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Abstract

Curved bridges are constructed to confoorgéometricconstraints resulting from
traffic and structural restrictions. They are different from their straight counterparts since
the response coupling in the longitudinal and transverse directions and rotation of the
superstructure may lead to sigo#ntly different seismic response. Observations from
pastearthquakegighlighted the seismic vulnerability of these bridges due to this coupled
response The consequence of bridge damage on the performandeartgportation
systemis commonly assessed tlugh Sismic Risk Assessmen{SRA) of lifeline
systemsThus, ismic fragility curves aressential input to SRA to estimate damage to
highway bridges and consequently to the network. The literature review shows
shortcomings in fragility studies on thefet of horizontal curvature of bridges,
specifically concrete bogirder bridgesThis study aims to fill in the gap dhe current
stateof-the-knowledge in the seismic response and vulnerability of curved concrete box

girder bridges.

Since this bridgeype is common in Californiathe modern details adoptedby
CALTRANS along with the current seismic design considerations from SDC (20&3)
usedto select therepresentative benchmark bridges. To incorporateutizertainty in
geometrical, structurandmaterial properties of bridges into taralyticalmodels five
sets of statistical bridge samples (each includes 160 bridges) with various subtended
angles are developed. These bridge models are subjected to four sets of ground motions
representing different site soil conditions aspkctralcharacteristics. Aotal of 800

response history analyses are performed and the results are used to develop analytical



component and system fragility functions for a range of subtended angles. A
comprehensive study on the effect of horizontal curvature on the bridge dynamic

characteristics and component seismic response is conducted.

The median ofsystem (bridge)ragility curves are proposed as a function of the
subtended angle for each ground motion set. These functions can be used as input into
SRA tools.The fragility andysis shows that the seismic vulnerability of bridges depends
on the soil condition of the site and ground motion characteristics as well as the
horizontal curvature of the bridg€olumns are found to have the masgnificant
contribution to the systenmdgility curves.The analyss confirm thathe current seismic
details including PTFHEspherical bearings and isolated shear keysuggested by
CALTRANS, achieve the objectives of capaginotected design of piles. Since the
dynamic characteristics of bgds are sensitive to theurvature, curved bridges with
subtended angles greater than 30 degrees require explicit modeling of curved geometry.
In curved bridges, the coupling of transverse and longitudinal modes sethece
dominance of the fundamental neooh the bridge response anddeto the contribution
of higher modesThe statistical evaluation of structural demands indicates that the

curvature and the torsion demands on columns are amplified in curved bridges.
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Chapter 1: Introduction

1.1.Problem Description and Motivation

Modern transportation network takes advantage of curved bridges (bridges with
horizontal curvature) to overcomm&ffic and structural limitations, augment the aesthetic
design, and facilitate the traffic transitighani, et al., 200Q)However, curved bridges
are different from their straight counterparts since the interacteoneng bridge
components and rotation of the superstructure may lead to significantly different
behavior, even under service conditiofidutt, et al., 2008) This study discusses
analytical modelling, dynamic analyses, seismecf@rmance, and analytical evaluation

of these bridges.

Curved bridges may be constructed of reinforced concrete, prestressed concrete, steel,
or composite concrete deck on steadrlboxgirders. Curved concrete baxrder bridges
are the preferred typaf highway bridges in California due to their torsional stiffness and
seismic resistance. While the number of horizontally curved concretgitut®t bridges
has been increasing steadily, their seismic response characteristics have not been fully
investigaed. As evidenced in by past seismic events, many curved concretgrterx
bridges were damaged after earthquakes,19§.1 San Fernande South Connector
Overcrossing(Tseng, et al., 1975)1994 Northridge- SR14/5 North Connector
Overcrossing(Buckle, 1994), and 2008 Wenchuan earthquakesBaihua Bridge

(Kawashima, et al., 2009)



Earthquake damageshows that bridges particularly curved, are vulnerable
component®f transportation systesnDamage tdahesebridges can result in widespread
disruption of the overall operational of highway netvgriterruption of the psi-
earthquake emergency response, and significapacts on the recovery activities and
r egi econbmy. The consequence of bridge damage on the performance of
transportation systemn the preearthquake planning an the aftermath o&n eartlquake
is commonly assessed by economic losses and closure time threisghicSRisk
Assessmen{SRA) of lifeline systems SRA provides a means tevaluate structural
performance, vulnerability and impact on the society due to damage to transportation
systems It has been widely used byamy professional engineers and researchers
enhance the design and goriize theretrofit of transportatiometwork (preearthquake
planning) as well as to measutke seismic performanceof network in terms of
congestion, maximum delay timeand minimum restoration times (pesirthquake
planning). Seismic fragility curve are toolsto characterize the probabilistic seismic
performance and to estimate damage to highway bridges and consequently to the network

that allow the predictions of economic loss and restoration time.

Fragility curves are increasingly used pmobabilistic seismic risk assessment of
highway bridges. Seismic fragility curves atenditional probabilitystatements that
demonstrate the likelihood of a seismic demand on a structure reaching or exceeding a
specified level of capacity for a specifiatensity measure, where intensity meassre
representative of thground motioncharacteristis Since they are implemented in SRA
as essential input, it is crucial to develop reliable fragility curves for the components of

highway transportation systems



Fragility curves can be developed using expert opinion (experie(aly, 1985)
observed postarthquake surveys (empirica{Basoz, et al., 1998)and analytical
methods (analyticaljMander, et al., 1999)Experiential fragility curves highly depend
on expertise and experience of the individuals, while empirical fragility curves encounter
lack of sufficient damage data from earthquakes. Advances in modepadiltges in
addition to the drawbacks ekperiential and empirical fragility curvésad to extensive
studies on the analytical methods for developing the fragility curves. Various techniques
are recommended, including elastic response spectrum an@@4g, nonlinear static
procedure (NSP), nonlinear response history analysis (NRHA), and incremental dynamic
analysis (IDA) to develop the analytical fragility curves. Nonlinear response history
analysis is recognized asgoodmethod to develop fragilitgurves and has been adopted
by many researcherdl@ckie, et al., 2005; Nielson, et al., 2007; Padgett, et al., 2008a;
Ramanathan, et al., 2010; Celik, et al., 2010; Kaviani, et al., 2012; Zakeri, et al., 2013;
AmiriHormozaki, et al., 2014; Rmeanathan, etal., 2015). Thus, hee current study

implemens NRHA to develop fragility curves for curved concrete {gwder bridges.

Analytical fragility curves of bridges are intended tanvestigate the seismic
performance of abuilt bridges over different designas(e.g.Ramanathan, et al., 2015)
or to evaluate various retrofit strategies for bridge retrofit progi@igsPadgett, et al.,
2008a) However, major changes in the seismic design philosophy evolve the design
attributes and details that should be takdn consideration in developing the fragility
curves.In addition,the seismic response of bridge highly dependent on the structural
configuration such as horizontal curvatug@miriHormozaki, et al., 2014)Hence, it is

vital to incorporate the effect of horizontal curvature in the seismic vulnerability in order



to provide reliable fragility curves for implementing in seismic risk assessment tools
This fact has been disregarded in the hazard tools. Moreover, to acloexdatailed
seismic assessment of bridges, one must account for the variabilitye dpectral
characteristicef ground motions as well as tkeil conditionof bridge sitegKaviani, et

al., 2012)

There are imited numbersof studies on fragility curve development of recently
designed curved concrete bgikder bridges, in which the nedesign attributes and
details have been involvedit reveals the need for better insight into the seismic
performance of this bridg type. Therefore, this studjnvestigaés the seismic
vulnerability of reinforced concrete bagyrder bridges and evaluatghe effect of

horizontal curvature on their seismic performance.

1.2.Research Objective and Scope

The research objectivesf this studyare: 1) to develop fragility relationships for
horizontally curved concrete begirder bridges and 2}o understand the seismic
response of curved bayrder highway bridges designed according to current
CALTRANS Seismic Design Criteria. Thmtent of this investigation is to provide
information for seismic risk assessment tools as well as bridge desigherscope of

this investigatiorcan be summarized:as

1- Perform a review of the National Bridge InventqiyBI, 2013 for California
highway bridges to assess th@ajor geometric parameterd box-girder bridges to

establish representative benchmark bridges.



2- Develop detailed thredimensional nonlinear computational models of bridges
including thoroughmodelingof bridge components.

3- Propose a modified approach to analytically model the new details at abutments.

4- Include the inherent uncertain parameters (e.g. material propettg¢sin the
probabilistic assessment of bridge performance.

5- Conduct extensive responbestory analyes of probabilistic bridge models and
investigate the trends in the demand parameters.

6- Identify the dependence of the fragility curves on soil condition and spectral
characteristics of the ground motion sets.

7- Develop a refined set of comparteand system level fragility curves for various
subtended angles and ground motion sets.

8- Determine if the new details at abutment enhance the bridge performance.

9- Explore the component and system fragility curves to identify the sensitivity of
each compoent to either subtended angle or ground motion characteristics.

10- Conduct a comprehensive study on the effect of horizontal curvature on the

bridge modal characteristics and component seismic resgponse

1.3.Dissertation Outline

This dissertation includes eigtitapters with the following contents:

Chapter 2 presents literature review on the seismic performance and design of curved
bridges, specifically curved concrete bgixder bridges. It also provides the common

ranges for the majageometric parameters (egpan length and deck width) of concrete



box-girder bridges. Afterwards, a series of bridges is generated to represent benchmark

bridges.

Chapter 3 describes the properties of grillage model forgober bridges. This
modeling technique will be used tapture theresponse characteristics of highway

bridges with various subtended angles.

Chapter 4 provides details about modeling of various bridge components: single
column bents and segfpe abutments including gaps, bearings, shear keys, abutment
backfil soil, and piles. Thredimensional nonlinear computational models of bridges are
alsopresentedExamplesof componentyclic responses in curved bridgare presented

to provide insight into the analytical model.

Chapter 5 describes the framework for the development of analytical fragility
functions. Thesources of uncertaintiga the probabilistic seismic demand model are
identified and included in the analytical bridge modeling. The capacity of the bridge

comporents isdescribed andhenis mappedm the system level (bridge) limit states.

Chapter 6 presents the components and system fragility curves for various subtended
angles. The component responses are investigatssésshe effect of subtended angle
ard ground motion characteristics. The impact of new details at abutment on the seismic
performance of bridges is alsovestigated In addition, the importance of soil condition
and spectral characteristics of ground motions in the fragility analysissmesded. The
median of system fragility curves with specific dispersions are proposed as a function of
subtended angle and ground motion set. These curves are useful to find the fragility

parameters of a curved bridge with the specific subtended angle.



Chapter 7 investigates the effect of horizontal curvature on the dynamic properties of
curved bridges. Modal characteristics (periods of vibrations and modal mass participation
factor) are discussed and compared to theadyo properties of straight bagirder
bridges. The effect of curvature on the seismic response of bridge components is also

evaluated.



Chapter 2: Curved Concrete BoxGirder Bridges in

Seismic Zones

2.1.Introduction

Since the 1989 Loma Prietarthquake in California, extensive research has been
conducted on seismic design and retrofit of bridges in the United States, especially in
California(Duan, et al., 2003)The studies led to a significant evolution in badgismic
designand detaihg in the last several decades. Recently, California Department of
Transportation (CALTRANS) has startessing novel design methods andnovative
details, including seismic detailing in columns, joint details, hinge restraiisetated
shear keys, PTFE/spherical bearings, etc.thair bridge design Since improved
structural details and configurations are being constantly used in bridges;t@adatp

insight into the seismic performance of these bridges is warranted.

Seismc Risk Assessment (SRA) of transportation systembeansed tevaluate the
seismic vulnerability and losses due to extreme events such as earth@zeozs et al.,
1996) An emerging tool in assessing the seismic vulnatalf highway bridges is the
use of fragility curves. Fragility curves can also be used for prioritizing retrofd, pre
earthquake planning, and pesrthquake loss estimation tools. Therefore, reliable
fragility curves for highway bridges aessential ér the SRA to allow the prediction of
economic loss and restoration timdost fragility curves developed for bridges are
intended tdnvestigatethe seismic performance of-bsilt bridges(Nielson, et al., 2007,

Ramanathan, et al., 201er different design eras. Howev#re fragility curves for the



various types andlasses of bridges often requuedate due tanajor changes in the
seismic desigrand practice In addition, the seismic response of the bridge is highly
dependent on thstructural configuration. Hence, it is vital to consider various bridge

configurations to perform a comprehensive seismic vulnerability assessment.

The literature survey on curved bridges presented herein deals with damage
observation in past earthquakegsign specifications in guidelines, seismic response,
and fragility studies. Since this study is focused on curved continuous reinforced concrete
box-girder bridges that are common in Califorr{ifBondini, et al., 2012)the brdge
seismic design practice in California is reviewed. Accordingly, ¢berent details
recommended by CALTRANS along with the current seismic design considerations from
SDC (2013)areused To account for the variability of geometric properties withia th
selected bridge class, a series of geometric benchmark bridges has been generated and

will be discussedh this chapter.

2.2.Literature Review on the Seismic Response of Curved Bridges

2.2.1. Damage Observation in Past Earthquakes

Bridge damage not only result direct losses, but may also cause indirect social and
economic impacts. Direct costs describe the required time (cost) of bridge repair to
restore the previous functionality, while the indirect costs are defined asgtsjuake
operational state of thieridge (Mackie, et al., 2005)Lane closures, reduction in traffic
volume, or complete bridge closure are examples of indirect losses. If bridges are

damaged in an earthquake event, it may lead to traffic disruption of thaldughway
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system for an extended period of time with
Even if the bridge does not collapse after the earthquake, a temporary closure of the
bridge for inspection will cause some disturbance in traffic flow. (@&vel time and

traffic volume) that is not desired after a natural hazard. Superstructure unseating, column
shear failure, joint shear failure, footing failure, restrainer failure, and inadequate column
flexural capacity are some types of damage thléhtdebridge closure in pastrthquake

events. Although similar damages were observed in curved bridges compared to straight
bridges, the seismic behavior of curved bridges inwwaaditional consideratisrior the

potential of more damage.

During the Sa Fernando earthquaké ( &) on February 1971, the 5/14 South
Connector Overcrossirgonglnterstate 5 and Californi@R14 interchange, which was a
curved ninespan reinforced concrete highway bridge with diaphragm abutment,
collapsed(Tseng, et al., 1975)The superstructure was divided into five segments with
four expansion joints. The longitudinal restrainer systems consisting of tie bars and initial
joint gap werausedin the expansion jointd=(gure2-1). According to the damage survey,
large amplitude structural vibrations during the earthquake initiated the longitudinal deck
separation at expansion joint 2. Theddudinal displacement followed by the yielding
and failure of the longitudinal restrainer bars at the joint and causedapdo fall off
its support. Consequenthguperstructuresegment between expansion joint 1 and 2

collapsed.
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Figure2-1- The structural system of the 5/14 south connector overcro§sirgg, et al., 1975)

During Northridge earthquake in 1998 (  ¢&), seven major highway bridges
collapsed and .57 bridges suffered from heavy damage®dhle, 1994; Seible, et al.,
1997) Two out of severollapsedoridges had curved alignment in the horizontal plane.
These curved bridges were thgartsof State Route 14/Interstate 5 interchange, namely
Southboud Separation and Overhead Ramp and North Connector Overcrossing Ramp
(Figure2-2). They were designed before 1971 and constructed after 1971. Hegsmad

learned from the 1971 San Fernando earthquake had been implemented in their redesign.

The southbound SR148 Separation and Overhead structure was-aphh curved
concrete boxgirder bridge with sedatype abutment and single column bent. $trecture
was constructed in five segments with four intermediate expansion joints. It was under
construction at the time of the 1971 San Fernando earthqiaehie, 1994;Buckle,
1994) Most of the damage to the superstructure was the result of falssettbeinentin
the Northridge earthquak#)e observed damage includeallapse of spans 1, 2, and 3,

crushing of pier 2, and shearing off of pier 3 through the superstructure. The modes of



12

failure were primarily due to seat loss atsppan hinge 1 and neductile failure of pier 2

(Buckle, 1994)
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The SR14A5 North Connector Overcrossing was a curved concretegindar
structure with 10 spans, seagpe abutment, and single column bent. The bridge consisted
of five segments with four intermediate hinges. In the Northridge earthquake, the frame
between abutment 1 and pier 3 collapsed and pier 2 was completely crushed. The
collapse appeared to have benitiated by the failure of pier @Moehle, 1994pecause
of its short height and consequently large stiffnégter the failure of pier 2, the simply

supported span between abutment 1 and the first hinge collapsed.

Damage to highway bridges was obsereved and reported durig@@BeNenchuan,
China earthquake with 8.0 (Kawashima, et al., 2009; Qiang, et al., 2009; Yen, et
al., 2011; Sun, et al., 2012). Qiang, et al. (2008(ed that curved bridges, especially
with high pier columns, exhibited complex dynamic behavior when they were subjected
to vertical and horizontal ground motions simultaneously. It was suggested that the mass
eccentricity might have caused more problems by generating additional bendingtenomen

and torsional effect.

Baihua Bridge was an ifpan RC structure with straight and curved segments
(Figure 2-3). The spans of the curved segment were supportedllbyvb-column bent
and lateral beam that provided the lateral restraint between the columns. There were five
intermediate expansion joints at the bents and two exterior joints at twaypeat
abutments. At both ends of each segment, the bsdpgerstruturerested on the bent cap
beam, while thentermediate piers did not have any cap beam. During the earthquake,
various degrees of damage were observed including the complete collapse of the four

span continuous curved section. The possible failure mechanwere reported as
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follows (Kawashima, et al., 2009)he transverse displacement of the bridge caused the
detachment of the lateral beam from the columns at the joints due to inadequate lateral
confinement. The damage folled by the deterioration of the continuity of the piers.
Capacity degradation at the connection of the column and lateral beam in larger drift
could result in the collapse of the bridge. The other possible failure mechanism was
dislodgment of the girdergsdm the seat in the longitudinal direction. The dislodgment
occurred since the girders were supported by the rubber pad without any special
connection and the seat length was insufficié@washima, et al. (2009)oted that
damage occurred at the curvesttson could be developed by the complicated response

of the curved alignment.

Collapsed Spans

e TN ;..

6% Section
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nd .
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Figure2-3- Schematic of Baihua Bridge before the earthquake and column shear and flexural

failure at bent 1§Yen, et al., 2011)
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The Hulian interchange consisted of a viaduct and four horizontally circular ramp
bridges with continuous concrete bgxders Figure2-4). The ramps were supported on
the circular reinforced concrete columns with low transverse volumetric ratios. Some of
the columns were fixed at their top to the fpsder and others were connected to the
superstructre via rubber bearings. During Wenchuan earthquake, fleshedr failure
in the circumferential direction of the short columns in the ramp bridge, including
crushing of the concrete core, buckling of the longitudinal reinforcements, and rupturing
of thetransverse hoops, occurred at the top of the pier. The column failure led to fracture
at the bottom of the begirder. The low confinement of the column might be one of the
major causes of damage to the columns, which were fixed at the top. The largefuplif
the deck at the abutment resulted in damage to the rubber bearings undergdivddyox

and separation of the abutment and-goxer.

Deyang City

Figure2-4- (a) Schematic plan view dflulian interchage (Qiang, et al., 2009)b) Example of

pier failure(Sun, et al., 2012)
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2.2.2. Design Specifications in Codes and Guidelines

The design and construction of horizontally curved steel girder highway bridges was
subjected to investigation by AASHTO (American Association of State Highway and
Transportation Officials) and FWH®Guden the
Specificatims f or Hori zontally Cur NGHRP Ridiegghi2avay Br
38, Al mproved Design Specifications for H
Bri dges (Yoo, dtdl.a999pyovided Load Factor Design (LFD) andnstruction
specifications that addressed the problems associated with the design and construction of
these structures. The design specifications presented in NCHRP Prefst(Kudicki,
et al., 2006have been adopted by AMFO and are included in the 2005 Interims to the

third edition of the AASHTQLRFD Bridge Design Specifications.

