge interaction in earthquake analysis and shed light on why railways tend to
exhibit favorable performance durisgismic events. Kim et al. (2013) examined the
dynamic response of steel monorail bridges subjected to strong earthquakes,
considering the train loading as an additional mass and a dynamic system. It was
concluded that modelinthe train asan additionalmass overestimated the seismic
performance of the monorail bridge. Davis (2009) conducted a parametric study on
multi-pier ballasted track viaducts of a high speed railway by employing nonlinear
time history analyses (NTHA) and reported that NTHA resuhesimaller relative
displacements than response spectrum analysis. The author also highlighted the
importance of the accurate modeling of foundation stiffness and the nonlinear
interface between the track and the bridge structure. Petrangeli and T¢2@0in)
conducted a case study in order to assess the earthquake effects on railway bridges
using nonlinear finite element analyses. The authors investigated the impact of
substructure stiffness and the presence of rails on bridge displacements under seismi
actions. Their findings revealed that both factors had a substantial influence on
bridge displacements.

The majority of the numerical studies on TBI investigation with seismic loading have

primarily focused on the behavior and damage assessment of &éledgents, rather
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than the track itself. Moreover, only a limited number of these studies have explored
the TBI response through numerical simulations for specific design cases. The
present study aims to advance the understanding of TBI response in taiidges
subjected to earthquakes and provide insights into numerical modeling based on a
bridge type commonly used if¢rkiye. The influence of various parameters,
including soil conditions, distance to fault, earthquake magnitude, foundation
stiffness, pesence of expansion joints at pier locations, were systematically
investigated to gain a comprehensive understanding of their impact on TBI. In
addition, ARS results from loaded/unloaded condition&DICs were compared
under a representative ground matidhe primary objective of the study is to assess
the railway systemds ability to remain
from the perspective of TBI.

3.2  Methodology

The TBI investigation under earthquake ground motions was conducted for two
existing railway bridges, designated as K8 and K9, located on the eastern part of
T¢rkiye (i.e., on the Kard J eéDiucu Railway line). Geometric details of the
bridges are shown iRigure3.1. Both bridges are straight in plan and have no skew.
The structural system of the bridges is of simplypported precast prestressed
concrete girder type. The K8 bridge has two 31.4 m side spans, and a 32.8 m middle
span, while he K9 bridge has two 31.4 m spans. For the K9 bridge the girder ends
are restrained in both the longitudinal and transverse directions at the pier location
while no restraint is provided at the abutments. The K8 Bridge exhibits different
girder end restrats depending on the pier axis. At one of the piers, the girder ends
are restrained. At the other pier, no restraint is provided for one girder, while the
girders of the neighboring span are restrained in both the longitudinal and transverse
directions. M girder end restraint is present at the abutments. The bridge piers are
formed by reinforced concrete columns with a 3.0x5.0 m rectangularszossn.

The K8 bridge has pier heights of 7.42 and 6.92 m, while the pier height in the K9
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bridge is 6.92 mThe abutments are formed by 1.6 m thick abutment walls and 1.2
m thick wing walls. The typical section shownhkigure3.1(c) is common to both
bridges. Thesection consists of 10 precast concrete girders with a height of 1.9 m,
supporting a 0.25 m thick and 12.0 m wide gagplace reinforced concrete deck.

The ballasted track supported by the bridge deck accommodates two train lanes.

3.21 TBI Modeling

Details of the bridge numerical model used for the TBI analysis are illustrated in
Figure3.2. Elements simulating the bridge deck and girders were located at the
certroid of the composite section. These elements were connected to the nodes
located at the top surface of the deck and to the nodes located at girder supports with
rigid beam elements. Bridge piers, deck, and rails were modeled with linear elastic
beam elerants. The element length for the rail and bridge deck was maintained at
1.0 m along bridge spans and reduced to 0.138 m in regions near the expansion joints
or bridge ends, where there is a relatively steep gradient in stress and relative
displacements. Téh expansion joints were incorporated in the bridge numerical
model by reducing the axial stiffness of the deck between the girders to a fraction of
the actual value. In the transverse and vertical directions, the rail elements were
connected to the bridgeuperstructure through linear elastic springs possessing a
relatively high stiffness. Spring stiffness in the vertical and transverse directions was
taken to be 106 times the stiffness in the longitudinal direction based on the approach
previously used b¥ertangeli and Tortolini (2008) and Lie et al. (2021).

The main difference between the numerical models utilized in TBI analysis with and
without seismic action lies in the modeliabRDCs. For thermal and train loads, the
RDCs were represented as bilinepring elements. However, in order to consider
the nonlinear hysteretic behavior of the bridge model under seismic ground motion,
these spring elements were replaced with general link elements with hysteretic
capability. For this purpose, the elementdity available in Midas Civil (2012) was
utilized. In the analyses, unloaded RDCs specified in UIC-3R42001) for
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ballasted tracks in good maintenance condition were utilized. The nonlinear

hysteretic behavior was defined with the yielding exponenewad2, the posyield

stiffness ratio of zero, andthe Bewe n hystereti c | oop paramet e
b=0.5.

The investigated bridges are located in a region with Soil Class D according to
NEHRP (2003), which is the equivalent of ground type C as Netd981 (2004).

The foundation at the base of piers was modeled by following two approaches. In
the first approach, the pier bases were fixed against all six degrees of freedom
(DOFs), which is referred to as fixed boundary condition (BC) in the remapairig

of this paper. As a second approach for modeling pier foundatidd&®Fsspring
elements were utilized witthe method proposed/ibobry and Gazetas' (198&)

spread footings. More details on this modeling method are provided in the following

sections.

3.2.2 Time History Analysis Procedure

To analyze the TBI response of bridge models under different ground motion
scenarios, Nonlinear Time History Analysis (NTH&)proach was employed. The
target design spectrum chosen for these analyses represents a service level
earthquake with a return period of 72 years, as specified by the Turkish Earthquake
Hazard Map.Therefore the analysis results represented in thisysiadased on
seismic activity corresponding to a service level earthquake. For NTHA, a direct
implicit integration was used together with the Newmark method with constant
acceleration for time integration. To account for damping, mass and stiffness
propotional damping were implemented using a Rayleigh damping model. The
modal damping parameters were defined based on the periods corresponding to the
first two vibration modes (Chopra (1995)). Gravity loads were considered at the
initial time step prior to NNHA. Gravity loading consisted of the s&lkight of

bridge components, including handrails (1.5 kN/m), protection concrete (10 kN/m),

ballast and sleepers (115 kN/m), precast concrete side panels (1.9 kN/m), seismic
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blocks (70 kN), bearing pedestals (kI at abutments and 5.0 kN at piers), and
diaphragm beams (60 kN/m). Each ground motion record was incorporated into the
TBI model as scaled acceleration records consisting ohtwiaontal components.
Each ground motion pair was employed in both the itadmal and transverse
directions of the bridge. The ground motion directions were denoted as XH1_YH2
and XH2_YH1 pairs. The XH1_YH2, for example, denotes the pair where the first
component of the ground motion was applied in the longitudinal directioheof
bridge, while the second component was applied in the transverse direction.