The guide specifications for design and construction of segmental concrete bridges
was initially published by AASHTO (1999) along with the Stard Specifications for
Highway Bridges SubsequentlyNCHRP Project 121 (Nutt, et al., 2008)provided
specifications, commentary, and examples for the design of horizontally curved concrete
box-girder bridges. The focus of the study was on the local and the global force effects
that provided the basis for revisions MASHTO LRFD Bridge Design Sgrifications
(2010). NCHRP Project 152 andNCHRP Project 121 mostly concerned about the
bridge response to the basic load components of highway bridges, namely dead load, live
load (static and dynamic forces produced by vehicles moving on a bridgednemental
load (e.g. temperature), and fateessing forces in the concrete bridges. The global and

local effects produced by the seismic forces have not been investigated by these reports.
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In fact, neither the AASHTO Bridge Specifications nor the NCHR®Bjects did
adequately address the issues associated with the seismic performance of the horizontally
curved concrete begirder bridges, such as bearing uplift asrdcked diaphragms and

piers.

In the recent AASHTO LRFD Bridge Design SpecificatiddASHTO, 2012)the
minimum analysis requirements for dynamic analysis, specifically analysis for
earthquake loads, is determined based on the bridge regularity. Number of spans,
maximum subtended angle for a curved bridge, mara span length ratio from span to
span, and maximum pier/bent stiffness ratio from span to span (excluding abutments) are
the parameters that contribute to definition of the regular brifigkl€¢2-1). Any bridge
not satisfying the requirements is considerceteirregular. For curved continuowgrder
bridges in particular, AASHTO (2012) suggests that it may be analyzedhey ivere

straight, proided all the following requirements are satisfied:

1 The bridge is regular as definedTiable2-1, except that for a twepan bridge the
maximum spandngth ratio from span to span must not exceed 2;

1 The subtended angle in plan is not greater than 90 degrees; and

1 The span lengths of the equivalent straight bridge are equal to the arc lengths of the

curved bridge.

Figure 2-5 shows the schematic definition of subtended angle; span length of the
straight bridge and of the curved bridge; and the condition when the straight and curved

bridges are equivahe.
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Table2-1- Regular bridge requirement8ASHTO, 2012)

Parameters Value
Number of spans 2 3 4 5 6
Maximum subtended angle for a curved bridge 90° 90° 90° 90° 90°
Maximum span length ratio from span to span 3 2 2 15 15
Maximum bent/pier stiffness ratio from span to spal

_ 4 4 3 2
excluding abutments

Bridge length

Y

. Span length

Straight Bridge

Bridge arc length

Span arc lengt
= Ry

= S

Subtendedngle

Curved Bridge

Figure2-5- Schematic of the subtended angle and equivalent straight and curved bridges

If these requirements are not satisfied, then curved contirgicles bridges must be
analyzed using the actual curved geometry. AASHTO Guide Specifications for LRFD

Seismic Bridge DesignAASHTO, 2011) defines the bridge to eb regular with
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descriptions similar to AASHTO (2012). The only discrepancy between the two codes is
the maximum allowable subtended angle to consider the curved bridge as a straight
bridge, which is 30 degrees WASHTO (2011). According to AASHTO (2011jor
ordinary irregular bridges, linear dynamic analysis is required, woitdinear response

history analyses should be generally used for critical/essential bridges.

Seismic Design Criteria (SDC, 2013) classifies a bridge as an ordinary standard

bridge f it meets the following requirements:

1 Each span length is less than 300 feet;

7 Bridges with single superstructures on either a horizontally curved, vertically
curved, or straight alignment;

i Constructed with precast or castplace concrete girder,concrete slab
superstructure on pile extensions, etc. which are supported on reinforced concrete
substructure elements;

1 Bridges with dropped bent caps or integral bent caps;

1 Fundamental period of the bridge system is greater than or equal to 0.7 seconds in

the transverse and longitudinal directions of the bridge.

Bridges not meeting these requirements or features may be classified as either
Ordinary Nonstandard, or Important bridges and require pregpetcific design criteria

which are beyond the scopetbé SDC.

Equivalent static analysis (ESA) and linear elastic dynamic analysis (EDA) are
appropriate analytical tools for estimating the displacement demands for Ordinary

Standard bridge¢SDC, 2013) When the response can be captured by a predominant
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trarslational mode of vibration, ESA is recommended. Structures with balanced spans
and uniformly distributed stiffness are placed in this category. EDA is used to estimate
the displacement demands for structures where ESA does not provide an adequate level
of sophistication to estimate the dynamic behavior. Sources of nonlinear response that
cannot be captured by EDA include the effects of the surrounding soil, yielding of
structural components, opening and closing of expansion joints, and nonlinear restrainer

and abutment behavior.

According to SDC (2013), bridge systems with irregular geometry such as curved
bridges and skew bridges, bridges with multiple transverse expansion joints, massive
substructures components, and foundations supported by soft saxbéit dynamic
response characteristics that are not necessarily obvious. Irregularities in geometry
increase the likelihood of complex nonlinear response that cannot be accurately predicted

by elastic modeling or plane frame inelastic static modeling.

2.2.3. Seismic Response of Curved Bridges

Seismic behavior of curved bridges requires specific considerations as the
longitudinal and transverse response coupling leads to complex distribution of forces
among the various components. These interactions, ini@ddd the rotation of the
superstructure, increase notably the seismic vulnerability. Hence, curved [@idujeis
different seismic behavior in comparison to straight bridges. Evaluation of dynamic
response of curved bridges has been one of reseaechistst s from 196006s.

research studies have been related to basic dynamic response of bridges including free
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vibration response and the dynamic response under moving ldedss( et al., 1972,

Heins, et al., 1976; Li, et al., 1988; Senthilvasrgl., 1997; Huang, 20D1

Williams, et al. (1976)nvestigated the multidirectional seismic response of a curved
highway bridge model using shake table testing of a scaled miduy. identified the
vulnerability of the curved bridge when respondingh@ symmetric mode (the excitation
is orientated principally in the translational direction), in which torsional deformations
are more pronounced. Torsional impact was the predominant damage in the ductile joint
restrainers that provided the structurakgrity of the bridge. The level of damage was
dependent on the shear and bending strength of the hinge seat and shear key strength.
Kawashima, et al. (1979resented the correlation between analytical and experimental
seismic responses of a curved bridgehe emphasis of the study was on the
discontinuous behavior of expansion joints during the seismic excitation. This response
had a controlling effect on the dynamic behavior of the bridge model under high intensity
seismic excitations due to intense yielgl of tie bars. In addition, the effect of vertical
excitation on horizontal transverse response was relatively small because the vertical and

horizontal modes were not sensitive to coupling.

AbdelSalam, et al. (1988gported that response spectrum hoetfailed to capture
force levels in the curved bridges when the vibration modes with the relatively high
frequencies were considered (compared to the response history analysis). Radius of
curvature was determined as a compelling geometric parametehtrgged the seismic
response of curved bridgeRichardson, et al. (1993)pplied large horizontal load to the

superstructure of the curved bridge and quickly released, causing the bridge to vibrate.
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Well-defined lateral, longitudinal, vertical and torsawibration modes were identified

from the test data. The vibration modes were used to verify an analytical model of the
bridge's dynamic response. The first vibration mode of the bridge occurred in radial
direction with frequency of 1.08 Hz (0.926 se@)though expected because of the
curved shape of the bridge, no evidence of significant coupling was observed between the
horizontal and the vertical responses in either the measured or the analytical mode

shapes.

Sennah, et al. (2001¢viewed the develapent of current guide specifications for the
design of the straight and curved bgixder bridges. The study highlighted the need for
further researcton the ultimate load distribution in straight and curved -goxler
bridges.Mwatfy, et al. (2007}studied a detailed seismic performance of a complex effice
designed curved bridge and compared it to the local and global behavior oflthét as
bridge. The comparative study had indicated that the lateral capacity and dynamic
characteristics of the afesigned bridge were significantly different from thebasgt

behavior.

2.2.4. Fragility Studies

Recent research studies have attempted to assess the seismic vulnerability of the
bridges using probabilistic based fragility curvBgander et al.(1999) summarizd the
theoretical basis of establishing fragility curves for highway bridges through the use of
rapid analysis procedures. The method was introduced as the future approach for defining
fragility curves ina Geographical Information System (GI&sed riskassessment tool,

named HAZUS. The study classified the standard bridge fragility curves under
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conventionally designed bridges (N@alifornia and California) and seismically
designed bridgesMackie, et al. (2001ysedthe probabilistic seismic demand mbd=
evaluate the performance levels of California highway overpass bridges designed
according to CALTRANS Bridge Design Specification and Seismic Design Criteria. A
portfolio of 80 ground motions recorded in California on NEHRP soil type D sites, with

nonnearfield characteristics was utilized for this purpose.

Mackie, et al. (2004)leveloped the analytical and numerical formulation of fragility
curves for singléent reinforced concrete highway overpass bridges. Fragility curves
were defined at the dem@ndamage, and decision variable levels. A system of graded
decision criteria involving lane closures, reductions in traffic volume, or complete bridge
closure that were useful for traffic network modeling was proposed and developed for the
bridgelevel deision variable.Yang, et al. (20095eveloped the fragility curves for a
typical California boxgirder bridge based on an analytical bridge model, which was
calibrated using responses recorded during the 1979 Imperial Valley earthquake.
Nonlinear responsaistory analysis of the bridge model was performed under typical
nonnearfault California records. Analytical component fragility curves indicated that
the transverse response at the abutments led to elevated vulnerability in the slight damage
state andhe column was found to be the most vulnerable component in the other damage

states.

A significant number of research studies have examined the performance of skew
bridges under seismic loadaviani, et al. (2012found that shear key could play a

major role in reducing the deck rotations. Hence, it could decrease the probability of
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collapse in the concrete bajirder bridges (in California) with skeangle and sedtpe
abutments. The results indicated that ground motions with high velocity pulsesdnduce
higher seismic demands in comparison to-near fault motionsThe global torsional
stiffness, abutment skew, and column elevation of skewed bridges also significantly

affected the seismic response of skew bridges.

AbdelMohti, et al. (2013)developedthe threedimensional improved beastick
models of twespan highway bridges with skew angles varying from 0° to 60° to
investigate the seismic response characteristics of skewgiler bridges. It was found
that the performance of shear keys have aqmathant effect on the overall seismic
response of the skew bridge&akeri, et al. (2013¢arried out the research on fragility
analysis of skewed singfeame concrete bogirder bridges, considering their
predominance in the western regions of the Un@tates.The effect of skew angle on
bridge seismic fragility was investigated for bridges with singletwo-column bents,
integral or seatype abutments, and minimal or significant levels of seismic design. For
new bridges with sedype abutments, thleridge skew angle had a significant effect on

the component and system fragility for both singlled twecolumn bent bridges.

Seo, et al. (2010presented a probabilistltased approach to generate fragility
curves for steel bridge structures subjediedow and moderate seismic events. The
results demonstrated the vulnerability of the bearing in the radial direMamseni, et
al. (2011)evaluated the seismic behavior of an existing rygén curved bridge with
continuous steel composite girdershjgeted to generated ground motions for Mid

American regions. The transverse and active deformation of abutments and column were
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the most vulnerable components for slight damage state and higher damage levels,
respectively.Seo, et al. (2013used the Regmse Surface Metmodels (RSM) to
generate system level fragilities for existing curved steel bridges located in Pennsylvania,
New York and Maryland. System fragility curves highlighted the effect of number of
spans, radius of curvature, and maximum spamgth on the seismic fragilities.
AmiriHormozaki, et al. (2014investigated the horizontally curved stegjiider highway
bridges with typical details commonly used in the US. The ground motions used in
developing the fragility curves include real groundtions representing/estern United
States in addition to synthetic ground motions generated for Central and Southern US,
such as Memphis. Bridges werategorized in two groups: seismically and non
seismically designed bridges. For both groups, columashearings were found to be

the most seismically vulnerable components. In addition, horizontal curvature was
identified as the critical parameter that resulted in higher vulnerability, while HAZUZ

MH (2011)did not account for it.

Despite the extensiveesearch in the area of seismic vulnerability of concrete box
girder bridges with skew abutment and also curved steel bridges, there are only a few
studies available on the seismic vulnerability of curved-gioder highway bridges.
Tondini, et al. (2012)examined the seismic behavior of curved dgixler concrete
highway overpass bridges commonly built in California. The comparison of column
displacement ductility demands indicated that transverse column deformation ductility
demands increased with a dexse of bridgesuperstructureaadius. The conclusion
highlighted the need for future work on the expanded bridge portfolio and improved

finite element model of the bridge by including sstilucture interaction for abutments.
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Limited number of studies ondgility curve development of curved concrete {gixder

bridgesshowsthe need for better insight into the seismic performance of this bridge type.

2.3.Bridge Seismic Design Practice in California

2.3.1. Evolution of Seismic Design Criteria

Bridges are designed foorce effects due to collisions, earthquake, and settlement of
the structure, in addition to traditional loads, such asveeifht and vehicular load.
Generally, the design of the superstructure is controlled bgrdngty loads while the
design of the @bstructure, including columns, is governed by lateral seismic force and
deformation. In the early $0century, the seismic forces resulting from earthquake were
considered as the percentage of the deal load applied at the center of the mass in any
direcion. The effect of structural period on the applied seismic force incorporated into
the elastic structural design of the bri.
earthquake in 1971, the first SDC was implemented into CALTRANS design practice,
which wa based on ductile design approach. It was assumed that ground motions would
primarily lead to formation of plastic hinges in the bridge columns. Ductile performance
is desired to prevent collapse and to ensure life safety. Each subsequent earthquake (e.g.
1989 Loma Prieta and 1994 Northridge) provided additional lessons about seismic
behavior of bridges in general. CALTRANS has been shifting toward a displacement
based design approach that ensures a ductile failure mode in the column along with no
damagen other components. In 1994, CALTRANS established the seismic performance

criteria for ordinary and important bridges. These performéased seismic design
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criteria included sitespecific acceleration response spectra and specific design

procedures to fect the desired performance of these structures.

2.3.2. Current Seismic Design

Findings of the seismic behavior of bridges in the previous earthquakes have been
reflected in the current design practice of bridges. To minimize the risk of unseating of
the supported span, the number of the expansion joirdscieasednd the minimum
abutmentsupport lengthis increased. In addition, the joint restrainers asedin the
expansion jointsLarge skew angle and high curvature in the horizontal plane are avoided
to decrease the asymmetrical response of the bridge. Foreterbridges, structural
bridge components are proportioned and designed to ensure that the inelastic damage
occurs in the columns and abutments, while the other elements are capacity protected.
The superstructure, footings, bent cap beams, and jointsdesgned to remain
essentially elastic when the column reaches its overstrength cagaEiy, 2013)
Moreover, the column details are developed to provide desired ductility without strength

degradatiorunderseveral nonlineacycles.

2.3.3. Current Seismic Details

Consultations with CALTRANS design enginee(€ALTRANS, 20122014)
suggested two new details to be considered in this investigation: PTFE/Spherical bearings

and isolated shear keys.

PTFESpherical bearings are preferred in current seismic designs in lieu of the

standard elastomeric bearing pads at-sgmt abutmen(CALTRANS, 20122014) The
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typical pads remain elastic until about 100% shear straineapérience significant
damage and tearing when subjected to over 300 to 350% shear (Raamanathan,
2012) It results in concretéo-concrete contact that affects the dynamic properties of the
bridge and changes the seisrtuad path during an earthquakéowever, the sole plate
length in PTFE/Spherical bearing can be extended to avoid contact between the
superstructure and stemwall. Polytetrafluoroethylene (PTFE) was first used in bridge
bearings i n t heofiksdow frigtional Boéfficierd CAhT&RANS19%)

PTFE spherical bearings utilize low friction PTFE sheet resin, in which the friction
coefficient varies from 0.04 to 0.08. The friction coefficient depends on conessupe,
temperature, sliding speed, and the number of sliding cycles. The PTFE/Spherical
bearings do not have any uplift resistanice addition, thesd>TFE/Spherical bearings
allow rotations about any horizontal axis by sliding along a spherically sliigethce

on one side of the bearing. The sliding material is typically Ro&&ed bonded to flat

and concave surfaces. Flat and convex mating surfaces are typically stainless steel.

Seattype abutments are designed to resist transverse service loadmafidics
moderate levels of ground motion elastically. In California bridgestransverse shear
keys are structural fuseat abutmentsisedto control the damage in the stemwall and
supporting pileduring strong seismic evertDC (2013)provides two types of shear
keys, named isolated and nmolated shear key. The nasolated shear key is built
monolithically with the abutment stem wall. All the vertical reinforcements are continued
from the abutment stem wall and anchored into tlearskey. The capacity of the non
isolated shear key is determined by the shear friction design mé8iod, 2013)

According toBozorgzadeh, et al. (20Q6je shear friction design method underestimates
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the shear key capacityeading to damage at the stem wall and supporting piles.
Moreover, the mode of failure in nasolated shear key is diagonal cracks at the interface

of the shear key and stem wall that is propagated to the toe of the stem wall.

In contrast to noiisolatel shear key, the isolated shear key requires smooth
construction joint at the shear key interfaces with the stemwall and backwall. Shear key
vertical reinforcement is bundled in a single group and placed close to the center of the
shear key. It is the onlgonnection between the shear key and stem wall. There is no
reinforcement to connect the shear keyhe backwall. Because of thspecial detailing
of the shear key, it performs as the structural fuse with sliding shear failure during the
ground shakingThe capacity of the isolated shear keay be estimatetb ensure that
stem wall and supporting piles are not damaged during the earthdinekéype of shear

key can be replaced and the cracks can be repaired after an earthquake.

2.4.Bridge Inventory in California

2.4.1. Bridge Type

The National Bridge Inventor{NBI, 2013)is a database compiled by the Federal
Highway Administration with the purpose of having a unified database for bridges,
including identification information, bridgetypes and specifications, operational
conditions, geometric data and functional description, and inspection data. It also
provides more thorough and detailed guidance in evaluating and coding specific bridge
data. Every bridge is identified by a uniquedecconsisting of 116 fields that provides

information sufficient for a general classification of highway bridge classes. According to
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NBI Coding Guide (1995)Field 43 indicates the type of structure for the main spans.

Table2-2 andTable 2-3 display the description of the kind of material and/or design and

type of design and/or construction of the superstructure available in NBI.

Table2-2- Kind of material and/or desigiNBl Coding Guide, 1995)

Filed 43A Kind of material and/or design (description

=

© 00N UL WDN

0

Concrete

Concrete continuous

Steel

Steel continuous

Prestressed concrete *

Prestressed concrete continuous *
Wood or Timber

Masonry

Aluminum, Wrought Iron, or Cast Iron
Other

* Posttensioned concrete should be coded as prestressed concrete.

Table2-3- Type of design and/or constructi@dBI Coding Guide, 1995)

Filed 43B Type of design and/or construction (descriptiol

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17

Slab

Stringer/Multibeam or Girder
Girder and Floorbeam System
Tee Beam

Box Beam or GirdersMultiple
Box Beam or GirdersSingle or Spread
Frame (except frame culverts)
Orthotropic

Truss- Deck

Truss- Thru

Arch - Deck

Arch-Thru

Suspension

Stayed Girder

Movable- Lift

Movable- Bascule

Movable- Swing
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18 Tunnel
19 Culvert (includes frame culverts)
20 Mixed types
21 Segmental BoxGirder
22 Channel Beam
00 Other
A detailed analysis of the bridge inventory data in 2013 NBI for Califaimtavsthat

more than 80% of the bridges in this state were constructed usirig-qdate concrete
(Type 1, 2, 5, 6 in Field 43AFigure2-6 presents the summary of distribution of bridges

by construction type, after removing the tunnels and culverts from NBI database and
combining the classes with less than 2% contributiaheninventory, such as trudeck

and archd e ¢ k , a s -firdr bridges (TypeBboirk Field 43B) account fooab

35% of the state inventory.

0.4 - 35.80%
—
0341 27.09%
—
02 - 17.61%
_ 14.03%
0.1 - 5.47%
0.0 !
Slab Stringer  Tee Beam Box Beam or  Other
/Multi-Beam Girders
or Girder

Figure2-6- Distribution of bridges in California

Concrete boxgirder bridges are further classified into two classes with respect to the
number of frames and spans as follows: 1) single frame bridges with two, three, and four
spans, and 2) mulframe bridges (at least one-span hinge) with five spar@ more.

The former group accounts for 85% of these bridges, while the latter accounts for 15% of

these bridgegRamanathan, 2012%pince the single frame concrete bprder bridge is
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the predominant bridge class of Califortuadge inventory, single frame concrete box

girder bridge with sedtype abutment is selected as the focus of the current study.

2.4.2. Bridge Statistics

In order to develop fragility curves that are representative of a specific class of
bridges, some generalimans must be considered before generating a series of
benchmark bridges. According to personal communication with CALTRANS design
engineerdCALTRANS, 20122014) the parameters that contribute to the selection of
benchnark bridges are span length, deck width, column axial load inai#x {Q), and

column heighto-diameter ratio.

Inspection of the span length distribution in NBI datalss®mvsthat more than half
of the boxgirder bridges have span lengths rangiogrf 100ft to 200ft. Therefore, three
distinct values of 10®, 150ft, and 200ft are selected as the length of the longer span
t hat 1 s ref eror. e dl has | femaitidhusgallydakemas 0. & mfdhes p a n
length of the main span. This panh leads to similar moment distribution (positive and
negative) in different spans when the bridge is subjected to the dead load. The expansion
joint is recommended for bridges longer than -800 ft. To develop the benchmark
bridges without expansionija, the number of span is limited to three and féugre2-
7). When the length of the main span is T06r 150ft, it is assumed that the bridge4-
span, leading to 35fd and 525ft total bridge length. A 3pan configuration is assigned
to the bridge with the main span length of Z0Qesulting in a bridge with 50f total

length.
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Connector bridges carry limited number of traffic lanes compared to highway bridges,
thus only a single bent column is considered in the current study. This assumption limits
the boxgirder width to be either 28 with three longitudinal girders or 4% with four
longitudinal girders. Theses configurations leads to different girder spacing and overhang
length as summarized fable 2-4 andFigure 2-8 with othergeometric properties of the
concrete boxgirder superstructure. Thicknesses of deck, soffit, and girdeoldagned
from

i Me mo r Fl6-20Design tapleSALTRANS, 2008). Thesuperstructure

depth is assumed to be 4% of the main span length.

Bridge Lei
Bridge Lei
< J >
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< >

0. 75L: L=20¢C ¥ 0.75L
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Figure2-7- Schematic plan of bridge length, main span length, and end span length

Table2-4- Geometric properties of the concrete {gisder superstructure

Bridge Width (ft) 25 45
No. of Girder 3 4
Girder Spacing (ft) 8.5 115

Overhang (ft) 51/4
Deck Thickness (in) 8 9
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Soffit Thicknesgin) 6 77/8
Girder Thickness (in) 12 12

Girder

Soffit

Figure2-8- Schematic illustration of concrete bgikder superstructure

In consultation with CALTRANS design engineéd@GALTRANS, 20122014) three
axial indices of 5%, 8%, and 12% and two column heiglttiameter ratios OrO) of 5
and 7 are used to establish the benchmark bridges. The iagdex along with the
estimated dead load on the column determines the diameter of the column. It is assumed
thatthe compressive strength of the concrete is equal to the mean strength of the concrete
(4,900psi). The olumn height is then calculated aeding to the column diameter and
selected column heigho-diameter ratio. The column height is measured from the

support to the midiepth of the deck depth.

Table 2-5 summarizes the selected values for the geometric properties of the
benchmark bridges$sigure2-9 shows the schematic view of the aforementioned terms. In
total, 36 benchmark bridges were considered, which account for the variations in span

length, deck width, H/D ratio and column axial load indeéalle2-6).

Table2-5- Distinct geometric properties of the benchmark bridges
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Main span length (No. Spans 10006 ( 1506 ( 2006 (

Deckwidth (No. Girders) 2506 (3) 4506 (4)
Column H/D 5 7
Column axial index 5% 8% 12%

Bridge Length

4 Main Span -h L
N Length N Column PEIN f_m
A ' LQ@ Diameter £

"‘\ - & \e' D C
(9)
é\ QQ) E
& =
L -~ . Subtendec o)
¥ _Angle,a ©
", ’
’ .Y
L Bridge Length
-4 Subtended Angleg = X
Radius

Figure2-9- Description of the main geometric characteristics of the bridge

Subtended angle is defined as the ratio of the length of the bridge over its radius of
curvature. Five groups of 36 benchmark besigvith various subtended angles: 0, 30, 60,
90, and 120 degrees are used to explore the effect of horizontal curvature on the seismic
performance of bridges. Note that each straight benchmark bridge is equivalent to the

corresponding curved bridge withffdrent curvatureRigure2-5).

Table2-6- Straight benchmark bridges

8 = 2 . 8 & E & £ g
da £ £ x & = 5 H § 0 ® <
x 5 =l ) “—= a e c c c € =
pe ) S o a S ® < < S a Q
© g Q = = o 8 [oR o © Q a I
= — = T ) n = = < c
< X c T o x = = = = c =
e 8 g X S 3 3 X = o S 5
< =) a = o £ ) =) S
g 06 o pa o © o = S S
o N O o
1 45 100 5 5 4 40 115 90 7.875 120 6.75 33.75
2 45 150 5 5 4 6.0 115 9.0 7.875 120 850 4250
3 45 200 5 5 3 80 115 90 7.875 120 10.25 51.25
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4 45 100 8 5 4 40 115 90 7875 120 525 26.25
5 45 150 8 5 4 60 115 9.0 7.875 120 6.75 33.75
6 45 200 8 5 3 80 115 90 7.875 120 8.00 40.00
7 45 100 12 5 4 40 115 9.0 7875 120 425 21.25
Table2-6- Straight benchmark bridge€ontinued
ol = c = o E —
g g € ¢ s e & < & & 3 E
8 - £ a £ £ & g8 & 1w 5
x 38 2 8 L, 5 & & £ g £ & o
g =2 8 £ F 5 o & £ L = a T
5§ ¥ 5§ S g ¥ 5 E B c £
e § g 3 S & 8 3 &g & 5 3
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8 45 150 12 5 4 6.0 115 9.0 7.875 120 550 27.50
9 45 200 12 5 3 80 115 9.0 7.875 120 6.50 32.50
10 45 100 5 7 4 40 115 9.0 7875 120 6.75 47.25
11 45 150 5 7 4 60 115 9.0 7.875 120 850 59.50
12 45 200 5 7 3 80 115 9.0 7.875 120 10.25 71.75
13 45 100 8 7 4 40 115 90 7875 120 525 36.75
14 45 150 8 7 4 6.0 115 9.0 7.875 120 6.75 47.25
15 45 200 8 7 3 80 115 9.0 7.875 120 8.00 56.00
16 45 100 12 7 4 40 115 9.0 7.875 120 425 29.75
17 45 150 12 7 4 6.0 115 90 7.875 120 550 38.50
18 45 200 12 7 3 80 115 9.0 7.875 120 6.50 4550
19 25 100 5 5 4 40 85 80 6.000 120 4.75 23.75
20 25 150 5 5 4 6.0 85 80 6.000 120 6.25 31.25
21 25 200 5 5 3 80 85 80 6.000 120 750 37.50
22 25 100 8 5 4 40 85 80 6.000 120 3.75 18.75
23 25 150 8 5 4 60 85 80 6.000 120 500 25.00
24 25 200 8 5 3 80 85 80 6.000 120 6.00 30.00
25 25 100 12 5 4 40 85 80 6.000 120 3.00 15.00
26 25 150 12 5 4 6.0 85 80 6.000 120 4.00 20.00
27 200 25 12 5 3 80 85 80 6.000 120 5.00 25.00
28 100 25 5 7 4 40 85 80 6.000 120 475 33.25
29 150 25 5 7 4 60 85 80 6.000 120 6.25 4375
30 200 25 5 7 3 80 85 80 6.000 120 7.50 5250
31 100 25 8 7 4 40 85 80 6.000 120 375 26.25
32 150 25 8 7 4 6.0 85 80 6.000 120 5.00 35.00
33 200 25 8 7 3 80 85 80 6.000 120 6.00 42.00
34 100 25 12 7 4 40 85 80 6.000 12.0 3.00 21.00
35 150 25 12 7 4 60 85 80 6.000 120 4.00 28.00
36 200 25 12 7 3 80 85 80 6.000 120 5.00 35.00
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2.5.Concluding Remarks

This chapter presented the damage observation in the past earthquakes, design
specifications in the codes, seismic response and fragility assessment of curved bridges.
The bridge configuration, such as horizontal curvature, plays an important role in the
seismic response of the structure that requires additional considerations. The limited
number of studies on fragility curve development of the curved concretgitatx
bridges reveals the need for better insight into the seismic performance of this bridge
type.

This study is focused on curved concrete-gorer bridges that are very common in
California. Accordingly, theurrentdetails recommended by CALTRANS along with the
current seismic design considerations frBMC (2013)are utilized to select the bridge
details. Inspection of the NBI database along with personal communication with
CALTRANS design engineers results in 36 benchmark bridges. Span length, deck width,
axial index (70 "Q), and column heigkib-diameter ratio are thg@arameters that
contribute to the selection of benchmark bridges. Five subtended angles are used to
develop five groups of 36 benchmark bridges in order to investigate the effect of

horizontal curvature on the seismic performance of bridges.
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Chapter 3: Grillage Model for Concrete BoxGirder
Bridges

3.1.Introduction

Analysis of complex structural systems often involves levels of idealization and
simplification to saveeomputational effortFor bridges, a common simplification in the
analysis is the use aquivalentbeammodel as a representative of the superstructure
However, modern highway bridges are commonly buwith various geometric
configurationsof curvatureor skew alignments. The effect thfesecomplex geometrics
should be included in the computationadaels for the analysis of these bridges. In spite
of the growing trend of research on characteristics and modeling of bridge components
including columns, bearings, and abutmgBtstry, et al., 208; Shamsabadi, et al., 2007,
Aviram, et al., 2008), bridge superstructuremodeling methods have not improved
Recently, AmiriHormozaki et al. (2015 introducel an efficient simplified modeling
approach for horizontally curved steel girder bridgBse proposed model reduces the
analysis time required faronlinear response history analyses by 80%s &pproach is

appropriate for studies that require substantial number of nonlinear analyses.

Nonlinear Response History Analysis (NRHA)asomprehensive method used to
establish the seismic demand on highwlagdges, particularly irregular bridges.
Although powerful computers facilitate complex NRHA, the required computational

effort is still significant. Various approaches to modeling bridgperstructurean lead

to Acomputati onal | yring significantty less time aoddevelsp, reqg
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execute, and interpret the analysis results compared to full 3D-diemeent (FE)
models. Nevertheless, this must be achieved without any sacrifie#fiagrency of the

response predictions.

This chapter investigas the various approaches to modeling concreteglyder
superstructuréor seismic analysisA short review of grillage analogy thatusedin this
study isdiscussed The validity of the grillage method is verified through a series of
static, modal, ad nonlinear response history analyseSomparisons of the response
predictions against the counterpart 3D FE model have demonstrated remarkable

efficiencyandsignificantreduction in analysis time.

3.2.Literature Review on Analysisof Bridge Superstructure

A simplified modeling approach that is used during preliminary design stages is
known as spine oequivalent beanmodel. A typicalbeammodel consists of a beam
element representing thentire superstructure of the bridgeith its mass, stiffnesand
section properties.In this modeling approach, the superstructure is connected to the
bearing at the abutment or eapam at the bent through rigid elemer8pine beam
idealization can be used more suitably to model stramgitskewed, simply supported
and continuous bridges. It is shoMemory, et al., 1995)hat the fundamental modal
characteristics can be captured with an acceptable error margin compared to field

observations.

For skewed catinuous superstructuse the models are not always capable of

capturing certain vibration modes that are important in assessing the seismic response of
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the bridge(Meng, et al., 2002)To increase thefficiency of the equivabnt beanmodel
approach, Meng, et al2002) proposed a refinedquivalent beanmmodel for the
preliminary dynamic analysis of skew bridges. This model is applicable to any type of
superstructure. It consists of two beams connected by massless rigid biats,ave
perpendicular to these beam elements. This model gave reasanedptablaesults in
predicting natural frequencies and mode shapes of the bridge as well as in estimating the
relative magnitudes of displacements of the superstructure and interces in the
superstructureYang, et al. (2009 modeled a multbox-girder bridge superstructure
using a nonlinear element along the centerline of the bedgerstructureThis element

was assigned the lumped properties ofsingerstructurand devped as a fiber section

that represented the actualperstructureross sectionAmiriH ormozaki, et al(2019
introduceda simplified modeling approach that ledvalid prediction and assessment of
static and dynamic response of horizontally curved highway bridges. This model consists
of a grillage and frame elements representing the deck and girders, respectieely.
grillage includes longitudinalgirders which are conected to each other utilizing
transverse beams. The proposed enhanced d@in(BS) model captures the realistic

distribution of the maximum transverse bearing forces.

Hambly, et al. (1975presented guidelines to use the grillage analogy for various
types of cellular bridgesuperstructurggeometrics including concrete bgxder. In this
method, the superstructure is comprised of orthogonal longitudinal and transverse beam
elements. The grillage mesh is generated in the plane of the principal &esdifg of
the superstructureAppropriate propertieareassigned to the members that make up the

grillage to capture the global response of the bri®gble, et al(1983) developed a
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modified grillage model to determine the nonlinear response, cellaeshanisms and
failure loads of multcell concrete boxirder bridgesNCHRP Project 1271 (Nutt, et

al., 2008)introduced recommendations on the grillage analogy to capture the load
distributions for various types of loachses such as dead load, live load, and-post

tensioning loads.

Folded plate method was introduced as a more accurate modeling approach for multi
cellular structuregScordelis, 1974)This approach utilizes the plas&ress elagity
theory and the classical tweay plate bending theory to determine the membrane
stresses and slab moments in each folded plate mé®é&anah, et al., 2002A folded
plate is a prismatic shell formed by a series of iad)g thin rectangular plates rigidly
connected along their edges and supported transversely by two or more 8aandslis
(1974) initially applied the method of folded plate to simply supported-gioder
bridges. However, the method is restrictedddain geometric arrangements and support

conditions(Seible, et al., 1983)

The finite strip (FS) method is used to gain insight into the structural behavior of
prismatic structuresThe FS methodis a hybrid procedure of omkropic plate method
and finite element concepthe boxgirders are divided into strips extending from one
support to the other. Displacement functions of the strips are assumed in the form of the
product of a Fourier series in the circumferential (langjital) and a simple polynomial
in the transverse direction. The stiffness and mass matrices of a strip are formulated
according to the ususal finite element proceddi@s method employs the minimum

total potential energy theorem to develop the relatigndetween unknown nodal
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displacement parameters and the applied (@teung, et al., 1996 he total potential
energyis divided into extensional/bending and shear/twisti@eung, et al. (1972)

initially applied the F$nethod for curved begirder bridges.

During the past three decades, the figkement method of analysis has rapidly
become a very popular technique for the computer solution of complex problems in
engineering. It can be regarded as an extension ofeeagbtablished analytical
techniques, in which a structure is represented as an assemblage of discrete elements
interconnected at a finite number of nodal poiff®nnah, et al., 2002)fhe new
generation of computers pal/¢he way for the commercial software to employ the
complex formulation of various elements in the software, such as solid element. The solid
element is an eightode element for modeling threigmensional structures and solids. It
is based upon an isoparametformulation that includes nine optional incompatible
bending modes. The incompatible bending nodes significantly improve the bending
behavior of the elementSiBridge Advanced (201R011) implements the solid element
to automatically generate tlsencreée boxgirder superstructure. This modeling approach
for the superstructure is accepted as the meistiledlevel of analysis available for bex

girder bridgegNutt, et al., 2008)

Although a computerized structural analysi®del where the superstructure is
modeled fully in three dimensions reduces the approximation in the structure response,
the required computational effort is very significant. Therefore, a modeling strategy is
required to optimize the computational effosithout sacrifice in accuracy of the

response predictions.
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3.3.Curved Concrete BoxGirder Bridge

The focus of this study is on the single frame concretegoober bridges with single
column bent, sedaype abutment, and curvature in the horizontal plane.-dgaer
bridges are structures with complex interactions between flexure, shear, and torsion in
their structural components. In additida regular known design forces in straight
bridges, torsion due to curvature is induced in the superstructure of domdees.
Horizontal curvature in the structure leads to a combination of torsion and bending in the
members, causing more complex and different distribution of forces in all the bridge

components compared to straight bridges.

The high statistical indetermacy of the bosgirder superstructure (a closed multi
cellular structure) allows for substantial force redistributions not only in the longitudinal,
but also in the transverse directi®eible, et al., 1983)he cross sectioof a boxgirder
is made up of thin slabs and webs, which enclose a number of cells. The edge cell often
has trapezoidal section with the inclined outside web. The closed structural form of the
box-girder provides high longitudinal bending and torsiondifngiss that gives the
section better stability and load distribution characteristics. The hollow section may be
used to accommodate services such as water main, sewage pigegue&3-1 shows

the standard definition of the bairder components.

The longitudinal girders of the bagirder section frame into the bent eagam and
form a rigid joint on top of the column (integral bent). At integrahty monolithic
connection between the superstructure and substructure ensures that the dead load and

seismic forces transfer to the footing and piles at the base of the column by a combination
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of flexure and shear. Integral bent dagam is hidden in theuperstructure since the
section height is equal to the superstructure height. The width of the bebé¢aapis
usually 1.5 ft greater than the column dimension and italorgythe width of the bridge.
At the end of the bridge span, a solid secteaied diaphragm, collects all the forces and
transfers them to the bearingthe daphragmwidth is usually 3.5 ft wideand has the

same heighof the superstructure.

Girder
or Web

Soffit

Figure3-1- Box-girder components

3.4.Equivalent BeamModel (Conventional Spine Beam)

For most preliminary design considerati@m equivalent beammodel épinebeam
model)may give sufficient information about the overall behavior of thelge structure
(Seible, et al., 1983)A typical spine model consists aquivalentbeam element
representing the superstructure of the bridge and substructure elements. The
superstructure is replaced by the linear elastic baalomn elements along the centerline
of the bridge. The material and geometric properties of the frame element, including
cross sectional are@), torsional constant), and moment of inertia@ KO ) can be

directly derived from the crossectioral properties.
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The spinebeam is divided into multiple linear segments to represent the distributed
nature of mass more realistically. This is also useful to represent the curved geometry of
the superstructure in case of horizontally curved bridges.tfEinsitionalmass of each
segment can be estimated with a distributed mass along the length of the segment or
lumped mass at each node of the segment based on tributary segment length. To replace
the distributed mass with lumped masses, a sufficient nunfbeodes and segments
have to be defined. Assignment of rotational mass (EquéBdy) is required since it
increases the accuracy of dynamic response and fundamental modes of the bridge

associated with the transverse direc{idmiram, et al.,2008a)

0 | —— e i — Mg (3-1)

wherel -ds the mass of each segmaity is the width of the decky g is the width of the soffit,

andE is the height of the supérscture Figure3-2). The capbeam on top of the column

and diaphragm at the end of bridge spans are modeled transversely (perpendicular to the
beam)with actual rectangular cross sections. The properties of the section should be
amplified (with a minimum value in the order of 10(Aviram, et al., 2008ao account

for the high rigidity near the support due to theesence of solid section in the

superstructure.
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Figure3-2- Definition of ® , & , andE to calculate the mass moment of inertia of the

superstructure

3.5.Grillage Analogy

The grillage analogy method cée applied to the bridgeuperstructuresxhibiting
complicated features such @agvature angkew. Compared to the finite element method,
it requires less computational effort along with reliable results for a wide variety of
bridgesuperstructure§Surana, et al., 1998)he cellularsuperstructurés simulated by a
grid of longitudinal and transverse beams rigidly connected to each other at nodes.
Generally, the grid lines should coincide with center of geometry otécgon. The
longitudinal members represent the girders (webs) of the section, connected to each other
by the means of transverse members. Transverse grillage mesnbplaced along the
line of each diaphragm in a superstructure. Additional transversdeare are needed to
reflect the loaesharing characteristics of thguperstructureHambly, et al. (1975)
suggested that the intervals between the transverse members should not exceed twice the
spacing of the longitudinal members. Closer spacing result®ia continuous structural
behavior and provides detail of forces. The properties of transeesas are based on

their spacing.



a7

The longitudinal members should be placed along the centerline of the girders.
Hence, the web shear forces can be directly represented by grillage shear force at the
same points on the cross section. This arrangement results anddyetabledemand on

thebearing at the abutments and bents.

Grillage member propertieare chosen so that the grillage mesh captures the
comprehensive response of the {giwder superstructure. There are four principal modes
of deformation associated with a cellutaperstructre under loadlongitudinal bending,
transverse bending, torsion (twisting), and distortion as illustratdéigure 3-3. The

characteristics and sirfation of each mode is demonstrated in the following sections.