As mentionedearlier both K8 and K9 bridgesvere originally designed and
constructed with expansion joints at each abutment and pier locations. Both bridges
are located on Ki@ss D type soil and were constructed with pile foundations
underneath the piers. In order to study the effects of these construction details, the
presence or absence of expansion joints at pier locations (i.e., intermediate expansion
joints) and the typef boundary condition utilized at the base of piers were used as
the analysis parameterBable3.1). The other parameter that was investigated in the

study is the grond motion characteristics.

3.3  Ground Motion Record Selection and Scaling

Four primary sets of ground motions (GMs) with different earthquake magnitude,
distance to fault, and soil typ@&dble3.2) were chosen from the Pacific Earthquake
Engineering Research Next Generation Attenuation West2 database (PEER, 2005)
in order to investigate the effects of these parameters on the TBI response. The
ground motions were selected pulsefree andstrike-slip type, due to the active
faults in the vicinity of the investigated bridges exhibiting stskp characteristics.

Each ground motion set comprised seven earthquake records, as specified by EN
19982 (2005). Only the horizontground motion components were considered in
analyses, due to the fact that vertical ground motion has negligible impact on
longitudinal TBI response in terms lofidge/rail relative displacements and ARSs.
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GM Setl includes earthquakes with magnitudesgrag from Mw=6.5 to 7.5,
corresponding to NEHRP Soil Class D, and distance to fault between 40 and 60 km.
GM Set2 consisted of earthquakes with magnitudes ranging from Mw=4.5 to 5.5,
also associated with NEHRP Soil Class D, and distance to fault behbesrd 25

km. GM Set3 and Se#t are identical to Set and Se®, respectively, in terms of
distance to fault and magnitudes, except that the records were selected for NEHRP
Soil Class C.

EN 19982 (2005) specifies an amplitude scaling method based ondbtg the
spectrum between the periods of Thand 1.9p, whereTp represents the period
corresponding to the first vibration mode of the bridge. The arithmetic mean of the
square root of the sum of the squares (SRSS) spectra representing the sew#n pair
GM records is expected to remain above the target spectrum, which is 1.3 times the
design spectrum. For the K8 and K9 bridges, the first vibration mode is in the
longitudinal direction with a period @ip=0.34 sTherefore, scaling of the GMs was
conducted by considering the target spectrum between the periods of 0.068 and 0.51
s. The unscaled and scaled spectra for the four GM sets utilized in the analyses are
shown, respectively in Figes 3.3 and 3.4, with the corresponding scale factors
provided inTable3.3. As evident in the insets in plots providedFigure 3.4, the

scale factors were mostly dictated by the lower boundaryifar GM Setl and

Set2, and by the upper boundary (I for GM Set3 and Set.

3.4 Analysis Results

341 Influence of Ground Motion Parameters

The impact of earthquake magnitude and distance to fault is investigated by
comparing the TBI responses under GM sets with a higher magnitude and a longer
distance to fault (Mw=65.5, 4060 km distance) (i.e., GM Sétand SeB) and a

lower magnitude and a shorter distance to fault (Mw&45%5 1525 km distance)

(i.,e., GM Sef2 and Se#t). ARS due to seismic ground motions is significantly
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affected by the value of the spectral acceleration corresponding to the first vibration
mode of brilge models. The mean spectral acceleration at the first vibration mode of
bridge models in the longitudinal direction (i.€p=0.34 s) is 0.67g, 0.46g, 0.55¢
and 0.57g, respectively for GM Skt Set2, Set3 and Set.

Variation of ARSs under four GM seis presented iRigure3.5. It should be noted

that these rail stresses are those due to GM anavseglht of bridge components

only and donotinclude the effects of thermal and train loadings. In the figure, the
maxmum tensile (positive) and compressive (negative) rail stresses obtained from
time history analyses are plotted along the rail. For each analysis two plots are
provided, one showing the maximum tensile stresses and the other one showing the
maximum comprssive stresses. These plotted stresses represent the average of the
maximum rail stresses from the seven GM records in each GM set. It should be noted
that the results shown IRigure 3.5 were obtained from bridge models with fixed
boundary conditions at pier bases and without intermediate expansion joints. For all
cases studied, maximum rail stresses occur at abutment locations. For ground
motions recorded at NEHRP kalass D (i.e., GM SeB and Se#), a change in
earthquake magnitude and distance to fault does not result in a clear trend in the
change of maximum ARS. Part of the reason for such a behavior is the fact that the
mean spectral acceleration at the fitkiration mode of bridge models is close to
each other for these two GM sets. For ground motions recorded at NEHRP soil class
C (i.e., GM Setl and SeR), on the other hand, the GM set with a higher earthquake
magnitude and a longer distance to fault tesn 25% larger tensile ARS and 33%
larger compressive ARS than the GM set with a lower earthquake magnitude and a
shorter distance to fault. This is an indication that even though the same target
spectrum is used for scaling GM records, there may lefisent variation in rail
stresses produced by different GM sets. Therefore, selection of proper GM records

is of critical importance when conducting TBI analysis.
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3.4.2 Influence of Expansion Joints

In railway bridges, the use of expansion joints is higtdynmon, especially in
simply supported mukspan bridges. Indeed both bridges studied in the current
investigation were constructed with expansion joints at all abutment and pier
locations. However, there are some cases in bridge design practice, wiarsi@x

joints are omitted at certain girder ends mainly in an attempt to avoid the cost
associated with the installation and maintenance of expansion joint devices.
Additional analyses were conducted as part of the present study to investigate the
difference in TBI response with the presence and absence of expansion joints at pier
locations. It is worth noting that for both of these cases, expansion joints were present
at abutment locationgzigure 3.6 provides a summary of ARSs with and without
intermediate expansion joints at pier locations under various GM sets. As evident in
the plots, the magnitudes of ARSs change significantly depending on whether or not
there areexpansion joints at pier locations. For all of the studied cases, a consistent
trend is evident: the inclusion of expansion joints at pier locations leads to a reduction
in the maximum tensile rail stresses and an increase in the maximum compressive
rail stresses at abutment locations. Another observation that is valid in the plots
provided inFigure 3.6 is that for the twespan K9 bridge additional tensile rail
stresses develop at the pier location with the inclusion of expansion joint at this
location. As a matter of fact, for some of thealyzed cases the maximum tensile

rail stresses at the pier location with intermediate expansion joint get larger than the
maximum tensile rail stresses at the abutments. The reduction in the maximum
tensile rail stresses varies between 10% and 33%, thikilacrease in the maximum
compressive rail stresses is between 14% and 37%. It is noteworthy that among all
cases considered, Analysis 1c/1d (i.e., Bridge K8 analyzed under G)) &sults

in the largest percent reduction in the maximum tensile ra$stand the smallest

percent increase in the maximum compressive rail stress.
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3.4.3 Influence of Pier Support Modeling