Ny

Figure3-3- Principal modes of deformatid®'Brien, et al., 1999a) longitudinal bending; (b)

transvese bending; (c) torsion (twisting); and (d) distortion

3.5.1. Longitudinal Bending

The Longitudinal bending of thsuperstructureean be captured by representimg

with a number okquivalenti-beams. For practical purposes, it is generally assumed that
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the neutral axis of-beams are the same as sluperstructuras a whole. This assumption
does not affect the accuracy of the force distribution if the neutral axes of individual
beams are placed on the principal axis ofghperstructuréHambly, 1976) Therefore,

the section properties of eaclbéam, represented by a grillage memlaee,calculated
about the principle axis of th®uperstructureThis ensures that longitudinal stresses on
the Fbeam cross sections will benslar to those on theuperstructureas given by

Equation(3-2) and(3-3),

) B 0 h O B O (3-2)
; (3-3)
where0 and’O are thesuperstructursection moment and moment of inertia,

and ‘Oare the moment and moment of inertia dfelam,&¢ is the number of girders
(webs), anddd is the distance to the nial axis of thesuperstructureEquation(3-3)
shows that the ratio af ¥QGor grillage beams ansuperstructureection remain constant
and benahg stresses are not affected by dividing shperstructursection into dbeams

(Figure3-4).
3.5.2. Transverse Bending

The transverse bendindjustrated in(Figure 3-5a) produces flexure of the top and
bottom slabs about the neutral axisgre 3-5b). The moment of inertia of transverse

grillage member per unit length is:

Q —-Q -0 N0 Q0 eQQ Q0Q NQQQTQ Q (3-4)
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whereQ,Q ,"Q, and’Q are the top and bottom slab thicknesses and distances from their
centroid. Grill age analysis makes no provi
interaction between longitudinal and transverse mon{étambly, et al., 1975)Grillage

analysis ignores the &effect of Poi ssonés

transverse moments.

(@)

" 7 C.G.ofSlabs
dw

db (b)

Figure3-5- Transverse bendirig boxgirder bridges



50

3.5.3. Torsion

The term At or ssuperstracturéssescribes Ithe ushearr force and
deformation induced by twisting tleeiperstructurewithout the effect of distortio of the
cross sectiorfHambly, et al., 1975)When a cellulasuperstructuréwists, shear flows
around the slabs and perimeter webs. To capture this mode of deformation, the grillage
mesh should perform similar to the cellutaperstructur@inder torsional loading. On a
crosssection of the grillage mesh, the total torque is made up from the targties
longitudinal members and the opposed vertical shear force in the webs. The vertical shear
in the websgs capturedwhenthe longitudinal members are assigned proper shear areas.
As a result, the torsional stiffness of a longitudinal grillage mendbassumed to be
eqgual to the summation of the torsion constaritvof layers of solid slakigp and bottom

slabs) giving:

® CcCQ N ¢QQ Q0 _— per unit width (3-5)

where"Qand "Q represent the moment of inertia of the top and bottom sl@hen the
grillage mesh is subjected to torque, transverse and longitudinal grillage members twist
identically. Consequently, they should have identical torsion constants ip&ndth (or
length). The torsion constant introduced in Equaf®®) is equal to half of the Samnt
Venant torsion constant for a thivalled closedsection. It reflects the fact that when a
grillage is twisted, the longitudinal member torques are only providing half of the total
torque on the crossection. The other half is provided by the opposed vertical shear force

on opposite sides of tleeipergructure
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3.5.4. Distortion

Distortion of cells occurs when the cells are not braced by the transverse diaphragm
or internal bracing. Accordingly, the vertical shear force distorts the slabs and webs. In
order to capture the distortion in the perpendicular mesnliiee following assumptions
are used a) the transverse shear forae) (s assumed to be distributed between the
flanges in proportion to their flexural stiffness (Equat{8+6)); b) the points of contra

flexure are assumed at the middle of the web and flafkagsré3-6a).

A I I — (3-6)

The shear force in the top and bottom flanges leads to the moment on top and bottom
of the web that induces the rotation in the webwiver, the deflection at the top flange
results from the web rotation plus bending in the top flange its&dfufe 3-6b and
Equation(3-7)). The deflection at the bottom flange is calculated similar to the deflection
at the top flange. Then, the mean deflection of top and bottom flanges is calculated. The
equivalent shear areia obtained from equating the mean deflection with the shear
deformation in the grillage member. Equati@8) (O'Brien, et &, 1999)demonstrates

the required equivalent shear area of the grillage member.

- —— - — 37)

@ - per unit width (3-8)
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Figure3-6- Modeling the cell distortion

3.5.5. Grillage Properties

The grillage mesh consists of longitudinal and transversebers in which
longitudinal membersrepresent the girders in bairder cross sectionTransverse
members frame into the nodes at each end of a longitudinal me@ridkerge members
are placed at the neutral axis of the {gider section. It is necessaty define the
section properties of each element, considering that these elements should capture the
same action as the cellBable 3-1 summarizes the elastic section properties assigned to
the longitudinal and transverse members. It is assumed that the Jaxel is oriented
along the length of the element, while the lozalxis is always in the global positive
vertical direction(Figure 3-7). As shown inFigure 3-7, “Y (girder spacing) andY

represent the spacing of the longitudinal and transverse members. Although the shear
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areas of members are assumed to be equal to the cross section area, the resudtsdshow g

accuracy in the utilized modeling technique.

Table3-1- Section properties of grillage members

Longitudinal Member

0 0 0 | Tributary cross section area of longitudinal member

O Tributarymoment of inertia of longitudinal member about horizontal g
O Tributary moment of inertia of longitudinal member about vertical axi
0 Equation(3-5) * Girder Spacing,0 zy

Transverse Member

0 O 0 | Area of tributary deck and soffit slatis, Y Q Q

O Equation(3-4) * Transverse Spacini) zY
Tributary moment of inertia of transverse member about vertical axis
0
O Y Q Q¢
0 Equation(3-5) * Girder Spacing,0 zy

N.A. of Superstructure
Transverse Spacing, St pe

Figure3-7- Arrangement of the grillage members of the fgindler superstructure
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3.6. Verification of Grillage Model versus Shell Model

AmiriHormozaki, et al. (2015) @nonstated that the grillage modeling approach can
be efficiently used for analytical mddeg of horizontally curved steel girder highway
bridges. The propesl modeling approach was used to model the experimentally recorded
response of a 2/5 scale model of a curved bridge. The preliminary comparison of
experimental vs. analytical response verified the efficiency and accuracy of the proposed
approach. As beenuscessfully used by AmiriHormozaki, et al. (2015), the grillage
analogy is followed in this study to model the lprsder superstructurdn order to
verify the accuracy of the grillage modeitilized for modeling the boxgirder
superstructuregwo benchmek bridges, a straight benchmark bridge and a corresponding
equivalent curved benchmark bridgeave been modeled using the FE modeling
approach, grillage method, and spine modeling approach, using CSiBridge2(2Dim0
Properties of the benchmark bridgenodeling of components, types of analyses, and

comparisons are provided in the following sections.

3.6.1. Properties of Benchmark Bridge

The curved benchmark bridge and the equivalstitight benchmark bridgeare
selected to verify the validity of the grillage method. As mentioned in Chapter 2, the
benchmark bridge is identified by the span length, bridge width, column axial index, and
column height to diameter ratio§able 3-2 shows the geometric properties of the
selectedstraight and curvedenchmark bridge Two extreme subtended angles are

chosen for modeling: O (straight withfinite radius of curvature) and 12{egres (the
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radius of curvature is equal to 256ty. All properties of the straight and curved bridges

are assumeiientical except the radius (or the horizontal curvature) of the bridge.

Table3-2- Geometrigproperties of the benchmark bridge

Main span length (No. Spans 15006 (

Deck width (No. Girders) 4506 (¢
Column H/D 7
Column axial index 8%

The bridge is 525t long with two main spans of 150 and two external spans of
112.5ft long (Figure 3-8a and ). The width of the bridge deck is 4bas shown in
Figure 3-8c. The geometric properties of the concrete-goger are adopted from Table
2-4. Based on the selected axial index, the column diameter i$t6THe column height
to diameter ratio of 7esults in 47.25t for the height of the columns. The column
longitudinal and transverse reinforcement ratios are considered as 1.10% @#td 1.5
25#14 rdar provides the longitudinal reinforcement for the column that are confined by
#8 spiral rebar spaceat 3.0 in. The design strength for the concrete is assumed to be
4,900 psi, while the reinforcing steel has a yield strength of 6k4i0lt is noted that
these valueare the median values of the respective distributions that will be used in the

generatbn of fragility curves
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properties
3.6.2. Superstructure Modeling Approach

Both straight and curved bridges have been modeled using FE, grillage, and spine

modeling approacheg$or the superstructureThe FE mesh for the superstructure

(Figure 3-9a) is generated automatically by CSiBrid¢@SiBridge Adianced, 2010
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2011) The FE model, however, is the combination of solid and frame elements. Solid
elementsare eightnode objects used model3D structural systems. Each sottment

has six quadrilateral faces withjant at each cornefSolid elements are used to model
girders (webs), deck, and soffit thicknesses. Frame elements are used to model the cap
beams athe bents and diaphragms at the abutments. The nodes of theasapand
diaphragm are connected to the nodes of solid element using the rigid links. In the
grillage model Figure3-9b), all the members in the superstructure are modeled using the
frame elements. The longitudinal and transverse members of the superstructure have the
properties described ifable 3-1. The capbeam is assumed to be the rigid frame
element. Similar to the FE model, spine model is developed in CSiBridge automatically
with the frame elementalong theneutral axisof the bridge Figure 3-9c). All the

properties of the frame element are the same as thgitm®er superstructure.

3.6.3. Substructure Modeling

The columns are modeled using 3D frame elemeits fiber section.The kase of
the column is assumed to beifyx The column is connected to the dagam at the top
rigidly. Two plastic hinge zones ausedat the top and bottom of the columrhe length
of plastic zone is calculated based on Equass®), in which the plastic hinge is located

at the midheight of it.
0 My, RN ™WQQ ERE OE (3-9)
where0 is the length of the plastic hinge zonkjs the length of the column from

maximum moment to zero momenf) and Q are the expected yield strength and

diameter of the longitudinal column reinforcing.


https://wiki.csiamerica.com/display/kb/Modeling+techniques
https://wiki.csiamerica.com/display/kb/Joint
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Figure3-9- (a) FE model; (b) grillage model; and (c) Spine model for straight and curved bridges

Plastic hinge is defined using the fiber hinge option in CSiBridge ¢201Q) that is
based on a lumped plasticity model. The fiber hinge captures the interaction of varying
axial force and biaxial moment automaticafl$SiBridge Advanced, 201:@2011) The
momentcurvature relation is obtained from inelastic action of individual discretized
fibers in the cross section. The material properties (sstess curve), representing
unconfined concrete, confined concrete, and lodgial steel reinforcement, are defined

and assigned to each fiber in the cross section.
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3.6.4. Boundary Conditions

In seattype abutments, bearings provide the support under each girder. The presence
of tangential gap between the end of the superstructure akdidihdn addition to the
radial gap between the end of the superstructure and shear keys, allows superstructure
movement independent of the abutment. Since PTFE/spherical bearings at the abutments
with low coefficient of friction are used, it is assumédttbridge can move freely in all
translational and rotational directions rather than transition in vertical direction. Note that
in curved bridge, the longitudinal and transverse gaps are referred to as the tangential and

radial gaps, respectively.

3.6.5. Comparison of FE and Grillage M odels

Gravity load, modal, and nonlinear time history analyses have been performed for
both the straight and curved bridges to verify the grillage model. Dead load distribution at
the abutments and bents are showhable3-3. Table3-4 demonstrates theeflection of
the girders under the dead load at the mid span of the mainBgsed on two presented
tables (Table 3-3 and Table 3-4), the grillage model has predicted the dead load

distribution and deflection in both straight and curved bridges remarkably well.

Modal an#yses have been carried out to compare the corresponding vibration period
and mass participation factor associated with the first 10 médgpse 3-10, Table 3-5,
andTable3-6 compare the wdal properties of the FE and grillage model that match very

well for straight and curved bridges.



Table3-3- Dead load distribution (axial force, kip)

StraightBridge Curved Bridge
FE Grillage FE Grillage %
. Outer4 | 12756 111.96 12.23 | 185,52 168.17 9.35
% Interior 3| 143.76 166.37 15.73 | 152.39 179.17 17.58
é Interior 2| 143.76 166.37 15.73 | 136.34 164.66 20.77
Inner1 | 12756 111.96 12.23 | 57.048 33.93 40.52
Bent 2 2,057 2,040 0.83 2,065 2,047 0.86
Bent 3 2,141 2,124 0.79 2,149 2,132 0.78
Bent 4 2,057 2,040 0.83 2,065 2,047 0.86
o Outer4 | 12756 11196 12.23 | 185.52 168.17 9.35
% Interior 3| 143.76 166.37 15.73 | 152.39 179.17 17.58
g Interior 2| 143.76 166.37 15.73 | 136.34 164.66 20.77
Inner1 | 127.56 11196 12.23 | 57.05 33.93 40.52
Table3-4- Dead load deflection of girders
Straight Bridge Curved Bridge
m o i % m i %

Quter4 | -0.9132 -0.8522 6.68 | -1.1334 -1.0640 6.12

Interior 3 | -0.9090 -0.8515 6.33 | -1.0127 -0.9457 6.61

Interior 2 | -0.9090 -0.8515 6.33 | -0.8936 -0.8288 7.26

Inner1 | -0.9132 -0.8522 6.68 | -0.7827 -0.7131 8.89

60
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Figure3-10- Comparison omodal information in the (a) straight bridge and (b) curved bridge

Table3-5- Comparison of modal information of straight bridge

Mode | Period UXx uYy uz RX RY RZ
NO. (sec) %) | (%) | (%) | (%) | () | (%)
1 1.182 0 0 0 0 0 | 24.02
2 1.164 0 | 9077 0 | 9833 0 | 68.22
3 0.820 | 9645 0 0 0 2.82 0
- 4 0.581 0 0.27 0 0.64 0 0.21
3 5 0411 | 0.15 0 0 0 0.17 0
E 6 0.322 0 0 6.42 0 4.72 0
- 7 0.251 O 608 O | 003 O | 457
8 0.241 | 0.47 0 0 0 | 1275 0
9 0.239 0 0 0 0 0 0.01
10 0.230 0 0 |5590| 0 |4112 O
1 1.197 0 0 0 0 0 | 24.22
2 1.160 0 9102 0 | 9823 0 | 6824
_ 3 0.814 | 9643 0 0 0 2.88 0
§ 4 0.573 0 0.33 0 0.70 0 0.25
§ 5 0.405 | 0.16 0 0 0 0.16 0
2 6 0.315 0 0 5.98 0 4.42 0
5 7 0.243 0 5.77 0 0.03 0 4.33
8 0.240 0 0 0 0 0 0
9 0.233 | 0.49 0 0 0 | 1278 0
10 0.222 0 0 5659 0 | 4182 0




62

Table3-6- Comparison of modal information of curved bridge

Mode | Period UX uy uz RX RY Rz
NO. (sec) (%) (%) (%) (%) (%) (%)
1 1149 | 1263 0 0 0 | 149 | 478
2 1044 | 0 | 9105 002 546 0 0
3 0814 | 8356 0 0 0 | 1128 9161
_ 4 0.633 0 | 135 001 018 0O 0
S 5 0428 | 002 0 0 0 | 092 018
> 6 0.332 0 | 074 601 1111 0 0
* 7 0.255 0 0 0 0 | 169 002
8 0.249 0 | 248 1754 1400 O 0
9 0248 | 054 0 0 0 | 4440 0.49
10 | 0.229 0 | 153 3822 3217 O 0
1 1160 | 1279 0 0 0 | 156 | 480
2 1.039 0 | 9112 001 547 O 0
3 0807 | 8342 0 0 0 | 11.99 9157
9 4 0.625 0 | 151 001 019 O 0
% 5 0421 | 003 0 0 0 | 094 018
8| s 0324 | 0 | 080 592 | 1085 O 0
15 7 0257 | 005 O 0 O | 008 O
8 0240 | 049 0 0 0 | 4839 052
9 0.239 0 | 215 1944 1532 0O 0
10 | 0.220 0 | 158 3755 3121 O 0

Nonlinear response history analyses of FE, grillage, and spine model have been
conducted by applying Northridge ground motion (1994) recorded at 'Jensen Filter Plant'
station. The ground motionsi taken from the suite of ground motions developed for the
PEER Transportation Systems Research Prodaker, et al., 2011)t is recorded on a
soil site with an average shear wave velocity of 1288c(373m/seg. It is unscaled and

characterized by a moment magnitude of 6.69 laypbcentral distance of 13.58i
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(21.78km). The time history and response spectrum of the fault normal and fault parallel
components are shown kigure 3-11 and Figure 3-12, respectivelyMore details about

the ground motion suitavill be provided inChapter 5 The fault parallel component
(PGA=1.079 is applied along thehord axis of the bridgewhile the fault normal
componentPGA=0.529 is applied in the transverse directi@erpendicular to the chord

direction).

1 .................................... !. ......... g I
Fault Normal

PGA FN = 0518

Acceleration (g)

Acceleration (g)
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Time (sec)

Figure3-11- Component time histasof selected ground motion
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3 : : : Fault Parallel

Spectra Acceleration (g)

0 05 1 15 2 25 3
Period (sec)

Figure3-12- Responsepectra otwo components of theelected grounchotion
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The moment response histories at the base of the column and displacement history at

the top of the column in Bent2 are reportedrigure 3-13 andFigure 3-14. The momernt

curvature response at the base of the column in Bent2 is also shbwgre3-15. Good

agreements were observed in the responses of the column in the straight and curved

bridges. The column responses in spine model have not been shown in the figures, but

they are sinlar to the responses of the column in the FE model.
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Figure3-13- Moment responses at Bent2 in the (a) straight bridge and (b) curved bridge
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Figure3-14- Displacement responses at the top of the column in Bent2 in (a) straight bridge and

(b) curved bridge

Figure3-16 andFigure3-17 demonstrate the axial force history on the bearings at the
Abutmentl. According to figures, three modeling approaches can captureah&eca
response of the inner and outer bearing very Waéjufe 3-16a, Figure 3-16d, Figure 3-
17a, andFigure 3-17d). However, the response of the middle bearings is affected by
different modeling approachesidure 3-16b, Figure 3-16¢, Figure 3-17b, andFigure 3-
17c). The maximum and minimum values of the axial forstdny an the bearings at the

Abutmentl are shown iRigure3-18.
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Figure3-15- Moment curvature response at the base of the column in Bent2 in (a) straight bridge

and (b) curved bridge

The response history of the axial force on the middle bearing in the grillage model
shows similar pattern to the axfarce response of the bearing in the FE model. Since the
dead load distributions at the abutment have slight difference in the FE and grillage
models, a constant shift is observed in the responses. The bearing response history in the
spine model is dissiitar to the bearing response history in the FE model. The difference
is more highlighted when the axial force on the bearing is smaller than the dead load

reaction, which might lead to uplift at the support. Note that in the spine model,
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automatically gemated by CSiBridge, body constraint is applied to the nodes at the

abutment to model the rigidity of the diaphragm. The constraint cannot represent the real

condition near the support that causes inconsistent response in the middle bearings in the

spine malel with the FE model. However, the bearing response in the grillage model

closely resembles the bearing response in the FE model.
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Figure3-16- Axial force response at the Abutmentl in gheight bridge (a) inner bearing; (b)

interior2 bearing; (c) interior3 bearing; and (d) outer bearing
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Figure3-17- Axial force response at the Abutmentl in the curved bridge (a) iraeing; (b)

interior2 bearing; (c) interior3 bearing; and (d) outer bearing

As it was mentioned earlierhé goal of implementing the grillage method in the
modeling of the bridge superstructure is to reduce the required time for the response
history aralyses and provide the accurammponent responses. The required time to run
the nonlinear response history analysis of the FE model is 468 min. It is reduced to 27
min in the nonlinear response history analysis of grillage mdtiel grillage model saves
94% of the required time for the nonlinear response history analysis accompanied by the
accurate response of the componeftserefore, the presented grillage modeling is

utilized to perform an extensive set mdnlinear response history anak/sequired br

fragility investigation.
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Figure3-18- Maximum and minimum values of thaial force at the Abutmentl ifa) straight

bridge; (b) curved bridge

3.7.Concluding Remarks

A grillage model representing the bgkder superstructure ipresentedin this
chapter. In the grillage modeling, longitudinal and transverse frame elements represent
the cellular superstructure. The properties of the grillage mermabechosen so thahe
grillage model can represent tbencrete bosgirderbridge. Comparing the results of the
gravity, modal, and nonlinear response history analyses ajrillege and 3D full finite
element modal verify the accuracy of the grillage model. The grillagmlelreduces the

required time for the response history analysis by about 95%. This method is
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implemented in the present study to model the-dpocer superstructure rather than FE
model. It optimizes the computational effort for the response historysasalwhile

keeping the required accuracy.
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Chapter 4: Analytical Modeling of Horizontally Curved
Box-Girder Bridges

4.1.Introduction

The finite elementanalysisplatform OpenSeegMcKenna, et al., 2014has been
used to estimate the compmmt and system vulnerability during seismic esent
Nonlinear Response History Analyses (NRHA) was conductedhoeedimensional
computational models of bridges incorporating both geometric and material
nonlinearities Rayleigh damping as a function ofass and stiffness of the bridge was
used in thee analysesln addition to the nherentdamping hysteretic damping is also
explicitly modeled due to nonlinear material and fedegormation properties. Based on
the results of RHA, the demand model is ablished, which ishe first step irfragility

curve development.