The original designs of both K8 and K9 bridges include pile foundation for piers, as
illustrated inFigure3.1. In the numerical model used for the analyses the interaction
between the piles and the surrounding soil was neglected and fixed boundary
condition idealization was used at pier bases. Similar mgd@pproach has
previously been adopted in earlier studies and based on guidelines (Dicleli et al.
(2005), Aviram et al. (2008), Turkish Seismic Bridge Design Code (2020)). In order
to examine the effect of soil stiffness on the behavior of the bridgesnalyses

were repeated with spread footing foundation for piers. The method proposed by
Dorby and Gazetas (1986) was employed to model the spread footing foundation.
This method utilizes empirical equations to determine the equivalent dynamic
stiffnessproperties corresponding to all six degrees of freedom based on the shape
of the footing as well as the shear modulus and Poisson's ratio of the soil beneath the
footing. The initial shear modulus of the soil was takeGas=207,000 kPa based

on the tyjical values provided by the Federal Highway Administration (1997). This
value was then multiplied with the reduction factoreet0.865 (Turkish Seismic
Bridge Design Code, 2020) to determine the effective shear modulus. The spring
stiffness values correspding to all six degrees of freedom determined according to
the method proposed by Dorby and Gazetas (1986) are preseiitailér8.4 for

both K8 and K9 bridges. These stiffness values were assigned to the spring elements

used at the base of piers in bridge numerical models.

Rail stress distributions with the fixed BC ideation and soil springs utilizing the
stiffnesses explained above are presentddguare3.7. As evident in the plots, for

all cases considered there is no appt@eiaifference between the rail stress
responses with the twsupport modeling approachebhe largest change in the
maximum tensile rail stress is 11% in Analy$ts while the largest change in the
maximum compressive rail stress is 9% in AnahlsisTrese observations indicate

that for the studied bridges and solil types, using idealized fixed support at pier bases

provides sufficiently accurate rail stresses when compared to modeling the supports
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with soil springs utilizing the appropriate stiffnessksshould be noted that this
conclusion holds only for the soil shear modugel used in the analyses. With a
lower soil shear modulusalue, one can anticipate a more significant variation in the

rail stress values between the two pier support modappgoaches.

3.4.4 Influence of Utilizing Unloaded and Loaded RDCs

The analyses explained in previous sections were conducted with RDCs representing
the unloaded condition of the track, due to the fact that no train was assumed to be
present over thieridge during the earthquake. However, one viable loading scenario,
especially for design of urban railway bridgesthe occurrence of a servitavel
earthquake with a train located over the bridge. In this scenario, the RDCs
corresponding to the loadedndition of the track should be used for TBI analysis.

In order to investigate how sensitive the TBI response is to the use of unloaded versus
loaded RDC, additional analyses were conducted under the scaled ground motion
record fromStation RSN 1636 (Mgil, Iran). The numerical model of K9 bridge

without intermediate expansion joints was utilized in these analyses.

The unloaded and loaded RDCs used in the analyses are shéiguiia3.8(a).
These are the RDCs provided by UIC 73R (2001) for ballasted tracks. The ARS
distributions along the length of the bridge with both of these two RDCs are plotted
in Figure 8(b). As evident in the plots, with loaded RDC 2.2 gitnigher tensile
stress and 2.10 times higher compressive stress develop in rails due to the ground
motion. Another observation that is valid in these plots is that the type of RDC had
no appreciable effect on the distribution of rail stresses alongaitie Eigure3.8(c)
displays a comparison of the hysteretic fedcgplacement response of rditck
interface elements with unloaded and loaded RDCs under the grantiweh mecord

from Station RSN 1636. These hysteretic fodisplacement responses were
obtained from ra#deck interface elements located at the left roller support location
of the bridge, where the element length is 138 mm. For both RDCs the yieldflimit o

2 mm was exceeded during the ground motion, indicating nonlinear behavior. The

62



results indicate that the maximum relative displacement between the deck and rail is
9.72 mm and 6.85 mm, respectively with the unloaded and loaded RDCs. It should
be notedhat these rail/deck relative displacements are significantly larger than the
4 mm limit defined in UIC 778R (2001) under braking/acceleration forces.
Unfortunately no displacement limit is provided in UIC 7BR provisions under
seismic loading. Neverétess, the Taiwan HigBpeed Railway Provision (2000)
provides a relatively large value of 25 mm as the rail/deck relative displacement
when the service earthquake loading is combined with thermal and train loads. The
relative displacements obtained in giresent study remain below the limit provided

by the Taiwan HigiSpeed Railway Provision (2000).

The rail stress and acceleration time histories obtained wiitbaded and loaded
RDCs are presented irigure 3.9. The ground motion acceleration plot exhibits
shortduration peaks for a duration of 1.5 seconds between t47506s, while the

rail stress and rail acceleration peak duration extendspim@&mately 3 seconds.
This behavior may be attributed to the yielding of RDCs and the subsequent
redistribution of stresses within the rail. The plot§igure3.9 aso reveal that rail

stresses are affected by the type of RDC more than rail accelerations.
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Table3.1 Analysis Parameters

Analysis Ground Expansion

# Motion Set  Joint at Pier  ©1d9€
la Set1 No (K9)
1b Setl Yes (K9)
1c Setl No (K8)
1d Set1 Yes (K8)
2a Set2 No (K9)
2b Set2 Yes (K9)
3a Set3 No (K9)
3b Set3 Yes (K9)
4a Set4 No (K9)
4b Set4 Yes (K9)

Table3.2 Properties of the GMets used in analyses

Ground Magnitude Distance to NEHRP

Motion Set Mw Fault (km) Soil Class
Setl 6.57.5 40-60 D
Set2 4.55.5 1525 D
Set3 6.57.5 40-60 C
Set4 4.55.5 1525 C
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Table3.3 Scale factors used for the selected GMs