A schematic view of different componentsatissed in this chapter and considered in

thebridge computational modeis shown inFigure4-1.
4.2.Modeling of Concrete BoxGirder Superstructure

The grillage modelingapproach discussedin Chapter 3 is utilized to develop
computational models of bridges suitable for NRi#Ah low conputational effort.The
concretebox-girder is simulated by a combination of longitudinal beams, which are
rigidly connected to each other using transverse beams. The grillage mesnbers

modeled using the linear elastic beam column element with tributasg tumped at
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each node of the grillage systenihe elastic section properties assigned the
longitudinal and transverse membease summarized ifTable 3-1. The g®metric
properties of theoncrete bosgirdersuperstructure are previously discussed@iable2-4.
It is noted thatsuperstructuras expected taemain elastic during the seismic event

(SDC, 2013)

Concrete boxgirder superstructure

Single column
bent

(@)

PTFE/spherical
bearing

“,Coﬁgretebo%girdé
= superstructli.l:

A I

Pile capbeam

(b)

Figure4-1- lllustration of the bridge componen(®) single frame bridge; (b) abutment

4.3.Modeling of Substructure

Piers provide vertical stability to the bridge system at intermediajgoort locations
They collect and transfer superstructure far¢gead load and vehicular live load) to the

foundation, and resist the lateral load (wind or seismic load Circular reinfoced
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concrete columns aresed throughout the study. Colusareassumed to be fixed at their
base andigid at the top (monolithic)The properties of théransverse grillage members
ontop of the column are modified to represent the ftigidf the capbeamon top of the
bent(Figure4-2a). The vertical rigid member connects the orthogonal grillage members

to top of the columnin orderto model the rigid connectiobetween the column and

superstructure

Rigid transverse element

NN

TN

RS \
AT

T
WX

\

Reinforcing steel

Y=l Xy
NN

Unconfined concrete

[Tk

/7
A _/_[_ .

h

Confined concrete

(b)

Figure4-2- Details of finite element model at (a) connection between the column and

superstructure; (b) fibers in the column
It is assumed that trmlumnlongitudinal einforcement is provided by #14 reb#8
rebaris usel for the transverse reinforcement asd as the spacing of the transverse

rebar does not exceedl(AASHTO, 2012) If the spacing of thboopsexceeds 4n, #7

rebar replaces #® providethe acceptable spacing for the confinement of the column.
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The column idinely discretized along the height for a better distribution of the mass
(Aviram, et al., 2008a)The columnelements aranodeled using thredimensional
Af or c e BeamCo lavaitabl®in @pernsSedbanis based oran iterative force
based formulation. It enables the user to model the distributed plasticity along the
element withoutthe needfor defining the plastic hinge lengtand cracked section
modifier. Nonlinear material properties are assigned tofiter setions, which consist
of unconfinedand confined concretand reinforcing steelRigure 4-2b), to account for
the axial and flexural stiffness of the colun@racked kear and torsiaal stiffness of the
column are included in the element by aggregating the uniaxial elastic material with each
elementGeometric nonlinearitis addressetly including Rgpeffect for the columnThe
crosssection is discretized inteight nner andiwo outerradial fibers The outer fibers
representthe cover concrete with ¢hunconfined concrete propertfhe confined
concrete propertys assigned tahe eightinner fibers, served as the core of the column.
The circular section is divideahto sectors defined by the location loihgitudinal bas

(Figure4-2b).

The materiaf C o n ¢ r feom ©kriSeesbrary is usedo represent the unconfined
and confined concretproperties This material type modelkKentScottPark concrete
material with degradg linear unloading/reloading stiffnes$he unconfined concrete
material property iassigned to the coveoncrete witha maximum compressive strain of
0.002 and ultimate unconfined compressive strash 0.005 (AASHTO, 2011) and a
specified concrete compressive strength. Due to the presence of the transverse
confinement around the core and tege effect, the core reveals higltempressive

strength and ultimate strain than unconfined conciiéte.confined concrete propglis
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determinedusingAASHTO specificationZ012)andMa n d e r 0 @Manaey, dI8% A
comparison ofthe unconfined and adined concrete stresgrain model is shown in
Figure 4-3. Longitudinal steel reinforcement is representedibRe i nf or cthamg St e

captures thgield plateau as well as the strain hardening of the rebar.

Whenthe concrete strain in one of the core fibers (with confined concrete property)
reaches the concrete ultimate strain (concrete crushing), concrete strength drops to zero in
the fiber.When te strain in one of the longitudinalba passes the ultimate strain at

breaking stress, the analysiterruptsdue to the rebar fracture.
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Figure4-3- Concretestressstrain model
4.4.Modeling of SeatType Abutments

Abutmens provide vertical and lateral support for the superstructure and approach
slab. Abutmergcan beeithermonolithicor seattype thatdeterminethetype ofboundary
conditiors with respect t@omputational modelingf the bridge. In sedype abutment,
which is the focus of this study, the superstructure is constructed separately from the

abutment andsupportedon the bearing with a gap with the abutmentbackwall
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(tangentialgap). Bearingareinstalled on top of thetemwallthat is supportely the pile
capbeam, pile groupand embankment backfill. The present study focuses on the most
recent details particularlysedoy CALTRANS (CALTRANS, 20122014) Accordingly,
various components of the ségpe abutmentKigure4-4) used in this studglong with

the modeling approach are presentethefollowing sections

Tangential Gap

Backwall .
Bearing
Shear Key Radial Gap
o
Pile Group k=
573
n|s
Stemwall ?

(@) (b)

Figure4-4- (a) Abutmenttcomponents(b) Gapdefinition
4.4.1. Modeling of Superstructure-Abutment Pounding

Seismic pounding betweeauperstructurand abutment backwathay result inarge
forces andsubsequentisplacementfollowing the abutmentbackwall failure during
seismic excitations. The poundingay also result indcal damage at theoncrete
interface such as crushing @pallingthe superstructure, diaphragrand seat concrete.
Among different alternatives for modeling the seismic pounding, the contact element
approach proposed byaison, et al (1992)is usedin this study. Based on the theory,
Muthukumar (2003)proposeda simplified bilinear contaebased model with energy

dissipation for pounding simulation in structuasdalysissoftware(e.g. OpenSeesJ.he



77

modelis based orequating thedissipatedmpactenergy to the area in the hysteresis of

the Hertz contact model with nonlinear damping (Hertzdamp modealple 4-1 and

Figure 4-5 show thevariables and equations that are used to mduakel pounding.
fElasticPPGapu ni axi al mat e rTweNbdelankoo red ewetnh st lag efi u
represent the pounding between shiperstructurandabutmentbackwall after closure of

the tangentiabap (Figure 4-4b) in the current studyT'he material enables defining the

bilinear propertiess well as the initial gap.

Table4-1- Properties and formulation of the impact matgiiélithukumar, 2003)

Dissipated energy YO ol p_Q
e p
Impact stiffnesparameter, - L.
. Q ¢ mnEED 7
used in hertz model
Hertz coefficient ¢ pd
Coefficient of restitution Q T
Maximum penetration ) T 0Q¢
Yield deformation 1 o
Yield parameter )
Maximum impact force O U 1
Yield impactforce O 0
Effective stiffness 0 01
— C yo
Initial stiffness U U —_—
o
. o o yo
Strain hardening stiffness U U ~
p W]
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Figure4-5- Inelastic impact element paramet@viuthukumar, 2003)

4.4.2, Modeling of PTFE/Spherical Bearings

Besides the creep and shrinkage effects, thermal, vehicular, and seismieéaoiiis
additionalhorizontal forcesand deformationg the axiallyrigid superstructure. Bearisg
are placed between the superstructure and substructure to transseitahds between
the superstructure and substructuféey are designed to accommodd#te relative

translatioml or rotatioral deformations.

PTFE/Spherical bearings are preferred in current seismic designs in lieu of the
standard elastomeric bearing pads at-sgat abutmen{CALTRANS, 20122014) It is
usually assurd that thetypical paddail at6 6 d e f candmgerienoendamage and
tearing Such damage results in subsequent contoetencrete contact between the
super and substructure. The new contact affects the dynamic properties of the bridge
and may chage the seismic load path during an earthquake. However, the sole plate
length in PTFE/spherical bearingigure 4-6) can be extended to avoid any contact

between thesuperstructure and stemwalllhe PTFE/spherical bearings do not
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incorporate uplift holedown devices; hence do not provide any uplift resistance. In
addition, PTFEApherical bearingallow rotations about horizontal exby sliding along

a spherically shzed interface on one side of the beafiikgnstantinidis, et al., 2008)

Figure4-6- PTFEAphericalbearing(Konstantinidis, et al., 2008)

The sliding material is typically PTFRasedbonded to flat anadtoncavesurfaces.
Flat and onvex mating surfaceare typically stainless steeBliding mechanism of the
curved surface with low friction coefficiemiaylead to large horizontal displacemerit
the superstructurduring aseismic event. Superstructure sghight is transmitted to the
seat through the contact stresses of the plate and PTFE fHheicstresss limited to
3,500 psi maximum(CALTRANS, 1994) The low friction interface is assumed to
provide no frictional resistance to horizontal loads. The coefficient of friction for fabric
containing PTFE fibers varies from 0.08 to 0.04 at bearing pressures of 500 psi and 3,500

psi, respectively.

It is well known that the frictional properties of PTFE are velodi#pendent
(Mokha, et al., 1990)Friction increases rapidly with increasing velocity up to a certain

value of velocity beyond which it remains constant. The effect afspre and sliding



80

velocity on the friction coefficient is as illustrated figure 4-7 (Constantinou, et al.,
1999) In general, the coefficient of sliding friction ) at sliding velocity ©) may be
approximated by the following equati¢f+1) for a fixed value oftte pressuré@viokha, et

al., 1988)
‘ "Q Q MQ Q (4-1)

in which™Q and™Q are the friction coefficients at large and low velocity of sliding,
respectively, andv is a constant for given bearing pressure and condition of interface.
The effect of fluctuation in the bearing pressure, caused by the vertical compotient of
groundmotion or the overturning moment, may be incorporated by adjustingc¢tien

coefficients.

BREAKAWAY fmax

VALUE
Hs

INCREASING
NORMAL
LOAD

OEFFICIENT OF FRICTION

Y

SLIDING VELOCITY

Figure4-7- Dependency of friction coefficient of PTHiblished stainless steel interface on

sliding velocityand normal loagConstantinou, et al., 1999)

Konstantinidis, et al. (2008) performed a set of experminets on this tyjaohgat
high velocity to assess its behavior under seismic loading corxlifibe bearings had
been ésted under various average pressures ranging from 2,000 psi up to 10,000 psi as

well as different rotations. A number of sinusoidal signals varying in frequency and
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amplitudewere applied to the bearings. According to the reported results, the friction
coefficient at low velocitywas observed betwe&n020.03, independent of the pressure.
At high velocities, the value increases to 0.10 in low pressure condition, while it drops to

0.05 with increasing the pressure.

OpenSees provides tlfiatSliderBearing element that captures the coupled friction
properties for the shear deformation in thd@mensionaimodels.lt also offersa velocity
dependenfriction materialfor modeling the behavior of PTFE or PTHEe materials
sliding on a stainless steel surfadd&e element along with a friction model is used to
define the forcedeformation behavior of PTFE/spherical bearing in the horizontal
directions Afl at SI i der Be ar inVvhegl oD eepleenmeemtatasial lisan gc t W i
usedin shear directioto model the horizontalesistance of the bearind@his choice
enables modelingf the coupled friction properties that is affected by both axial force
and slip ratgFigure4-8). Constantvalues of 0.02 and 0.6 s/in are defined as the friction
coefficient at low velocity and transition rate from low to high velocity, respectiVély.
friction coefficient athigh velocity is varied in the range of 0.@h1. Since theriction
coefficient athigh velocitycannot be represented by a constant vefiomstantinidis, et

al., 2008) it is assumed as an uncertain parameter and will be discussed in Chapter 5.

In the axial direction,a material with no tensile strengtmdahigh compressive
properties can represent the superstructure uplift and resultant seismic pounding force
due to the superstructure inertia foré&aison, et al. (1992%howedthat changing the
impact spring stiffness by an order of magnitude has viytumd effect on the system

response. Accordingly, the uniaxial material with the same properties as the horizontal


http://opensees.berkeley.edu/wiki/index.php/Velocity_Dependent_Friction
http://opensees.berkeley.edu/wiki/index.php/Velocity_Dependent_Friction
http://opensees.berkeley.edu/wiki/index.php/Velocity_Dependent_Friction
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impact (presented iBection4.4.1), except the gap, is assigned to the axial direction of

the bearing element in order to represent the uplift of the superstructure.

F-Radial f F-Vertical

--------------------------------------------------------

angential { F-Vertical
R
F-Radial | F-Vertical

a 1 ] 0 :
0% 05 0.03 0 0.03 0.06 0 ) 05 1
F-Tangential | F-Vertical Displacement (in)
Figure4-8- Forcedeformatioro f t he #Afl at SI i der Bearingo

4.4.3. Modeling of Shear Keys

In concrete boxgirder bridges with sedype abutment, exterior shear kegt the
sides of the superstructure provide the transverse restivainé superstructure during
service load and small to moderate earthquaket®rior sheakeys areusually preferred
for new bridgeconstruction becausthey are easier to inspect and repair. tmidges
designed irCalifornia, shear key/aredetailed astructural fuss (sacrificial elemers) to
control damage in thetemwal] supporting pilesand columnsunder strongseismic

events

Researchers at th&niversity of CaliforniaSan Diego (UCSD) carried out an
experimental program to study the seismic response and capacity evaluation of sacrificial
exterior shear keygBozorgzadeh, et al., 20Q7Jhe design philosophy was to force a
shear sliding failure at the interface of the sheard&mytmentstemwall. This type of

failure can besasily repaired after an earthquakeo types of shear keynamely, non
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isolated ad isolated were the focus ofiststudy. The test results indicated that tlaege
diagonal crackin the stemwall developed in the nesolated shear kegFigure 4-9a).

The damage was not easily repairable after the earthquake. However, the isolated shear
key performed as the structural fuse with sliding shear failure during thé-tggte(4-

9b). In addition, the capacity of the isolated shear key could be accurately estimated, in

contrast to the norsolated shear key{gure4-10).

(b)

Figure4-9- Failure mode of a) Test Unit 4A (nasolated type); b) Test Unit 5B (isolated type)

(Bozorgzadeh, et al., 2007)

Bozorgzadeh, et al. (2006) recommendkdt the abutmentstemwals should be
constructed first followed by smooth finishing of all surfaces to create a weaker plane at
the interface. A bond breakeinfi should be applied on the interfaokthe abutment and
shear keyto prevent anychemical bond between concreiEthese componentShear
key vertical reinforcement is typically bundled in a single group and placed close to the
center of the shear ke¥his detail serves as the only connection between the shear key

and the stemwallMoreover there is no reinforcement to connect the shear key to the
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abutment backwallTherequiredreinforcement for the temperature and shrinkage should

not cross thehea key-stemwallinterface.

Unit 3-A (using foam)
160 -
....... Unit 5-B( with bond
breaker)

140 A

Load (kip)

Displacement (in.)

Figure4-10- ExteriorshearkeysTest Units BA and 5B (Bozorgzadeh, et al., 2007)

SDC (2013)follows the recommendatisnby Bozorgzadeh, et a{2006; 2007)and
presents the isolated shear k&iesmooth construction joint is required at the shear key
interfaces with thestemwallandbackwallto effectively isolate the key-{gure4-11). For
shear key supported on high abutments, shear key capd€ty,vertical reinforcement
crossing the shear plané; pand lorizontal reinforcement in thetemwal] 0;q are

determined based on Equatidis?) to (4-5).

"0 10 (4-2)
™ 4 p3dt (4-3)
0 5 (4-4)
6 g8 ! (4-5)

whered s superstructure dead load reaction at the abutment.
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Shear Key | —1— 2" Expanded
Confinement — " o Polystyrene
Ask ) _— 1" Exp.
(Bundle near Joint Filler
center of key) ————{| =

=
Mandatory smooth EL E
unbonded constructiol ]

joint. ¥ ——— ——

Ash— |,

T = Stemwall
Lmin T

\

Figure4-11- Isolated shear kef5DC, 2013)

Isolated shear key issedasthe type of shear key used at tiredlgeabutmeng in this
study. The response of isolated shear key shows an initial high stiffness followed by
kinking of the vertical reinforcement that causes the gradual increase in the capacity. At a
higher displacement, the vertical reinforcements rupture, indicating the failuiee of
shear key. An ongoing investigation at the University of California, San Ofkcogbari,
et al., 2014)provided the present study with preliminary nonlinear idegplacement
curves for the isolapédusheaaralkewmat emiEdlas
ATwoNodeLinko el ement i s wutilized to mode
definition of the bilinear properties as well as the initial gagyre4-12). The element is
engaged when the radial gdfigure4-4b) between the superstructure and the shear ke

is closed.
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-100

-200

Force (kip)

-300

400

Displacement (in)

Figure4-12- Load-displacement curve of the isolated shear kegpmmended bifottari, etal.

(2014)

4.4.4. Modeling of Soil-Structure Interaction

When the bridge superstructure movasgentiallytoward the abutmenduring a
seismic event, a soil wedge behind the abutment is mobilized in passive direction.
Moreover,the impact forcet seattype abutmentsesults inlargersoil passive pressure.
Past researchasshown that the resistace of the backfill soil is nonlinear with respect to
the relative displacement ahe backfill soil and the bridgesupestructure in strong
earthquake (Shamsabadi, et al., 2007)he ®il passive pressure affects the global
dynamic performance of the bridge temgentialdirection while the soil active and at
rest pressure are negligibl€herefore, the contribution of the sairucture interaction

should be considered in the seismic design of bridgkih seismic zorse

SDC (2013)recommends a bilinear foraBsplacement model to represent backfill
passive pressure basedMaroney (1995), Stewart, et al. (2007), and Shamsabadi, et al.
(2007) The model includes an effective abutment stiffness that accounts for the

tangentialgap (expansion gap) as well as the maximum passive preSbarasabadi, et
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al. (2007) is cited as a reference foromm detailed nonlinear foregeformation

relationship inNSDC (2013) that isisedin this study.

The basic framework of the fordation is based oa mobilized LogarithmicSpiral
(LS) failure surfaces coupled with a modifigtyperbolic (H) abutmentbackfill stress
strain behavior (LSH)Shamsabadi, et al. (200@¢veloped a simplelyperbolic Force
Displacemen{HFD) equation basednoLSH and experimental dataSH and HFD are
practical and versatile tools that can be used by structural and geotechnical engineers in
seismic analysis of bridgeEquatiors (4-6) to (4-7) and Figure 4-13 demonstrate the
practical forcedisplacement relationship developaad adjusted for various wall height

andtypical cohesionless and cohesbackfill soil.

" OAT AAA§AELU —0O%hw T8t (0 (4-6)

#1 EAQBAKAERU —(ha T O (4-7)

"Ois the abutment height that engages the backfill sdi, wis the displacement in

inches and'Ow is the force expressed kip/ft width of the wall.