GM Setl
RSN 36 166 862 1144 1636 3890 8522
Name Borrego Imperial Landers Gulfof Manjil  Tottori  Cucapah
Mtn Valley- Aqgaba Iran Japan  Mexico
06
Year 1968 1979 1992 1995 1990 2000 2010
Scale 2.00 2.00 200 210 110  1.10 1.00
Factor
GM Set2
RSN 18 200 229 2024 8622 11502 18166
Name Imperial Imperial AnzaOl Gilroy 402046 1027573 1451978
Valley-  Valley- 28 3 0
04 07
Year 1953 1979 1980 2007 2007 2007 2009
Scale 3.00 2.00 300 300 350  3.00 3.00
Factor
GM Set3
RSN 897 1620 1627 3922 4054 5842 6949
Name Landers Duzce Caldiran Tottori Bam  Cucapah Darfield
Turkey  Turkey  Japan Iran Mexico New
Zealand
Year 1992 1999 1976 2000 2003 2010 2010
Scale 2.80 3.00 280 300 285  3.00 2.85
Factor
GM Set4
RSN 224 8742 9048 9478 11333 11364 18010
Name Livermor 4020462 1415134 104103 906409 1027573 1451750
e-02 8 4 37 3 3 0
Year 1980 2007 2005 2009 1998 2007 2009
Scale 6.30 6.30 630 630 630  6.30 6.30
Factor

Table3.4 Spring giffnessvalues used for spread footing at pier bases

9 (KN/m) (KN/m) (KN/m) (KNm/rad)  (kNm/rad) (kNm/rad)
K8 7.25x16 7.25x16  4.07 x16 450x10° 450x10° 599x10°
K9 7.91 x16 7.77 x16 4.47x10° 678 x 16 516x 10° 797x 10°
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Figure3.1. Geometric details of the investigated bridges: (a) details of K8 bridge;
(b) details of K9 bridge; (Qectionview of precast prestressed girddor both
bridges
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a) Section view at embankment location

b) Longitudinal view
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¢) Section view at bridge location d) Section view at pier location
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Figure3.2. Modeling details used for bridges

1.20 1.20
1.00 1.00
080 080
0.60 0.60
040
020
0.00 —
0.00 0.50 1.00 1.50 200 250 3.00 3.50 4.00 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00
——RSN-36 SRSS pSa (g) ~——RSN-166 SRSS pSa (g) —RSN-18 SRSS pSa(g)  ——RSN-200 SRSS pSa ()
RSN-862 SRSS pSa (g) RSN-1144 SRSS pSa (g) ——RSN-229 SRSS pSa (g) RSN-2024 SRSS pSa ()
——RSN-1636 SRSS pSa ()  —— RSN-3890 SRSS pSa (g) ——RSN-8622 SRSS pSa(g) —RSN-11502 SRSS pSa (g)
——RSN-8522 SRSS pSa (g) - - - Arithmetic Mean —RSN-18166 SRSS pSa (g) - - -Arithmetic Mean
——1.3 x Sae(g) —1.3 x Sae(g)
(a) (b)
1.20
1.00
0.80
0560
0.40
0.20
0.00 0.50 1.00 1.50 2.00 250 3.00 3.50 4.00 0.00 =
—RSN-897 SRSS pSa (g) ——RSN-1620 SRSS pSa (g] 0.00 050 1.00 1.50 200 250 3.00 350 4.00
RSN-1627 SRSS pSa (g) RSN-3922 SRSS pSa (g) ——RSN-224 SRSS pSa (g) ——RSN-8742 SRSS pSa (g)
——RSN-4054 SR3S pSa (9) —RSN-5842 SRSS pSa (g) ggn-g%gfgggspsg )] Egm-‘mg fggg SPSg (s%))
——RSN-6949 SRSS pS - - - Arithmetic M ——RSN- psa (g ——RSN- pSalg
pSalg) rihmete Mean —RSN-18010 SRSS pSa ég} - - - Arithmetic Mean

—1:3xSaelg) " 13x Saelg)

(©) (d)
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Ground Motion Record from RSN1636
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CHAPTER 4

TRACK BRIDGE INTERACTION BEHAVIOR OF RAILWAY BRIDGE
SUBJECTED TO PAZARCIK -ELBKSTAN EARTHQUAKES

Unfortunately on February 6, 2023, at 04:1dcal time (01:17 GMT), a strong
earthquakef moment magnitude Mw=7.7 occurred on the East Anatolian Feault,

reported by the Disaster and Emergency Management Preside@yAD,
www.afad.govit ) . The epicenter of this =seismic
Kahramanmar ak. Roughly 9 hours | ater, at
earthquake with a moment magnitude Mw=7.6 struck ElbiKtanh r a ma n mar a K .
After these two significant earthquakeser 10,000 aftershocks were recorded.

This chapter focuses on a series of numerical anatgsesestigate TBI behavior
further,based orthe earthquake records of these tfewvastatingevents, along with
selected aftershocks ranging from Mw=5.5Mw=6.6. Only the records falling
within the timeframe of February 6 to April 1, 2023, were included to align with the

predetermined time limit for the PhD study.

This chapterof the studydiffers from the precedinghapteiin two key aspectspart

from the ground motion records usedtime analysesThe first divergence involves

the methodology used for scaling in the analyses. The second significant difference
lies in the direct utilizationof ground motion records associated with recent
earthquakesyithout any scaling procesgurther details regarding both aspeats

elaboratedn the following sections.

4.1  Numerical Modeling

The numerical model of the K9 bridge explained in Chapter 3uttézed for the
analyses explained in this chapter. The details for the bridge areigivegures
3.1(b) and 3.1(c)A two-span simply supported superstructure, the K9 bridge
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features girder pin supports at pier locations, and girder roller suppatistatent
locations. It was originally designed with pile foundation underneath the pier,
leading to the presumption that the node at the base of the pier was rigidly fixed in
all six degrees of freedom. The modeling approach as well as the time history
procedure mirrors the one used in Analysis 1b from the previous chapter. A general
link element with hysteretic behavior was employed. The TBI link element aligns
with the UIC 7743R (2001) unloaded RDC, which represents the ballasted track
system used in th&9 Bridge. The reasoning behind using UIC recommended
ballasted RDC is because there has been comparatively less exploration of ballasted
track resistance although several studies (Zhang et al. (2015), Yang and Jang (2016),
Zeng et al. (2019)) evaluateasstener resistance in ballastless slabs (i.e., track slabs).
Even thoughYun et al. (2019) conducted a study on ballasted tracks to measure
RDCs, yet these findings were not applied in the numerical models due to their
divergence from UIC standards in lowaitial stiffness and higher yield capacity,

potentially not accurately representing the actual conditions of the K9 bridge.

Acknowledging that the goal is to gain insights of TBI behavior rather than conduct
a seismic assessment of the bridge, cemainlinear properties related to piers,
bearingsand soilstructure interaction (SSI) for backfill of the abutments were not
consideredFor embankment locations, including the backfill material behind the
abutment, the modeling assumed uniform lateral \artical stiffness across the
entire length of the embankmeRbr thisstudy, theTurkish Seismic Bridge Design
Code(2020) guidelines were utilized to ascertain the effective stiffness properties
specific to the superstructure elemeiiistkish Seismi@ridge Design Cod&020)
advocates for an effective stiffness in flexaral sheaset at 50% of gross stiffness,
while no reduction is recommended for axial beha¥ar superstructure of the
bridge Effective torsional and flexuradtiffnesses of Ishape cap beanand pier
columnswere takenrespectively a20% and 50%of the corresponding gross
stiffnessesAdditionally, for the elastomeric bearings present to girder supports, a
lateral stiffness of 5818 kN/m in each direction wdsized, as described by

Equation (4.1)Notably, the shear modulusf theelastomeridearing G was taken
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as 931 Kk N/ m] K9absdgepesign repar(2020) whilertheplanarea of

the elastomer igwpi s 0 . 2therhjcknessf the elastomeric bearirgy is 32

mm. It should be noted that the stiffness of bearings may change due to temperature
change and aging, but in the analyses nominal stiffness was considered.