The compressiconly A Hy p e r b oateri ic aBlapenSeesimplements the
general hyperbolitiysteretic relationshifMcKenna, et al., 2014)rhe hyperbolic force
displacement model is based on work yncan, et al. (2001and $iamsabadiet al.
(2007) with calibrated parameters from UCSD abutment i@8ilson, et al., 2010)

Equation(4-8) shows the formulation of the material in OpenSees.
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! |
O TG pof /

Figure4-13- Hyperbolicforce-displacementormulation
O w — Y — (4-8)

in which 0 is the initial stiffness;O is the ultimate passive resistance ands the
failure ratio. By rewritingEquation(4-6) to (4-7) in terms of Ejuation(4-8), 0 4 ¢ @nd
"Q 4 @re obtained as given inglations(4-9) and(4-10). These parameteereused as
input for thefiHyperbolicGapMterialdo and cal c ul abutndnt Heighsteatt on t

engages the backfill soil

" OAT AAA@GAED | W 8h 0 -08 (4-9)
#| EAQBABAE] D g (h O — (4-10)

4.4.5. Modeling of Piles

The piles are considered to providengentialand radial stiffness to the abutment
(Figure4-4a). In tangentialdirection piles contribute to passive resistance in addition to
the resistance of the backfill soMWhen the bridge moves away from the abutment and
form a gap between the abutmebackwall and superstructure(active tangential
direction), piles are the only compens to resist the lateral loadransmitted from the

bearing, shear key, and abutment inertia. Wingsaail radial direction) do not play a
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significant role in transmitting the forces to thgrrounding soidue totheir negligible
stiffness.lt is thereforeCALTRANS recommendation that only the piles be considered in

modeling the abutmemadialdirection.

The nonlinear behavior of the piles (abutment in the active tangetial and radial
directions) isdescibed by Choi (2002) Based on his studyhe lateral response of the
piles can bemodeledwith a trilinear backbone curvéFigure4-14). The initial stiffness
of the piles is decreased when the surface soil yields. The behayerféstly plastic
after the ultimate deformation is reached at ih.@isplacementlt is assumed thathe
first yielding occurs at 30% of the ultimate deformatand the yielding force is 70% of
the ultimate forceThe utimatelateral capacity andffectivestiffness of CIDH pile (Cast
in Drilled Hole) are assumed to be equal tckigs and 40kips/in, respectively, based on

CALTRANS (2010.

Number of pilsis controlled by theaxial forcedemandunderservice load or lateral
force demandunderultimate load.The vertical reaction @he abutmentdue toweight of
the superstructure and the live load, is estimated camdidered as the service load.
CALTRANS stardard planassignsl40kips to the compressive strengthf Class140 pile
In thelateral direction, theombinedultimate capacity of the shear lssgnd bearingare
usedto determinethe ultimate demand on the pile group. The ultimate lateral capacity of
piles is assumed to be equal 0 kips. Then the number of the pile is governed by the

largestratio of the demand over capacity.
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Force (kip)

R S

Displacement (in)

Figure4-14- Force displacement response of the (flkoi, 2002)

4.4.6. Modeling of SeatType Abutment

Aviram, et al. (2008a, 2008b) presented differ@mproaches to modéte abutment
response, namely roller, simplified, and spring abutment models. In the roller abutment
model Figure 4-15a), the single frame elastic superstructurgleced on the roller
supports. The roller supports provide the constraints against the displacement in the
vertical direction. This model can be used to provide a ldwend estimate of the
longitudinal and transverse resistance of the bridge. In thplifed abutment model
(Figure4-15b), the single frame superstructure is connected to the springs through a rigid
transverse frame at the abutment. The springharndngitudinal direction represent the
gap and embankment fill response. The transverse springs are assigned the backfill, wing
wall, and pile responses. In the vertical direction, the elastic springs are defined with a
stiffness corresponding to the ved stiffness of the bearing pads. This model ignores
the failure of the shear keys, mass of the embankment, and the distribution of the bearing
pads along the stemwall. A more complex model is the spring abutment model that

includes longitudinal, transvee, and vertical nonlinear abutment response, as well as a
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participating mass corresponding to the concrete abutment and mobilized embankment
soil (Figure 4-15c). The longitudinal response is based on the response of elastomeric
bearing pads, gap, abutment backwall, abutment piles, and soil backfill material. The load
path in the longitudinal direction depends on the impact or gap closure. Prior to gap
closure,the forces are transmitted to the stemwall through the bearing pads. After gap
closure, the superstructure bears directly on the abutment backwall and mobilizes the full
passive backfill pressur@Aviram, et al., 2008b)The tansverse springs represent the
elastomeric bearing pads, exterior concrete shear keys, abutment piles, wing walls, and
backfill material. The vertical response of the abutment model includes the vertical
stiffness of the bearing pads in series with thetica stiffness of the trapezoidal
embankmentAviram, et al. (2008b) conclued thidie spring model or a similar elaborate
model is required for short span bridges to properly capture the major resistance

mechanisms and mass of the abutment.

This study ses the spring abutment approach to consider the tangeadial and
vertical nonlinear response tbie various components at the abutmginbwn inFigure4-
4a. Snce PTFE/spherical bearings are considered in this study, the spring model has been
modified to capture the corresponding load pdifgure 4-16 depcts the adopted
modeling method (spring model) as well as the description of representative springs.
Spring properties can be assigned in each of the three translational local -dégrees

freedomto capture the responsetbevarious componenthat theyrepresent.
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Transverse: Modified SDC backbone

Elastic curve (Maroney, Chai, 1994)
Superstructure G
—— Longitudinal: SDC backbone
Boundary conditions: Bounc::_ry dc_orjdtlllons. curve with gap (series)
j Vertical support 1gid join
Elasti S °
astic T \ -
Superstructure H g ! Rigid clement
DT d.~ Superstructure width
(a) Vertical: Elastic spring for (b)
bearing pads (k)
Rigid element 1
Elastic superstructure Rigid element 2
Rigid joint
<
Web
spacing
Elastomeric bearing pads
(BP): As many BPs as
webs of box girder., BP
response: L, T, V] )
Participating mass
(Zhang and Makris,
B 2002: Wemer, 1994)

d_- Superstructure
e

nonlinear spring\\“/z /i width

(©)
Figure4-15- Configuration of (a) roller abutment; (b) simplified abutment; and (c) spring

abutment Aviram, et al., 2008a; 2008b)
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Spring

AXIS

Description

(1)

Axial

Free, Tension; Impact, Compression

Tangential, Radial

PTFE/Spherical Bearing

Axial, Tangential

@) Radial Shear Key, After radial gap closuiiegward wingwall
Free, Toward superstructure
Axial Fixed
3) ) : :
Tangential, Radial Pile
Axial, Radial
(4) Soil, Whole depth of abutment, Passive Dir (removed a
Tangential gap closure);
Free, Active Dir.
Axial, Radial
(5) Impact, After tangential gap closure, Toward abutment
Tangential backwall
Free, Toward superstructure
Axial, Radial
: oil, Abutmentbackwall height, Passive Dir.;
(6) Soil, Ab tbackwall height, Passive Di
Tangential

Free, Active Dir.

Figure4-16- Abutment configuration anidis components
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The tangential response of the abutment igoverned by theresponse of
PTFEkpherical bearing backfill soil, pilestangentialgap, and impaci#ccordingly, the
apparent seismic load path in tangential directiepends on whether the tangential gap
is open or closed, since tmeobilized soil wedge behind the abutmesntaffected by
closure of the gapPrior to gap closureseismic forces are transmittedrabgh
PTFEApherical bearing to the stemwal| pile capbeam and pile group in a series
system. In passive direction, where the superstructure moves toward the abutment, the
backfill soil is mobilized due to the movement of aforementioned concrete block
(stemwal] pile capbam and pile group). The mobilizedis wedge along with piles
provides the passiveangentialresistance to the system. When the bridge moves away

from the abutment (active direction), only piles contribute td@ahgentiakesponse.

After tangential gap closuréhe abutment backwall tgpically designed to break off
to protect thepiles andfoundation from inelastic actiofsDC, 2013) After theabutment
backwall breaks, the soil behind it resists the forces due to horizontal pounding, while the
bearingforces and inertia forces are transferred to the pHegure 4-17 illustrates the
soil wedges in two phases of the load pathangentialdirection of the bridge. The

abutment backwall height is assumed to be equal to the superstructure depth.

To model the conditional behavior of the abutrrswit interaction, two phases are
considered. In both phases, the piles provide resistance in,geéissive, and radial
directions with trilinear lateral loadisplacement backbone curve. In the initial phase, the
PTFHsphericalbearings (springl) transfer the seismic forces to the piles (spring3) and to

soil (spring4) (bearings are in series with tha@l and pile). The mobilized passive
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pressure behind the abutment is developed by the total height abubrmentackwall,
stemwall, and pile capeam Figure 4-17a), which is assumed tobe equal to
2.5 bakwall height. After the collision between the superstructure aizitment
backwall (tangential gap closure, spring5), the pounding force shears abulm@ent
backwall and changes the sliding surface of the(faure4-17b). In this phase, spring4
is removed and the piles resist the P/BRericalbearing and abutment inertia forces. In
this phase, the soil behind theckaall (spring6) carries the superstructure inertia and

impact forces.

@ (b)

Figure4-17-Schematic soil wedg@) before andb) after closure of theangentialgap

The radial response of the abutmeist governed byPTFEApherical bearing radial
gap, exterior shear ksyand piles. Similar téangentialresponse, theeismicforces are
transmitted through the PTFpherical bearigs to thestemwal| pile capbeam and pile
group in a series system. As statedbattion4.4.5 piles arethe only component that is
considered inradial resistance of the abutmenivhen the radial gap between the
superstructure and shear key is closed, shear key acts in parallel (spring2) with

PTFEsphericalbearings.
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The vertical response of the abutmeng@/erned bythe vertical esponse of the
PTFE#&pherical bearing in series with the axial stiffness of the pile. PSpREfical
bearing do not provide any uplift resistancAs a result, no tension impact material is
assignedn the vertical direction of the bearisg Thepiles are considered to act as the

fixed support in vertical direction.

A participating mass corresponding to the concrete abutment and mobilized backfill
soil develops the inertia forces at the abutmdihierefore,a nominal abutment mass
(30% of the dead load ret#on) is assigned to the nodes connecting bearings and piles
(between springs 1 and 3) to represé® mass of the abutment concrete block and
backfill soil. After shearing off the abutmebtickwall the mass of the new engaged soill
wedge intangentialdirection is also added tihne nodesconnecting springs 5 and B is
assumed that the section of the soil wedge issaacelegight triangle with the side
lengths equal tabutmenbackwallheight Also, the soil wedge is assumaalform along

the widthof theabutmenbackwall.

Thenumber ofnodes that represetite abutment is equal taumber ofgirdersin the
superstructureAs a result, a group of parallel springs represents the response of soil and
piles behind the entire abutment width. Each sgpris defined by the stiffness and
displacement capacity of the soil or pile. The force capacity is calculated by dividing the
total force capacity of the soil or pile by the number of girders. The parallel spring system
is equivalently model the entire ament. The stemwall andbutmentbackwall are
defined as the rigid elements. One rigid element, serves as the stemwall, connects the

PTFHsphericalbearing (1) and shear key (2) springs to the pile (3) and soil (4) springs.
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The tangential gap and impac) @pring is connected to the soil spring (6) through the

other rigid element that represents #fiitmentackwall.

4.5. Analytical Bridge Model

The preceding sections provided extensive component modeling strategies used in the
present study. Various componédenel models are assembled in the system level model
to generate the global analytical model of the bridge to be used in fragility analyses. In
order to validate the analytical model in OpenSees, a benchmark bridge is subjected to a
selected ground moticend the nonlinear seismic response of each component is studied.
The intention with presenting the bridge component responses is not to facilitate drawing

of conclusions, but rather use it as a sanity check.

A curved benchmark bridge, discussed in Chaptex selected to provide the insight
into the component responses usinHNA. The geometric properties of the curved
benchmark bridge and concrete bgixder superstructure are presented in FiguBb 3
and c.Table 2-5 shows the structural properties that are assumed in the modeling of the
curved benchmark bridgé. is noted that all of the parameters reportedable 2-5 are
the median values of the respective distributions that will be used in the generation of
fragility curves In the model, the number of piles is governed byldheraldemandhat

leads to 13piles(Class 140 CIDH).

Eigen valie analysis of the bridge modslperformed in Open&sandthe dynamic

characteristics of the modes are listedTable 4-3. Figure 4-18 showsthe first three
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mode shapes. The fundamental vibration mode is governed by the transverse direction of

the bridgeThe second mode occurs in the longitudinal direction.

Table4-2- Structural properties of the model

Column longitudinateinforcement 2.25% B2#14
Column transverse reinforcement 1.5% @#8@3.0in)
Concrete design strength 4,900psi
Reinforcementield strength 67.10ksi
Tangential gap 3.0in

Radial gap 0.75in

PTFE/spherical bearing coefficient of frictior 0.075

Shear key capacity 0.750
Soil Type Sand
Rayleigh damping 5.0%

Table4-3- Dynamic characteristics of the bridge

Mass participation

Mode Direction Period (sec) factor (%)
1 Transverse  0.917 83.50
2 Longitudinal 0.801 53.34
3 Longitudinal 0.526 38.86

The curved bridge model isthen subjected to Northrige ground motion (1994)

recordecat 'Jensen Filter Planpresented in Sectidh6.5
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(@)

(b)

(€)

Figure4-18- (a) Fundamentalb) secondand(c) third mode shapef thecurvedbridge

As stated before, he grillage model can capture the displacement of the
superstructure(Chapter 3) Figure 4-19 shows the vertical displacement of the
superstructure athe abutmet location, where the PTFgpherical bearing do not
provide any uplift resistanc&ince the grillage method is used for modeling the concrete
box-girder, the longitudinal members are assumed at the centerline of the girders.
Figure4-19 demonstrates the different vertical displacements at each girder that may lead

to differentvertical pounding forceon the bearing

Inner1

Interior2
Interior3 |
— QOuter4

et
o

Displacement (in)

(=]

I
5 10
time (sec)

]

Figure4-19- Vertical girderdisplacement responsg the Abutment5
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The nonlinear properties of the shear key are proviockedongoing researclat
University of California, San Diegottari, et al., 2014)The failure displacement of the
selectedshear keys 3.81in and the capacity of the shear keyagsumed to be equal to
O T W . The element representing theesar key is activated when traialgap
closes(Figure 4-20). After the radial displacement of the shear key exceeds its failure
displacement, the force capacity of the element drops to Eegore 4-20 shows the
shear key response at the Abutmentl. The shear key that is close to the inner girder of the
superstructure survives from the excitation, while the shear key that is close to the outer
girder fails.Note that theselectedisolated shear key canitwstand the demands even

from the ground motion witthe PGA of 0.52g.

-500

500

Inner Shear Key Quter Shear Key

Force (kips)
Force (kip)

Radial Displacement (in) Radial Displacement (in)

Figure4-20- Shear key responsé the Abutmentl

The momentresponses of three columns are illustrate8igure4-21. It is assumed
that the longitudinatlisplacemenof the bridge generat@dY (longitudinal response) in
the columns and the transvedisplacemengereratesMX (transverse responsejince
the ground motioncomponent appliedn the longitudinaldirection has larger PGA
compared to theomponentapplied inthe transverselirection, the columns undergo

largerlongitudinal moment responsklY ). In the bridge model, three out of four exterior
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shear keys fail when the bridge is subjected to the ground motion and only one survives
at the Abutmentl. After the shear key failure at the Abutment5, there is no restraint
against radial displacement of theidge. Hence, the transverse moment (MX) and

torsion responses of the columns in different bents are not identical.
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Figure4-21- Moment responsat the base of the columntimree bents

Figure4-22 depicts thdongitudinalmomentcurvature response of threelumnsthat
is recordedat the base of the columirigure 4-23 shows the comparison dhe
longitudinalmomentcurvatureresponse at the top and bottom of the columBéant2. It

can beseen that the base of the column withstands larger moment and curvature demand.

Figure 4-24 displays the impact phenomena at the Abutmenkie horiontal axis
represents the relativeangential displacement of thesuperstructureand abutment
backvall. The elements representing the pounding at the abutment are engaged when the

3.0in tangential gapetweenthe superstructurand abutment backwal closed. When
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the bridge moves away from the abutment, the displacements are reported as negative
values. Since the bridge is free to move radially at the Abutment5, asymmetric impact
response behind the girders is observed. Moreover, the negative valusgladainent

show that the superstructure moves away from the abutment abou(réative to the

abutment).

MY (kips.in)

Curvature x10*

Figure4-22- Longitudinal momenturvature responss the base of the columntinree bents
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Figure4-24- Horizontal impact response behithek girderat the Abutment 5

Figure4-25a illustrates theoupledfriction coefficient of thePTFE/sphericabearng
in two orthogonal directions. The maximum vatueboth axes is 0.075 that is specified
to the bearingas the friction coefficient at high velocitin Figure 4-25b, the vertical
demand on the bearingertical impact)is shown inthe horizontal axisndthe gjuare
root of the sum of the squares of the friction fariteorthogonal directiogiis shown n

the vertical axisClearly,the slope of the line iaconstantvalueequal to 0.075.
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Figure4-25- Bearing responsg@) coefficient of friction in orthogonal directions; (b) friction

force versus vertical force

Before closure of the tangential gg@ides and soil resist the bearing forces and inertia
forces. At this stage, thabutmentbackwall, stemwall, and pile cdgeam engages the

soil in the passive direction. The piles provide the resistance in active diréagare4-
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26 showsthe resistancef the soil ard piles, behind the outer girder at Abutmertigfore
closure of the tangential gaghe positive displacemenis characterized by the
contribution ofsoil wedgeand piles in the passive action and the negative displacement is
solely the response of thelgs in active actionAs a result, thestiffnessin passive

direction is larger than thsiffnessin active direction

Soil+Pile Force {kips)

A0 i H H H
0.07 -0.05 -0.03 0.0 0.01 0.02

Tangential Displacement (in)

Figure4-26- Tangentiaresponsef the piles and sobefore gap closurébutments, Outer

girder

After the tangentiagjap closes and thabutmentbackwall shears off, the soil behind
the abutmentbackwall resists the forces due to horizontal pounding. At this ppiése,
are the only componegithat resist the bearing forces anertia forcesFigure4-27 and
Figure4-28 depict thetangentialpile response and abutmdigckwallsoil response after
closureof the tangentiagap.Although the seismic pounding between the superstructure
and abutmentbackwall generates large forces relative to the pile capacity, the seismic

detailing at the abutment protethe piles from the damage.
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Figure4-27- Thepile response after closuoéthe tangentiafjap Abutment5, Outer girder
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Figure4-28- Soil response after closuoéthe tangentiafjap Abutment5, Outer girder

4.6.Concluding Remarks

In this chapter, extensive details are provided about the modeling strategies for bridge
components: superstructure, single columents, PTFE/spherical bearings, exterior shear
keys, and abutments including backfill soil and piles. These models are developed based

on experimental data and analytical studies for the components.

The columns are modeled using floece beamcolumn elenentwith an associated
fiber section, which consists of unconfined concrete, confined concrete, and reinforcing

steel properties. The interactiohvaryingaxial force and biaxial moment, as well as the
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shear and torsion stiffnesses are included inldgraent. In addition, anodifiedabutment
configuration has been proposed pgooperly capture the seismic load path in both
longitudinal and transverse directioRTFEspherical bearing are modeled withan
elementthat captures the coupled frictigmopertes for the shear deformation in three
dimensionalmodels. In the axial direction, a material with no tensile strength and high
compressive properties represents the superstructure uphé. forcedisplacment
properties of isolated shear keys are providg the undegoing reaseraeh theUCSD
(Kottari, et al., 2014)Modeling of the sotbbutment interaction follows the modified
hyperbolic forcedisplacement (HDF) equation by Shamsabadi, at al. (200
abutment piles arassumed to act in active, passive, and transverse loading of the
abutment. helateral response of the pslaremodeledwith atrilinear backbone curvét

is noted that the proposed model is sufficiently flexible to allow addition of other
elements thaare not identified in this study. Finally, the grillage modeling approach is

utilized to develop the concrete bgkder superstructure.

Detailed nonlinear thredimensional analytical bridge models are developed in
OpenSees by assembling the individualdgge component models. Using a pair of
orthogonal time histories from the PEER Transportation Systems Research Program, a

curved bridge model is loaded along the two perpendicular bridge axes.
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Chapter 5: Framework for the Development of

Analytical Fragility Func tions

5.1.Introduction

Over the last decade, seismic risk assessment (SRA) of transportation systems has
been widely used by many professional engineers and researchers as a means to evaluate
structural performance, vulnerability and impact on the societyaldamage to lifeline
systems. Highway transportation systems are the key components in any transportation
network as their primary function is to provide knketween different regions and
resources. It is therefore essential to establish a reliablegzr@c estimate the physical
damage to lifeline componenflsighway transportation systejnas a result of a seismic

event.

The SRA tools are used to evaluate the performance of transportation networks in
terms of congestion, maximum delay time@sd minmum restoration timeslhe SRA
tools characterize the probabilistic seismic performanténighway bridgesgestimate
damage to highway bridges and consequently to the netandkpredict theeconomic
loss and restoration tim&eismic fragility curves ara key input into these toolghat
allow an evaluation of the potential seismic performance of bridges in the system. Thus,
fragility curves express the conditional probability of reaching or exceeding a target

damage state for a specific ground motioemsity measure.

Probabilistic seismic demand analysis (PSDA) is one of the most widely accepted

nonlinear demand estimation approach to estimate the probability of seismic demand on a
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structural system exceeding specified level of capacitywhen subject#® to an
earthquakePSDA consists of selection of a suit of ground motions, identification of the
class of bridgse and distribution of its parameters, and subsequently nonlinear response
history analysis of corresponding computational mod#¢t€ertaintiesn thedemandand
capacityof bridges can be captured in PSDA approach. The results of PSDA are used to
develop theprobabilistic seismic demand models (PS§Mvhich represent the relation
betweerground motion intensity measures (e.g. PGA, SA1) andtstal responses (e.g.
deformation, ductility)during a response history analysisherefore, nonlinear response
history analyses of computational models are carried out and maxistuciural
responses are recorded to build PSDNfs.order to develop frality curves for
components of highway bridges, their corresponding damage states need to be identified
and quantified statistically. Using PSDMs and probability models for both capacity and
demand, the conditional failure probability (fragility curve) feelected structural
responsess found. Nextthe component fragility curvesre combinel by implementing

the joint prababilistic seismic demand model (JPSPiM developthe system fragility

curves

Figure5-1 shows a schematic of the fragility framework and its essential components.
The subsequent sections in this chapter provide details about each part of the fragility
framework. The framework fahe development of analytical fragility functions includes
defining the fragility formulation at both the component and system levels, incorporating
the uncertainty in geometrical, structural, material properties of bridges into the FE
models,assembling suite of ground motions, ardtimating the component and system

capacities.
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Figure5-1- Schenatic of the fragility frameworkRamanathan, et al., 2015)

5.2.Probabilistic Seismc Demand Model (PSDM)

Seismic fragility curves represent the likelihood of a component seismic dei@and (
reaching or exceeding a specified level of capadity for a given intensity measure

("00, whereOUtypically represents of thground motiorcharacteristic:
0 00 6500 (5-1)
In analytical fragility curve development, various approaches are available to estimate

the seismic demand)j, including elastic response spectrum analyRiSA), nonlinear

static procedure (NSP), nonlexreresponse history analysisRNA), and incremental
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dynamic analysis (IDA). In this study, demand model is formulated using NRHA of
various bridge structural systems subjected to a large number of grouisthsn&ince

the structural response can be very sensitive to the characteristics of individual ground
motion, several analyses are required to convolve the randomness and uncertainty
characteristics of ground motion intensity in addition to the structeatand and
capacity. This method is typically known as cloud approach or referred to as probabilistic

seismic demand analysis (PSDA).

PSDA procedure requires a set of 3D computational bridge models and a suite of
ground motions. Computational models amngrated by sampling on the statistical
distributions for geometrical, structural, and material parameters to account for their
epistemic uncertainties. The seismic hazard in the area of interest is reflected in the suite
of ground motions. The computateinmodels and ground motiorse then randomly
paired and RHA is performed. In each analysis, the peak demand on components with
the most significant contributions to the bridge vulnerability is recorded to develop the
component PSDM. The result of PSDa probabilistic seismic demand model (PSDM),
which relates the seismic structural dema@ for instance column curvature ductility,
to ground motion characteristi©(), such as peak ground acceleratidori@p Following
the work by Cornell, etla(2002), the relationship betwed&d and "“O0is assumed to

follow a power model:
Y @0b (5-2)

in which Y denotes the estimate of median seismic demand pararf@teis the

intensity measure and ®are unknown regression coefficienEquation(5-2) can be
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simply transformed to the linear space to perform a linear regression analysis to
determine®yanda In the transformed spa¢e 'Y H TO0), the parametdr 1 is the
vertical intercept, parameteris the slope of the line, aid is thestandad deviation of

the linear regression.

1Y 11700 Al Tod (5-3)

f (5-4)

where( is the number of response history analysis, @idnd 00 are the peald O ¥

(e.g. column curvature ductility) and intensity measure (e.g. PGA) associated wifth the
response history analysisquation(5-5) presents the estimated conditional probability of

the seismic demand reaching or exceeding the structural capacity at a given intensity

level:
00 'WOL p 11 1TY j1 (5-5)
where @ (A is the standard normal cumulative distribution functio, andf is the

median and dispersion values of the seismic demand consistent with Eq(&8)r=sd

(5-4).

5.3.Uncertainty Treatment

The sources of uncertainties and their treatrhente been of interest to statisticians,
scientists, engineers and other specialists. Uncertainties can be divided into two
categories: aleatory and episteniMdc Guire, 2004) Aleatory (random) uncertainty is

inherent in a ranam natural phenomenon and cannot be reduced by acquiring additional
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data or information. Conversely, epistemic (knowledge) uncertainty results from lack of
knowledge about some model or parameter, which can be reduced by considering
additional data or imved information. The knowledge of experts may be useful to

guantify the aleatory uncertainty and reduce the epistemic uncertainty.

Most risk analysis problems involve both known statistical samples, and unknown or
partially known mechanisms. The distiloct between two types of uncertainties is not
part of this study; however, both uncertainties should be quantified and combined into a
single probability distribution. Bayesian probability theory allows the measurement and
combination of randomness (alegfoand fundamental (epistemic) uncertaint{Paté

Cornell, 1996)and provides the confidence bounds in the fragility curve.

One of the primary intentions of a fragility analysis is to capture the uncertainties
inherent in seimic performance assessment and quantify probabilistically the potential
for damage(Padgett, et al., 2008alncertainty in geometric, structural, and material
parameters in addition to uncertainty from ground motions, whict tenaffect the
demand estimate, are sources that are considered in this study. Uncertainty linked with
component capacity estimation is dealt withSection5.4. Uncertainty associated with
the geometric properties of the bridges is explicitly accounted for in developing the

benchmark bridges in Secti@.

5.3.1. Ground Motion Suite

The seismic provisions in codes and standards promote the use of response history
analysis to estimate the seismic demands on structures. The ground motions used in the

response histgranalysis should have characteristics that are representative of the seismic
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environment of the site and local site conditioSASHTO, 2012) Earthquake
magnitude (M), source to site distance (R), type of faulting, soil lprodind design
ground motion characteristics, such as #fedd characteristics, should be considered in

selecting the ground motio8ASHTO, 2012)

In order to conduct the response history analyses to develop PSDMs ahdhkyen
component fragility curves, a suite of ground motions representing target geographical
locations should be selecteBaker, et al. (2011peveloped strategies for selecting
standardized sets of ground motions for use by the Pacific Earthquake &mgne
Research (PEER) Center 0s Theaeswsappoachnastai on Re
selectinga set of ground motions matching both a target mean and target variance of a
log response spectrum, as opposed to most methods which match only a meamspectr
This ensured that ground motions with a range of properties are available to analysts to
capture the aleatory variability in ground motiolmke proposed ground motion sets can
be used in a variety of applications, including analysis of structuralgantechnical
systems at locations throughout California (or other active areas where seismic hazard is
dominated by midto largemagnitude crustal earthquakes at near to moderate distances)

(Baker, et al., 2011)

Since the am of interest in this study is California (an active seismic region), a suite
of 160 ground motions proposed by Baker et al. (2011) is utilized in fragility curve
development. All ground motions were obtained from the PEER Next Generation
Attenuation (NGA)Project ground motion librarfChiou, et al., 2008)The earthquakes

range in magnitudes from 4.3 to 7.9 and are primarily from shallow crustal earthquakes
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observed in seismically active regiorihe suite is comprised of fowgets of ground
motions. Each set has 40-scaled threeomponent ground motionsh& target spectra

for different sets are calculated based on the target earthquake scenario.

The first two ground motion sets named
broadband ground motions associated with moderately large earthquakes at small
distances for a solil site §~250m/seg, although they differ in magnitude and distance.

Set #1A consists of threeomponent ground motions that their horizontal response
spectra match the median and log standard deviations predicted for a magnitude 7 strike
slip earthquake at a distance ofKkifiand site average shear wave velocity of @8&c

The Campbell, et al. (2008) ground motion model was used to estimate the mean and
variance of the response spectrum. The ground motions were selected to match this target
spectrum at the periods between 0 arge® This interval was identified as theeriod

range of interest for the systems being studied in the Transportation Research
ProgramThe median and log standard deviations of response specfiaSie t #1Bo
represent the target earthquake scenario with magn@usteikeslip earthquake at a
distance of 2%km and site average shear wave velocity of 2F6ec The third set (Set

#2) is similar to Set #1A, except it is intended to be representative of the rock site
(Vs3=760 m/seg. The last set of ground motions (Set #3) was selected to haveg stron
velocity pulses that might be expected at sites experiencingadadirectivity (Baker,

et al., 2011)
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5.3.1.1.Horizontal Componentsof the Earthquake Records

Figure5-2 depicts the distribution of magnitude, distance, PGA, and SA1 for all the
ground motion records in the suite regardless of the set. Note that the reported PGA and
SA1l are the geometric means of two horizostahponents of the ground motion. It is
clear that the selected records cover a wide range of significant ground motion
parametersrigure5-3 andFigure5-4 show the comparison between average acceleration
spectrum for each set as well as distribution of the geometric mean of acceleration
spectrum for individual ground motiong&igure 5-5 reveals the distribution of the

geometric mean of PGA and SA1 of the two components for each set.

%
U 7

+ (b)

Figure5-2- Distribution of magnitude, distance, and PEBA (b) SA1 in the Baker suite
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Figure5-4- Geometriomean of response spectra (horizontal component) of (a) Set #1A, (b) Set

#1B; (c) Set #2; and (d) Set #3
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As mentioned before, the ground motions in Set #3 are expected to occur in near fault
regions, whose major energy comes from a small number of highyepelses. They
have strong velocity pulses in the strik@rmal direction due to directivity effect. Strike
parallel velocities are generally smaller, with one exception, which €GhIrCuU068
earthquake. The earthquakes vary in magnitudes from 6.I%20and with epicentral
distance from 17.9 to 86.8n. Figure 5-6 depicts the distribution of the peak ground
velocity of each component. SN represestrikenormal component, while SP stands for

strike-parallel component of the ground motion.
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Figure5-5- Distribution of horizontal PGA and SALl in (a) Set #1A; (b) Set #1B; (c) Setri; a

(d) Set #3
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Figure5-6- Distribution of PGV in two horizontal components of ground motion in Set #3

5.3.1.2.Vertical Component of the Earthquake Records

It has been commonly assumed that vertical ground matiom®t have a significant
impact on the response of a bridglem, et al., 2011) As a result, current bridge design
codes do not explicitly address the bridge response to vertical motions. Vertical
acceleration is considered BPC (2013)only for sites where the PGA is at least 0.6g.
The vertical effect is modeled by applying a omih vertical force equal to 25% of the
dead load applied upward and downwaBdtton, et al. (2002jound that if the bridge
site is located within 1Gkm of a fault, the variations in column axial loads and
superstructure moments and sheausthbe inclucd in the design. Since the suite of 160
ground motions proposed IfBaker, et al., 2011y comprised of horizontal and vertical
components, the vertical component of the ground motions has been included in the
analygs. The &erage spectrum of vertical component as well as the distribution of the
horizontal and vertical peak acceleration for each set is shokigune5-7 andFigure5-

8.
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Horizontal components of earthquake ground motion are more of a consequgnce o
waves, while the vertical component is the reaction-teakes with shorter wavelength
compared to Svaves. As a result, the vertical ground motion has higher frequency
content than horizontal ground motion that tends to amplify the vertical respbotise o
structure in the short period ran@@m, et al., 2011) FromFigure5-9, it is clear that the
vertical acceleratin is more intense in shorter period range than longer period range of
the spectrum. Some design codes suggest that the vertical spectrum can be derived
directly from the horizontal component by applying a uniform scale factor. However, the
shapes of thepgctra are not similar in the short period range that does not necessarily

agree with the code recommendations.
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The vertical component of ground motion can be characterized by also the ratio of the
vertical to geometric mean of horizontal peak ground acceleration, which is usually
recommended as 2/3 by design codeEgure 5-10 reveals that the vertical peak
acceleration (PG#) may be even higher than the horizontal peak acceleration{AGA
the selected ground motions. Set #1B and Set #2 include three groundsnb#t have
larger PGA than PGAy. This number is seven and eleven for Set #1A and Set #3,

respectively.

_____________________________________________________
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Figure5-10- PGAy versus PGA of (a) Set #1A,; (b) Set #1B; (c) Set #2; and (d) Set #3

Relative arrival times of the peak ground accelerations in the horizontal and vertical
components of ground motion is another characteristicstimtldbe investigatedKim,
et al. (2011)suggestedthat arrival time of horizontal and vertical peak ground

acceleration can be studied with respect to the distance from the recording site to
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hypocenter. The ratio of the arrival time of P&# the arrival time of PGA with
respect to source distance, extthg one data point in Set #1B, is showrFigure5-11.
The excluded data point has the arrival time ratio of 7.55. Between four sets, Set #3 has

the least scattered relation between the arrival time ratio and source distance.
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Figure5-11- Distribution of arrival time of PGAto PGA, with respect to source distance for (a)

Set #1A; (b) Set #1B; (c) Set #2; and (d) Set #3

5.3.1.3.0ptimal Intensity Measure

A PSDM is a conditional statement of the probability that a component experiences a
demand for a giverO0level. It illustrates the impaaihce of theObas a conditional
parameter in the probabilistic model. The optimal selectiofOgfis instrumental in
obtaining reasonable estimates of the vulnerability of various comporgeeral

researchers have published multiple methods foctedethe optimalO0(Giovenale, et
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al. (2004); Mackie, et al. (2005); Luco, et al. (2007); Padgett, et al. 2008
Shafieezadeh, et al. (2012ki ovenal e et al . (2004) poi n
Asufficiencyo, a n dare fihk eszntal plopectiesropaugod®b inl i t y o
addi tpirarc,t (e, lefa., 2@7a ngr idf i Radgatic et al., 2008laye

introduced as the properties that need to be considered in the selection of the'@Gutimal

Efficiency is the amount of variability of a structural demand for a gi@&nA lower
value of dispersiony( ) indicates a more efficie®®0 A sufficient “Obensures that the
estimated demand model is independent of the earthquake characteristics. Practicality
describes the dependence of the structural demai@ioA large slope in the regression
analysis @ in Equation(5-3)) suggests more practiciD0 A composite measure of
efficiency and practicality defines the proficiency measue that is introduced in
Equation(5-6). Hazard computability is another test for identifying the optimal intensity
measure. It refers to the effort required to determine the hazard curve or assess the

probabilistic seismitiazard in terms of the proposé&xD
- — (5-6)

Shome(1999)studied the dependence of the response on multiple parameters, such as
the spectral acceleration at higher frequencies. The critésioselecting the optimal
intensity measure was the dispersion. He reported that a convenient and efficient intensity
measure for singlrequency dominated structures was the eldsst mode spectral
acceleration. However, the mogarticipationfactor-based, weightedverage spectral
acceleration was the best intensity measure for the-moltie structuredMackie, et al.

(2003) considered variou®{ ranged from spectral quantities, to duration and energy
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related quantities, to frequency contehau@acteristics. It was found that the first mode
spectral displacement (SdjJ was the optimalO0 The use of periodndependent arias
intensity was also acceptablBaker, et al. (2006proposed a vecteralued intensity
measurecomprising ofSA(T1) and a parameter which could be the magnitude, distance,
or epsilon associated with the ground motiShafieezadeh, et al. (2018xplored the
possibility of fractional representation of the ground motion intensity by introducing a set
of novel 'O. However, the proposedOis do not satisfy thédiazard computability

measure.

Multi-hazard loss estimation methodolagdyAZUS-MH, 2011)utilized peak ground
acceleration RGA), peak ground displacement (PGD), and spectral dispEteior
acceleration at 1.0 sec period (Sd1S#1). PGA is also utilized byNielson (2005),
Padgett, et al. (2003, and AbdelMonhti (2009)for probabilistic seismic demand models
of the bridge portfolios. In the present study, both PGASA#f areused as the intensity

measures to develop PSDMs and finédagility curves.

5.3.2. Modeling Parameters

Based on the review of the current state of practice, concrete compressive strength,
steel yield strength, longitudinal and transverse reinforcement ofothene, tangential
and radial gap, coefficient of friction of PTFE bearing, pile effective stiffness, abutment
soil type and initial stiffness, shear key stiffness, damping, and mass of the superstructure
are deemed to affect the component demands. Mosheofdistributions and values
assigned to the parameters are extracted from the literature. In case of parameters, for

which the distribution information is not available in the literature, the uniform
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distribution is assumed.able5-1 summarizes the modeling parameter distributions and
their characteristics. The uncertainty associated with the geometric properties of the
bridges, such as span lengteck width, column height and diameter, is explicitly
accounted in generating the benchmark bridges in Chapter 2. Latin Hypercube Sampling

(LHS) method is used to account for the variability in modeling parameters.

Table5-1- Summary of uncertain modeling parameters and their characteristics

Modeling Parameters Distribution Distribution Parameters
Concrete Strengthpsi Normal ‘4900 . 627
Steel Strengthksi Lognormal _ 421 - 0.08
TangentialGap,in Uniform a 0.0 6 6.0
Radial Gapin Uniform a 0.0 6 15
Mass Uniform a 90 % 0 110%
Damping Normal ‘0.045 ., 0.0125
Coefficient of friction for PTFE Bearing Uniform a 0.05 6 0.10
Shear Key Force Capacity Uniform a 50 % 0 100%
Pile Effective Stiffness Uniform a 50 % 0 100%
Soil Stiffness Uniform a 50 % 0 100%
Soil Type Discrete Sand Clay
Column Longitudinal Reinforcement, ¢ Uniform a 1.0 0 35
Column Transverse Reinforcement, % Uniform a 1.0 0 20

I= lower limit, u = upper limit
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5.3.2.1.Material Parameters

Following the work done b¢Zhoi (2002) the compressive strength of the concrete is
assumed to be normally distributed with a mean strength of #30@nd standard
deviation of 627psi. Ellingwood, et al.(1985) suggested that the yield strength of
reinforcing bar follows the lognormal distribution with the following parameter: median,

4.21ksi (Q QB ¢ ® 1Qi),"@nd coefficient of variation, 0.08. These parameters

areusedin the present study to consider the uncertainty in the material properties.

5.3.2.2.Structural Parameters

Ramanathan, et al. (2018pssified the tangential gap betweba superstructurand
seattype abutment backwall under the small and large gaps. Smalvbagh is assigned
to type A/B joint, ranges between 0 and ibh.5Large gap changes from 1.5 in. to i@
the strip/modular joint assembly. In this study, it is assumed that the tangential gap is
uniformly distributed between 0 and 6 The radialgap betweersuperstructureand

shear key is assumed to be uniformly distributed in a range of Oit@ 1.5

Mass of the bridge is one of the parameters that affecetiponse of the structure in
NRHA. Hence, its uncertainty should be captured througitiif to modify the mass of
the bridge. The mass factor accounts for the unpredictable adjustment to the bridge that
leads to additional mass, such as parapets, barrier rails, and variable pavement thickness.
The variability of the mass is accounted fothwa uniform distribution with the bounds

of 90% and 110% of the real mgd8elson, 2005)

Fang, et al. (1999nvestigated the randomness or uncertainty of damping and its

probabilistic characteristics in buildings basedfolh scale measurements. He showed
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that the damping at high amplitude could be represented by the normal distribution. His
finding is extended to the present studheTdamping ratio is sampled from a normal

distribution with mean 09.045 and standard dation of 0.0125.