~

Q — 4.1

4.2  Ground Motion Scaling Methodology

4.2.1 Selecting of Ground Motions

TBI design primarily targets assessing the safety of tracks during seismic events,
ensuring their stability in such circumstanc&somprehensivelata setomprising
180 ground motion record$.e., 12 events and 15 records for each eveete

compiled from variousecordingstations accessed through tadas.afad.gov.tr.

Table 4.1 details the classification of statiorisased ontheir distance from the
epicenter foeach eventised in the analyseslore details regarding the distribution
of the ground motion records are presented in AnneQr@inally, the aim was to
obtan ground motion data uniformly across distaimtervals intending to secure
threerecords for eacimtervaland thus totaling 1§round motion record@.e., five
distance intervalsind threerecords for each eventfiven the limited number of
availablestations near the epicentgathering additional ground motion records
from shorter distancesasprioritized. This approach aigdto compensate for the
shortage of stations within thel® km and 180 kmintervalswith the data provided
by Disaster and Emergency Management Presidenable 4.2 representshe
distribution of thetotal of 12 earthquake everdaad 180 ground motion recordings
based on their magnituddsventually, 75% of the earthquake records used in the

analysis are between Mw/ML = 5&0.
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In the previoushaptey amplitude scaling was conducted according to1PN82
(200B). This scalingmethodwas based on the arithmetic mean of seven records,
which were found to be below 1.3 times the target spectrum within the specified
period range of O:Ppand 1.9p. The method haa drawbackrelated with thescale
factors mostly being dictatedeither by the lower(0.2Tp) or the uppemboundary
(1.5Tp), as depicted ifrigure3.4. In this partof the studythe scaling of thground
motionrecords specifically targeted the first longitudinadde vibratiorperiod of

the K9 bridge Tp = 0.34 seconds, bwultiplying theground motion spectruno fit

the target spectrurat this periodlt should be mentioned that the target spectrum
was the one provided by tHeurkish Seismic Bridge Design Cod2020 for a
service level earthquake with a return period of 72 years.s€aling procedure
notably omitted the utilization of standard multipliers, such as 0.2%&E 716
(2016), ASCE 4417 (2017)r 1.3 forEN 19982 (2005)

Figure4.1 andFigure4.2 depict the unscaled and scaled ground motion spémtr
the Pazar ceéekMKH.I evanireapeatnely demonstrating howach
spectrum was anchored tine first longitudinal period The mean spectral
acceleration at the first vibration mode of bridge models in the longitudinal direction
is thesamewhich is0.32g for all the recordsAs evident inFigure4.2, the spectral
accelerationghange rapidly in the vicinity of the first longitudinal mode vibration
period for some records. This indicates any change in the vibration period of the
bridge due to a reduction in the stiffness will result in a marked effect on the
responseHence, his adjustment will eventuallye expectedb appeamas variations

in maximumARSs. Tle unscaled and scalsgectrunfor the rest of the eventse
provided inAppendixB, as the core concept remains consistent througfifbertent

ground motion spectra

The scale factorased for all ground motion recordseprovidedin Table4.3. The
scatter validin the scaling factorgs dueto significant variation of the recasdn

terms of the spectral acceleration values at first vibration period of the K9 Bridge.
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4.3  Analysis Results

ARS distribution 15 ground motion pairaregiven in Figurest.3to 4.14 It should

be notedhat thee stresses are thassulting fromground motions onlywith no

other loadingFour different plotsepresenthe maximum compressive and tensile
ARS distributiors through thdongitudinal distanceEach ground motion pair was
employed in both the longitudinal and transverse directionseobtidgewhich is
denoted aXH1_YH2 and XH2_YH1lasexplainedn the previous chaptd£ach plot
includes 15 curves (i.e., for 15 ground motion records) aocth @nalysis pair is
plotted in gray lines, to illustrate the range of ARS resiOltsing the analysis, the
fiyieldingo of the RDC linksdecreased theverall system stiffnessvhich in turn
resulted ira change in the vibration periddonsequentlyrail forces weréncreased

or decreasedepending on the variation of the spectral accelergtasdepictedn

the inset ofFigure4.2 and Appendix BThis explains the maireason why th&BI
responseunder different ground motiorecordsdiffered even though they were
scaled to thesame acceleration spectrum at tinst mode vibrationperiod of the
bridge This behavioris similar to the one explained in the previous chapwen
though the scaling nleod was differentAnothernoteworthy findings related with

the maximum tensile and compressik®Ss obtained from the analyses from
different eventsgiven inTable4.4. As evident, there isota major difference in the
maximum ARS values obtained from events with significant difference in
magnitude. Even though this behavior can be attributed to the fact that all ground
motion records were scaled to the same target spectrum, this is not theasain.

The main reason for all investigated ground motions producing similar levels of
ARSs is related with the 2 mm yielding capacity of the RDC used for the ballasted,
unloaded RDCs. This issue is further elaborated in the subsequent section by

utilizing TBI analyses with unscaled ground motion records.
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4.4  Selectingof UnscaledGround Motions

This section originates from a curiosity of how TBI behavior is influenced in the case

of analysis with unscaled ground motions records. Special attention wasditvote

the relation between the PGA and PGV values of the ground motions and the

resulting ARSs and displacements. To accomplish this objective, PGA, PGV, and

distance to rupturesalues were gathered from Annex A2 of the Preliminary
Reconnaissance Repor0(2 3) det ai ling the Pazarcék Kahr .
and El bistan Kahramanmarak (Mw = 7.6) Eart h
selected to encompass a broad spectrum of possibilities fowsttity. The

distribution of PGA and PGV values with respeatiistance t@picenter and rupture

are provided in Appendix Gn addition to the two earthquakes mentioned earlier,

the Nurdajé Gaziantep Earthquake €Mw = 6. 6)
6. 4), and Yexkilyurt Mal at y &en iBta actonmj.u a k e ( ML =
Unfortunately, for these three events, spectfistance to rupturelata was not

available. Instead, epicenter distances were utilized based on the information sourced

from the websitef the Disaster and Emergency Management Presidéocyeach

earthquake event five different station records were selegpatttral accelerations

for all five earthquakes are given in Figude$5to 4.19 The response spectra, PGA,

and PGV values exhibited variation across different events as weathasthe same

events across different stations. This variability was observed in botleurget and

intrarevent analyses, highlighting diverse seismic behaviors across multiple

locations and within individual seismic occurrences which is in line wth t

objective.
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4.5  Analysis Results ofunscaledGround Motions

45.1 Influence of Distance to Ruptureon ARSs

For the five earthquakes mentioned abofie, maximum compressive and tensile
ARS results throughout the time history analyaeplotted inFigure4.20to Figure

4.24. In Figure4.20 which represents the respontseo P a z a rtleeénkximenr e n t
compressivaand tensilestresses ar89.0 MPaand45.3 MParespectively For all

five ground motions considered, the maximum rail stresses occur at the two ends of
the bridge. Notably, the ARSs are observed to be close to each ottlistdaces to
ruptureof 11.1, 14.4, 15.2rad 21.6 km. Howevervhenthe distance to ruptures

86.1 km, significantly smaller maximum compressive and tensile stresses of 30.2
MPa and 32.0 MPa, respectively were determined. These disparities in the ARSs are
related to theeffects associated with éhproximity to the fault line. Even tough
significantly larger ARSs were observedeivents with relatively small distances to
rupture they are still below the stress limits given thyg Taiwan Code (2000), as
summarized irable4.5. The difference between the ARS limits with and without
the earthquake effect yields a stress nmaadi75 MPa according to the code. This
margin could be considered as the recommended allowance for railway bridges
subjected to a service level seismicravé close examination ahe ARS values
indicates that whennloadedRDCsare used slip occus between the rail and the
bridge structure once ti2 mmlimit is exceededAs a result, the significance of
ARSs as a valuable design parameter dimigisiespitenotably higher values with

closerdistancestoruptuur i ng t he Pazarcék event.

The ARSdistributionresults for the Elbistan earthquake are illustrate&igure

4.21, showcasingdistances to ruptureanging from 22.7 to 73.7 kilometers
Interestingly, the maximum tensile stresses remained largely consistent across all
casesprimarily attributed togravity loads that were considered at the initial time
step prior to NTHA as addressed in previous chaptéfowever, themaximum

compressie stresses exhibited a notable variation, ranging ff@dMPa to 37.8
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MPa, corresponding to the results obtaifredn thelargest and smalleslistances
to rupture respectively.In the case othe Elbistanevent, there seems to be a

consistent relationdiweendistance to rupturand the ARS results as expected.

ARS results forNur d a] & ebdfthguakesgorovided inFigure 4.22. The

maximum compressive ARS spans from 36.7 MPa to P4, while the maximum

tensile ARS extends from 32.1 MPato48.7MPa. contrast to Pazarceéek
events when spectral acleration plots were considerdd o r Nurdag € event,
provided inFigure4.17, it becomes apparent that Station 2712 exhibits maximum

ARS values, surgasing even Station 4616, despite the latter's proximity to the

epicenter. This discrepancy can be predominantly attributed to the variations in

spectral acceleration, PGA, and PGV values at these respective sthitier3GA

and PGV values are in line witespect talistances to rupturéowever it is not the

case for epicenter distanc&y. comparing-igure4.18 with Figure4.23, andFigure

4.19 with Figure4.24, similar conclusions can be reached regarding the ARS results

for Yayl adajafdMw¥edki | yurt (ML=5.8) seismic e

45.2 TBI Response in Terms oDisplacemens

Theresults fothe maximum and minimundeckdisplacemenare plotted irFigure

4.25 to Figure4.29. Deck displacementsong the bridge axigereretrieved from

the centroid of the supgructurewhere beam elements were defindd indicated

in Table4.5 a 25 mmlimit is specified in the Taiwan Code (2000) for displacement
of bridge deckThe purpose of such a displacement limit is to ensure stability during
a seismic eveniConsidering that this limialsoaccounts for brakingcceleration
forcesand temperature effectd leavesan 18 mm displacemenmargin forthe
seismic effects Four out of the five analysesxceedsf o r t he Pazarceéek e\
(Mw=7.7) surpassed this limitatiqirigure4.25), which is intriguingly not thease

for the Elbistan event (Mw=7.6)Figure 4.26). Despite the similarity in high
earthquake magnitudes, this contrast might be due to the tist@nce to rupture

of the chosen stations in Elbistan, resulting in lower spectral acceleration values.
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Furthermore, in the instdndaygl atiajt hée MNu®
events Figure4.27 andFigure4.28), the displacementriit is exceeded in only one

of the analyses for both even8idtions 2712 and 3124, respectively). Notably, these
two stations stood out with the highest PGA and PGV values among the set of five.
The main conclusion based on the displacement resultatidiplacements have a
decisive role in terms of TBI design, especially for bridges in earthquake prone
regions. It is important to highlight that the investigated bridge has a column length
of 6.92 meters. In the case of more slender columns the degituldinal
displacements under seismic action are also expected to be higher than those
determined in the current analyses. Considering the preceding discussion, deck
horizontal displacements hold significant importance even for a typical, simply
supportedordinary railway bridge. The upcoming section aims to establish the
correlation between both ARSs and displacements concerning seismic intensity

measures, specifically PGA and PGV values

4.5.3 Influence of Intensity Measureson TBI Response

The design ofailway bridges following the TBI analysis as outlined in UIC -BR4

(2001) predominantly relies on adhering to ARS limits, particularly when exposed
solely to thermal and train loads. Building upon earlier results from analyses utilizing
unscaled ground ations, the significance of displacements should be emphasized,
especially concerning bridges susceptible to higher magnitude earthquakes. In this

case, ARSs cease to be a valid design parameter

ARS and deck displacement responses explained in the psesgmtions offer a
gualitative understanding of the variation of these parameters along the bridge under
different ground motions. However, presenting a collective overview of all
conducted analyses in relation to seismic intensity measures PGW Houser-
Intensity (HI1) and Cumulative Absolute Velocity (CAWvould offer a more

comprehensive illustration.
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Relation of maximum ARSs with respect to PGA and PGV values is provided in
Figure4.30a andFigure4.30b respectivelyln Figure4.30g, it is evident that as the
PGA of the ground motiomncreases, there issight rise in themaximumtensile
ARSs.The limitedincreasdn the tensileARSswith PGA valuescan be attributed
to a significant portion of the initial tensile ARS being establisHuring the first
stage of NHTA due to static loadgariation of maximum compressive ARSs with
PGA level showsa different behaviorWhile the maximum compressive ARSs
increasenitially with respect td?GA, the rate of thisicreasediminishes notablgas
PGA values approacto approximately3 5 0  camdfemginsalmost becoming
unchanged for higher PGA valuékhis behaviorillustrates that beyond a specific
threshold of lateral load, attributed to the yieldingR&Cs the rails cease to bear
additiona force and bei to slide atop the bridge structufesimilar trendis valid
with respect to PGV valuess providedin Figure 4.30b. At a PGV value of
approximately40 cm/s, a similar pattern emergeghere themaximum railin

compressive strestays almost the same

Figure 4.31 presents declongitudinal displacements in relation to both PGA and

PGV values. A noticeablmcreasingtrend in displacements is evidenith both

PGA and PGV values. Notablyor PGA values exceedin@ 00 ¢ m/ s and
values exceadg 40 cm/s,deck longitudinatisplacementexceed thd8 mm level

These specific thresholds can serve as indicative parameters governing the design

process.

Relation of maximum ARSs with respect telnd CAV valuesis provided in

Figure4.32a andFigure4.32b respectivelyAs depicted in théigures, fortensile

ARSs, here is a limited increase with respect to increaséduhti CAV due to the
initial state of the tensilARSsat the first stage of NHA due to static load©n the

other hand, variation of compressive ARSs initially increases with respedtaodd
CAV values The rate of increase diminishes after 200 cm dfadd 1500 cm/s of
CAV value.
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Figure 4.33 presents maximum longitudinal deck displacements in relationlto H
and CAV values. Similar to the relation of deck displacemientslation toPGA
and PGV values, a noticeable increasing tiartkck displacements evidentwith
respect tdH-1 and CAV values. For H values exceeding 140 cm and CAV values
exceeding 1200 cm/s, deck displacements exceed the 18 mm level lefafgirthe

seismic effects.

In Elhout's study (2020), the PGA/PGYV ratio served as an empirical parameter for
assessing ground rion frequency content and classifying ground motion sets in
NTHAs. The relationship between PGA/PGV (g/m/s) and maximum ARSs, as well
as relative displacements, is depicte&igure4.34a andrFigure4.34b, respectively.
Notably, both ARS and relative displacement data were populated in the ingemed
range of PGA/PGV ratios (0-B.2 g/m/s), as defined by Tso et al. (1992). Beyond a
PGA/PGV ratio of 1.2 g/m/s, corresponding to the high range category, relative
displacements consistently remained below the specified limits. However, it is worth

noting that tiis trend is not as clear when considering ARSs.

45.4 Acceleration Response at Different Locationsn Bridge

The acceleration responseas extractedf r o m P &arthquakee fMw=7.7)
simulationat Station 4625taseveralifferentlocationson the bridgeo discern the
influence ofRDCson rail accelerations, particularly focusing on the amplification
of ground motion. As a result, specific locations, such as the footing base, pier
column top, deck, and rail centers atop the columns, weseofor presentation of

the acceleration resultdo assess the impact of RDCs on the overall response, a
parallel analysis was conducted using linear elastic RDC properties. These properties
mirrored the stiffness of the initial nonlinear hysteretic esreriginally derived

from the unloaded UIC 773R (2001) curvesand RDCs remained linear elastic
throughout the NTHA Figure 4.35a andFigure 4.35b present the acceleration
responses utilizindpilinear and linear RDCs, respectivelvidently, the ground

motion records and acceleration responses at the footing base exhibit identical
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patterns. However, noticeable amplification is observed at both the column top and
deck center, which aligns with a consistent trend due to their coomeeia rigid

links and elastomeric bearings, as illustratedFigure 3.2. However the rail
elementexhibita differentresponseWith theuseof bilinear RDCs, these elements
experienced additional amplification, reaching an acceleration value of
approximatelyl.7gat a time ofaround the 6@econd, as depicteth Figure4.35a.

In the case ofinear elastic RDCspn the other handyo such amplification is
observed in rail elements. In this cdBe railaccelerations remained consistant
approximately0.75 gwith those of the deck center elemeras depictedh Figure

4.35%. Thereforei t can be c¢oncl ROEsdausechamplificditigni el di n g o
of accelerations on railst pier locatiormore than two timewhen compared with

the case of nonyieldingDCs
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Table4.1 Selected ground motions

PazaKabBkamanmarak (Mw = 7.7)

Epicenter Distance&km Number Station NamégScale Factor)

0-15 1 4615

1530 5 NAR, 4616, 4630, 4625, 4632

30-50 3 2703, 4620, 8002

50-100 3 8004, 2707, 2716

100150 3 3132, 3142, 0143

ElbistanKahr amanmarak (Mw = 7. 6)

Epicenter Distanc&m Number Station Name

0-15 - -

1530 1 4631

30-50 1 4611

50-100 4409,4620, 4625, 4617, 4612,
! 4406, NAR

100150 4405, 0131, 8002, 0133, 5809,
° 0122

Nu r d@azientegdMw = 6.6)

Epicenter Distanc&m Number Station Name

0-15 1 4616

1530 5 2712, 4615, NAR, 4624, 4625

30-:50 3 4620, 4619, 2718

50-100 3 2716,2711, 3138

100150 3 3142, 3115, 3126
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Table 4.1(continued)
Y ay | adtay[Mw = 6.4)

Epicenter Distancé&m Number Station Name

0-15 1 3140

1530 4 3147, 3136, 3125, 3124
30-50 2 3141, 3135

50-100 5 3146, 3133, 3115, 3117, 3121
100150 3 2716, 2708, 3305

S a ma nHat@y(Mw=5.8)

Epicenter Distancé&m Number Station Name

0-15 - -

1530 4 3124, 3135, 3141, 3136
30-50 4 3115, 3147, A2, 3116
50-100 4 3121, 3138, 3143, 2716
100150 3 2718, 3305, 0122

Y e ki Malatya@L=5.8)

Epicenter Distancékm Number Station Name

0-15 - -

1530 1 4406

30-50 2 4412, 4407

50-100 4404, 2310, 4405, 2309, 0213,
? 4413, 0205, 4409, 4410

100150 3 2409, 5809, 4625

88



Table 4.1 (continued)
Islahiye GaziantegML=5.7)

Epicenter Distanc&m Number Station Name

0-15 4 2708, 8002, 2712, 2718

1530 2 2716, 2717

30-50 4 3143, 8003, 4616, 3137

50-100 3 4624, 4613, 0131

100150 2 3124, 0140

Do a n,Maldtya(Mw=5.6)

Epicenter Distanc&m Number Station Name

0-15 - -

1530 1 4408

30-50 2 4631, 4406

50-100 4611, 4409, 4412, 6304, 4628,
! 4624, 4617

100150 5 2704, 4405, 4407, 2703, 3802

Y e K i ,IMplatya(Mw= 5.6)

Epicenter Distanc&m Number Station Name

0-15 - -

1530 1 4406

30-50 4 4412,0216, 0215, 4414

50-100 5 4407, 4404, 0210, 4405, 4631

100150 5 NAR, 2307, 2302, 6203, 2710
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Table 4.1 (continued)

Nu r d@azientegdML=5.6)

Epicenter Distancé&m Number Station Name

0-15 - -

1530 3 4615, NAR, 2712

30-50 4624, 27038002, 4614, 2718,
4617

50-100 3 2711, 3143, 3137

100150 3 0127, 0120, 3124

PazaKakPkkama@maix5a K

Epicenter Distancékm Number Station Name

0-15 1 4615

1530 - -

30-:50 3 2712, 2703, 2711

50-100 4611, 2710, 4613, 8003, 8004,
° 3134

100150 5 3121, 0131, 3116, 3115, 6304

Eki nRalr a mabh=bb)a kK

Epicenter Distancé&m Number Station Name

0-15 - -

15-30 - -

30-50 1 4611

50-100 4409, 4412, 0213, NAR, 5807,
4613, 0132, 4410, 4412

100-150 5 4405, 3804, 2703, 0123209
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Table4.2 Total number ofground motionsised in the analyses

Total Number of

Total Number of

Mw/ML Range Earthquake ]
Ground Motiors
Evens
5.56.0 8 120
6.0-6.5 1 15
6.57.0 1 15
>7.0 2 30

Table4.3 Scale factors used for selected ground motions

Pazas/Kahk amanmar ak ( Mw

4615 NAR 4616 4630 4625
0.17 0.33 0.133 0.74 0.22
4632 2703 4620 8002 8004
0.34 0.70 0.33 3.00 0.56
2707 2716 3132 3142 0143
1.40 0.47 0.172 0.34 3.90
Elbistan, K a h r a ma n(kha x 7a6k
4631 4611 4409 4620 4625
0.28 0.96 1.45 1.95 1.15
4617 4612 4406 NAR 4405
1.76 0.96 0.40 1.60 1.65
0131 8002 0133 5809 0122
0.49 1.80 1.25 1.35 1.90
Nu r d, &§ziantep(Mw = 6.6)
4616 2712 4615 NAR 4624
0.44 0.20 1.05 1.40 0.45
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Table 4.3(continued
Nur d,&azidntep(Mw = 6.6)

4625 4620 4619 2718 2716
1.00 0.52 0.73 0.37 0.81
2711 3138 3142 3115 3126
5.10 0.79 1.39 1.39 0.60
Yay | aHht@y(Mw =6.4)
3140 3147 3136 3125 3124
0.45 6.20 0.42 0.18 0.22
3141 3135 3146 3133 3115
0.305 0.29 0.63 2.67 1.00
3117 3121 2716 2708 3305
0.48 0.88 2.40 2.12 7.20
S a ma n, tHady (Mw= 5.8)
3124 3135 3141 3136 3115
4.15 5.80 9.50 4.70 20.00
3147 3142 3116 3121 3138
156.00 51.50 70.00 12.50 16.50
3143 2716 2718 3305 0122
58.50 27.50 44.50 67.00 224.00
Y e K i |Malatyat(ML=5.8)
4406 4412 4407 4404 2310
1.01 2.93 10.10 2.35 2.55
4405 2309 0213 4413 0205
5.65 6.10 3.80 27.00 8.30
4409 4410 2409 5809 4625
8.30 5.70 8.50 10.40 5.80
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Table 4.3(continued)

Islahiye, Gaziantep (ML= 5.7)

2708 8002 2712 2718 2716
0.355 1.55 1.35 3.60 7.80
2717 3143 8003 4616 3137
40.00 9.65 6.55 1.29 18.00
4624 4613 0131 3124 0140
1.61 5.87 28.70 2.92 22.70
Do j a n xMalhtyar(Mw= 5.6)
4408 4631 4406 4611 4409
242 6.50 16.00 18.60 34.70
4412 6304 4628 4624 4617
41.50 20.90 32.00 13.90 51.60
2704 4405 4407 2703 3802
26.45 39.00 75.00 12.52 37.00
Y e K i | Malatyat(Mw= 5.6)
4406 4412 0216 0215 4414
13.50 20.50 27.50 21.00 4.40
4407 4404 0210 4405 4631
46.00 17.00 21.00 36.50 49.00
NAR 2307 2302 6203 2710
87.00 166.00 110.00 58.50 18.00
Nu r d,&aziantep(Mw= 5.6)
4406 4412 0216 0215 4414
13.50 20.50 27.50 21.00 4.40
4407 4404 0210 4405 4631
46.00 17.00 21.00 36.50 49.00

93



Table 4.3 (continued)
Nu r d,&aziantep(Mw= 5.6)

NAR 2307 2302 6203 2710
87.00 166.00 110.00 58.50 18.00
Pazas/KKahk amanmar ak ( Mw
4615 2712 2703 2611 4611
2.45 4.40 3.50 26.70 42.00
2710 4613 8003 8004 3134
15.80 32.60 26.50 23.80 16.40
3121 0131 3116 3115 6304
315.00 54.00 19.00 11.30 20.50
Eki nKapramanmar ak ( ML=
4611 4409 4612 0213 NAR
5.80 25.50 1.66 15.70 51.50
5807 4613 0132 4410 4412
17.20 19.00 63.00 36.50 33.50
4405 3804 2703 0127 0209
45.00 86.00 20.50 34.40 58.40
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Table4.4 Summary of maximum ARSs

Location Magnitude ARS ARS
Maximum Maximum

Tension Compression

PazaKakkama Mw=7.7 33.2 -41.4
ElbistanKa hr a ma i1 Mw=7.6 335 -41.0
N u r d@agziantep Mw=6.6 33.1 -43.0
Yay | aHdtayj Mw=6.4 32.8 -41.0
S a ma nHhtay Mw=5.8 34.4 -41.9
Y ek i, Malatya t ML=5.8 33.1 -41.3
Islahiye Gaziantep ML=5.7 40.8 -41.9
Doj an,Maldtya r Mw=5.6 35.7 -42.3
Y e K i ,IMplatya t Mw=5.6 36.7 -41.0
Nu r d@sziantep ML=5.6 33.0 -41.3
PazaKabkkama Mw=55 37.5 -41.3
Eki nRalkr ama ML=55 33.4 -41.9
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Table4.5 Design imits for TBI given byTaiwan HighSpeed Railway Provision

(2000)
ARS Displacement
Braking, traction and 2C temperature 7 mm: between decks c
variation between rails and deck deck and abutment,
-72/+92 MPa

Braking, type Il earthquake (service
earthquake defined as 1/3epairable
damage earthquake) and’@0
temperature variation between rails ¢
deck

4 mm: between bridge
deck and rail.

25 mm : between decks

-147/+167 MPa or between deck and

abutment

Spectral acceleration, g
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—2707_57.52KM

Figure4.1. Unscaled Spectra of selected ground motion®farz ar c é k
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Figure4.2. Scaled Spectra of selected ground motion®farz ar ¢ € k
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Figure4.12 ARSresultsfoNur d aj € [Bla=3.6 Earthquakp(a)
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