5.3.2.3.Component Properties

Most of the fragility curves developed for bridges are intended to reveal the seismic
performance of the asuilt bridges over different design eras. However, major changes in
the seismic design philosophy evolve thesign attributes and details across design eras.
Improved details and modern components acquir¢ouate insight into the seismic
performance of the bridge as a system. Isolated shear keys and PTFE/spherical bearings
are examples of sucimproved comporents developed b ALTRANS. Since these
components are proposed recently, there is not enough publication on the material
property, hysteretic response, and seismic performance of them. Thereby, the uncertainty
of the component property is extracted fromwf published study and personal

communication wittCALTRANS engineer CALTRANS, 20122014)

According to the reported results H¢onstantinidis, et al. (2008)the friction
coefficient of PTFE/spherical bearing at lalocity was observed betwedéh020.03,
independent of the pressurAt high velocities, the value increases to 0.10 in low
pressure condition, while it drops to 0.05 with increasing the presshee friction
coefficient at low velocity is assumed comdtdSection4.4.2. It is assumed that the
friction coefficient at high velocity fluctuates between 0.05 and 0.10.case of
parameters, for which the distribution information is not available in literamuniégrm

distribution is assumed.
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As stated in Sectiod.4.3 the force capacity of the shear key is allowed to vary in a
range from 50% to 100% of the superstiue dead load reaction at the abutm@&C,
2013) These values along with uniform distribution are used to consider the uncertainty

in the shear key properties.

In some of the earlier previous fragility studies (e.dnoiC 2002) an effective
stiffness of 4(kip/in/pile with the uniform distribution (50% to 150% as the lower and
upper level) was used to model the concrete piles. HowBa&nanathan, et al. (2015)
usedan effective stiffness of 8Rip/in/pile with a lognormaldistribution. In this study,
the pile effective stiffness is assumed to follow the uniform distribution with 50
kip/in/pile as a deterministic value. The lower and upper levels are 50% and 150% of the
deterministic value. In this manner, the effectivéfretiss covers both aforementioned
ranges. Soil type, sand versus clay, affects the hyperbolicdefoemation response of
the soil in terms of initial stiffness, ultimate strength, and ultimate deformation. Soil type
is treated as a parameter with diserdistribution between sand and clay. Soil stiffness is
calculated based on the Equation®}j4nd (410) as a deterministic value. Similar to the
pile stiffness, soil stiffness is distributed uniformly within 50% and 150% of the

calculated deterministizalue.

The longitudinal and transverse reinforcement ratios in the bridge columns are
sampled from uniform distributions with limits established based on the
recommendations bYCALTRANS design engineer§CALTRANS, 20122014. The

lower and upper bounds of the longitudinal reinforcement ratios are 1.0% and 3.5%,
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respectively. The transverse reinforcement ratio is varied within the bounds of 1.0% to

2.0%.

5.3.3. Parametric Finite Element Models

The previous sections summarized the uncertain parameters associated with
geometric, material and structural parameters of the bridge as well as randomness in
ground motions, which tend to affect the seismic response of the bridge class. The
uncertaintieghat would be from either ground motion suite or structural modeling should
be incorporated in deriving PSDMs in order to develop the reliable fragility cuFxas.
different methods for selecting the values of input variabMsKay, et al. (200D
compaed three methods, including random sampling, stratified sampling, and Latin
hypercube sampling (LHS). Between three methods, LHS is capable of sampling when
certain conditions hold. LHS provides a stratified sampling scheme rather than the purely
random smpling, providing a more efficient means for covering the probability space

than naive Monte Carlo simulati¢€elik, et al., 2010)

Adopting LHS for sampling over the geometric, material and structural parameters of
the bridg along with 36straightbenchmark bridges, 160 computatiobaidge models
are generatedrhe number of samples is selected to be consistent with the suite of ground
motions. Sample bridges are then randomly paired with 160 ground motions to create the
bridge-ground motion pag: The same bridgground motion pairs are used for different
subtendedangles, which are investigated in this stuNgte that eaclstraightbridge is
equivalent to the correspondirmgirved bridge Eigure 2-5). In other words, la of the

bridgeproperties are assumeatkentical except the radius (or the horizontal curvature) of
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the bridge.In each caseNRHA is performed and the peak responsésvarious
components are recorded @stimate the regression coefficiertts develop PSDM
between the peak demand and ground motion intensity measure. The components, which

PSDMs are developed for, are representative of vulnerability of the bridge system.

5.4.Engineering Demand Parameters (EDPs) and Limit States

The aforementioned PSDM formulation is aimed at developing the fragility curve for
various bridge components (engineering demand paran@@)individually and then
combining them to develop thgstem fragility curve’O O $represent critical component
responses, which their failure to proper function affects the operational or functional
performance of the bridge. The component responses are monitored during seismic
excitation in order to inveéigate the seismic performance and develop the relationship

between the peak response and the ground motion intensity measure.

The bridge EDPs can be related to global parameters, or to intermediate parameters,
or to local parameters, such as drift ratimmss sectional curvature, and material strains
(Mackie, et al., 2005) The components that are considered to contribute to the
vulnerability of bridges are column, abutmentpport length PTFESpherical bearing,
shear key, pé, and abutment backwall solthe components and associated monitored

‘0’0 §are shown imable5-2.

Seismic fragility curves are developed for tiplé limit states. Individual component
limit state represents a significant change in the response of the component that results in

different seismic, functional, or operational performance of the component and bridge
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system. In other words, the tenin Equation(5-1), which is defined as specified level

of capacity, stands for different limit states of the component.

There are two approaches &msessing the component limit state, namely prescriptive
and descriptive. In the prescriptive approach, an analyst correlates the functional levels of
the component based on the physics of the problem (physics based). The descriptive
method deals with théecision maker or inspector judgment to classify the functionality
level of the component and bridge (survey based). The Bayesian approach is then
employed to integrate the limit states resulted from two approaches into a single limit

State.

Table5-2- Engineering demand parameter and monitored response

Component Response

Column Curvature ductility

Abutment Support Lengtt Tangential active displacement

Tangential displacement
Bearing
Radial displacement

Shear key Radial displacement

Tangential displacement (passive, active)
Abutment Pile
Radial displacement

AbutmentBackwall Soil  Tangential passive displacement

It is generally assumed that the seismic capacity follows the lognormal distribution
and is represented by (estimate of median seismic capacity parameterd |

(dispersion of the capacity). When both the seismic demand and the structural capacity
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are expressed by lognormal distribution, the fragility equation takes the form introduced
in equation(5-5). To estimate the probability of a compohegismic demand’Y)
reaching or exceeding the specific limit stéi¢) for a chosen intensity measuif®u,

equation(5-5) can be rewrittensaequation(5-7).

00 6300 1YYy 71 I 11A) - 1Ty 1 I (5-7)

Commonly, the compome fragility curve is reported by the miad (_ and
dispersion{ ) values, which are presentedEquation(5-8). It must be noted tha¥

andf are defined based on the component limit state under consideration that leads to

multiple median and dispersion values describing different limit states.

Q y - — (5-8)

Consistent with risk assessment hazard tools, such as HAMMIFHAZUS, 2003)
and REDARS(Werner, et al., 2003)four limit states minor/slight (LS1), moderate
(LS2), extensive (LS3) and complete (LS4re considered to evaluate the functionality
of a bridge in component and system level. The capacity limit states for each component
should be defined so that they are compatible with corresponding limit &atdse
system level (bridge). In other words, achieving a particular limit state for one component
should have similar impact on the functional and operational performance of the entire
bridge system as achieving the limit state for another compdRadyett, et al., 2008a)

In this manner the repair time and cost in the aftermath of the earthquake, which is the
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objective of the seismic risk assessment, can be evaluated. Following is the general

description of each limit state.

LS1 is a level that aesthetic damage of the component occurs. The first limit state
does not necessarily require the structural repair and affect the bridge functionality. At
LS2, a repairable damage occurs in the component that leads to minor distuthance
operational status of the bridge. The next limit state (LS3) represents the extensive
damage develops in the component, which demands an extensive repair strategy and
results in major functional damage. Component should be replaced to restore its

functionality at LS4, meaning the most repair cost and time.

Since the scope of this study is California bridges, the strategy for defining the
component and system limit states are adopted from Ramanathan (2012) and
Ramanathan, et al. (2015), which are irgathent with CALTRANS design and its
operational experience. The components are categorized based on their roles for vertical
stability and load carrying capacity of the bridge. Column and abutsugmort length
are two components that contribute primarity the vertical stability of the bridge.
Extensive damage of these components leads to the strict restriction of the bridge
functionality (LS3). In addition, the column failure or unseaagerstructureesults in
the closure of the bridge (LS4). Howeyelamage or failure of the other components,
such as bearing and shear key, may force the limitations on traffic speed and volume in
order to repair or replace the component. Hence, the limit states of the column and
abutmentsupport lengtthave been exteled to four limit states (up to complete), while

the other components have only two limit states.
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Most of the fragility assessment studies reveal the vulnerability of the bridges belong
to the design eras with lack of knowledge about the concept of igucflhe
vulnerability of these bridges is rooted in shaeupport length at the abutment,
insufficient column confinement and nductile column details result in shear failure.

The present study intends to develop the fragility curves for the bridgegndd
according to the most recent codes; hence, all the component limit states are defined
based on the new design concepts and defBabl€ 5-3). The uncertainty associated

with the median values is assumed to be equal to 0.35 across all the components for all
the limit states due to lack of information to quantify it more accurately. This value
conforms to the reported results (Berry, et al., 2004jor the columns in the PEER

structural performance database.

Table5-3- Engineering demand parameter and limit states

(O] Q g 9
= b= © [ 2
© 2 @ c o
_ S »| 8| 2 £
Component Response (Unit) S A s 0 O i
E| | & | o | ¥
> — n N n
- - -
Column Curvature Ductility CcC 1.0 4.0 8.0 | 120 | 0.35
Support Length Tangential Disp.if) SW | 20 6.0 | 140 | 21.0| 0.35

Tangential Disp.i) BT 3.0 5.0 NA NA | 0.35

Bearing
Radial Disp. i) BR 30 | 50 | NA NA | 0.35

Tangential Disp.if) PT 15 4.0 NA NA | 0.35

Pile, Abutment
Radial Disp. i) PR 1.5 4.0 NA NA 0.35

Soil, AbutmentBackwall | Radial Disp. if1) ST 15 5.0 NA NA | 0.35
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5.4.1. Column Curvature Ductility

Curvature ductility is the representative of the seismic demand placed on the
columns. The limit states assigned to 1i© tre cracking of cover concrete (LS1) and
minor cover spalling concentrated at the top and bottom of the column (LS2). LS3 refers
to major spalling, including large shear cracks, exposed core and reinforcement yield in
the column. Loss of confinement, crushing of the inner core, longitudinal bar buckling or
rupture, and large residual drifts are the indicators for LS4. Many expeamand
analytical studies on the seismic performance of bridge columns with various detailing

are availableBRerry, et al., 2003; Mackie, et al., 20@sini, et al., 2013)

Berry, et al. (2003)tilized 450 experimental resulisom the UWPEER reinfoced
concrete column performance database to defineqtiantitative link between the
deformation and the onset of particular damage states in fleanenant reinforced
concrete columndMackie, et al. (2005proposed an experimental damage model for bar
buckling limit states including column properties, such as column height and diameter.
Saini, et al. (2013gorrelated the performance level of a bridge column to six possible
damage states, as follows: (1) flexural cracks, (2) minor spalling, (3) exdespsalling,

(4) visible lateral or longitudinal bars, (5) imminent core failure, and (6) failure/fractured
bars. The damage states BRgmanathan, et al. (2018ye implemented in this study.
Table 5-4 presents four median valuesy) associated with the column limit states,

damage description and repair strategies.
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Table5-4- Limit state of the columRamanathan, et al., 2015)

Limit "Y  Damage description Typu_:al emergency Typlt_:al permanent
State repair repair
LS1 1.0 Cracking None Seal and paint

Epoxy injection,
minor concrete
removal and patch,
seal and paint

Minor cover spalling
LS2 4.0 concentrated at thep and None
bottom of the column

. . Major concrete
Major spalling; exposed core,

LS3 8.0 : ! Possibly shoring removal and patch,
confinement yield (no rupture) add Class® jacket
Lossof confinement,
longitudinal bar buckling or Closure/detour, Replace column or
LS4 12.0 . ; shoresuperstructure |-
rupture; core crushing, large bridge

residual drift if to re-open

5.4.2. Support Length

Bridge classes with seftpe abutments have a potential for unseatingthat
abutmentsSupport lengthstands for unseating potential in tangential direction of the
bridge when the bridge moves away from the abutment backiR@athanathan, et al.
(2015) correlated the limit states for the abutment joint seaufmport lengthand joint
gap. Thesupport lengthand joint gap dictate the unseating potential and pounding
damage potential, respectively. The first and second limit states represent the
approximate tangential gap width and 300% of the gap width that corresponds to the
initiation of the joint pounding and significant level of pounding. The last limit state is set
to a value 3n less than the minimursupport lengthLS3 is considered as twhirds of
the last limit state Ramanathan, 2012Ramanathan, et al.,, 2015Figure 5-12

demonstrates thaefinition of support lengti{N) according to AASHTO (2011).
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Figure5-12- Support lengtfAASHTO, 2011)

5.4.3. PTFE/Spherical Bearing and Shear KeyDisplacements

Most of the fragility studies on bridges considered elastomeric bearings -tymeat
abutments in concrete bajrder bridges. As a result, the limit states for PTFE/spherical
bearings are extracted from the component experiment that has been conducted by
Konstantinidis, et al. (2008). He reported that when the deformation of the
PTFE/spherical bearing reaches tm3the PTFE requires inspection due to minor wear
(slight damage state, LS1). Moreover, imminent wear and resurfacing of the PTFE occurs
at 5in displacement that is considered the moderate damage state RB8xged
isolated shear key is easily repaired or replaced, thus its faidselight effect on the
overall bridge performanamnd can be considered as the slight limit state. Average failure
displacement of & is assigned to the limit state of the shkay based on the ongoing
study at the University of California, San Die@i¢ottari, et al., 2014)This value is also

similar to the corresponding value for the slight limit state of the PTFE bearing.

5.4.4. Pile and SoilDisplacenents

Since the abutment backwall is designed to break off at the first impact, the first limit
state (slight) for abutment backwalbil interaction is defined as the average of 2% of

deck thicknesses in all benchmark bridge3 C/MCEER, 2002) Average maximum
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displacement of abutment backfill soil (Equations6f4and (47)) across all bridge
models is considered as the second damage state for the soil. In the previous fragility
assessment studies (elNgjelson (2005), different limit states are considered for active,
passive, and radial responses of the abutment. According to the proposed abutment
configuration, the nonlinear forakeformation properties that are assigned to the piles are
identical in active, passive, and ralddirections. In addition, in passive direction the pile
springs perform in parallel with the soil springs before closure of the tangential gap,
albeit they are independent of the soil behavior after gap closure. Since inspection, repair,
or replacementfahe piles do not depend on the directivity of the damage, the limit states
for the pile response in tangential (envelope of passive and active) and radial directions
are conservatively taken equal to the active response limit states suggested by

Ramanathn (2012).

5.5.Bridge SystemLimit States

The capacity limit states for the various bridge components address the consequence
of the component structural damage on the performance of the bridge in the aftermath of
the eartiquake. The total loss associatedhagin individual bridge after an earthquake is
the summation of the componasdmage or direct losses, and the loss of functionality,
or indirect losses. Theerformance of the bridge reflects the emergency response

strategy, repair cost and time, traffimction loss, and downtime loss.

There are two categories of decision crit§iMackie, et al., 2005)First, a bridge
functional decision criterion may be defined as the-pasthquake operational state of

the bridge. Thisimplies a graded system of performance objectives involving lane
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closures, reduction in traffic volume, or complete bridge closure that is useful for traffic
network modeling. The loss of function can be assessed directly after an earthquake as
well as atseveral stages of repair. The recovery of functionality over time plays an
important role in the highway network simulations. Second, a bridge repair decision
criterion is the time and cost of bridge repair and restoration. The present study focuses
on the former, which is the operational state of the bridge in the aftermath of an

earthquake.

As the intent of the present study is to investigate the modern highway bridges in
California, the damage state definitions for the component and system levelsgezlado
consistent withCALTRANS design and operational experiend@afnanathan, 2012;
Ramanathan, et al., 2015)ccordingly, bridge components were categorized into two
classes, primary and secondary. Primary components contribute to the vertical stability
and load carrying capacity of the bridge (column and abutsgoport length Damage
to the primary componentray lead to the strict restriction of the bridge functionality.
Column failure orsuperstructureinseating leads to the closure of the bridgewéicer,
damage or failure of the secondary components does not require closure, but it may force
the limitations on traffic speed and capacity. As a result, the limit states of the column
and abutmensupport lengthhave been extended to four limit statedyile the other
components have only two limit statesTiable 5-3. To merge the effect of component
damage into the bridge limit stat&able 5-5 is considered to ackwve the similar
consequence in terms of bridge operational status in the aftermath of an earthquake. The
limit states of the primary components map directly to the system limit states, while the

secondary components only involve in the first two limitestaif the system.
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Table5-5- General description of bridge system level danm&genanathan, et al., 2015)

Bridge system damage BSST-0 MINOR

states

B55T-1 MODERATE

B55T-2 EXTENSIVE

BSST-3 COMPLETE

Bridge inspection Low
priority levels

Likely immediate post-  Open to normal public
traffic — no restrictions

event traffic state

Traffic operation implications

Is closure/detour Very unlikely
needed?

Are traffic restrictions  Unlikely
needed?

Emergency repair implications

Is shoring/bracing Very unlikely
needed?

Is roadway leveling Unlikely
needed?

Component damage threshold mapping
Primary components CDT-0to 1
Aesthetic damage

Damage description

Secondary CDT-0
components
Damage description

Aesthetic/repairable minor
functional damage

Medium

Open to limited public traffic -
speed/weight/lane restrictions

Unlikely

Likely

Unlikely

Likely

CDT-1to 2
Repairable minor functional damage

CDT-1

Repairable major functional
damage/component replacement

Medium-high

Emergency vehicles only - speed/
weight/lane restrictions

Likely

Very likely

Likely

Very likely

CDT-2 to 3

Repairable major functional
damage

NA

High

Closed (until shored/braced) -
potential for collapse

Very likely

Very likely - detour

Very likely

Very likely - detour

Above CDT-3
Component replacement

NA

NA indicates that these CDTs are not defined for the secondary components.
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To estimate the bridge system level fragiliielson, et al. (2007proposed the use
of joint probabilistic seismic demand models (JPSDMs) to combine the component
fragility curves and develop the system fragility curves. To estimate the systentyfragili
curves through the JPSDM, the correlation between various components should be taken
into consideration. In order to do that, the matrix of correlation coefficients between
responses has been assembled, considering the transformed lognormal spame. Niels
(2005) found that the correlation between demands did not vary significantly across a
range of different intensities. As a result, constant correlation coefficients for the demand
models across the entire range of intensity levels can be assumed;aphaibity samples

are drawn from the capacity model with 100% correlation across limit states.

The vulnerability of multiple components is considered, which are column, abutment
support lengthPTFE bearing, exterior shear key, pile, and backfill S@b(e5-2). The
maximum response of the components along with the intensity measure have been used
to develop the component PSDM (dem&dd relation), assuming the lognormal
probability model. Using the assembled matrix of correlation coefficients between
various component responses, samples are drawn from demand and capacity models for a
particular O0 (Joint Probabilistic Seismic Demand Models, JPS2¢d Monte Carlo
simulation). Given the series system assumption (EqudBed)), the probability of
demand exceeding the capacity for the bridgetesy is evaluated. This procedure is
repeated for a relevant range'@band then the regression analysis is performed to back
calculate the lognormal distribution parameters for the bridge (system)and— )

(Equation(5-10)). Note that the number of components involved in the system changes
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according to the desired limit state. The system fragility parameters are used to evaluate
the vulnerability of the bridge in various limit states, which will be discussed in the

following chapters.

C2

Fr 'O 6s00 p B p O kO 6800) (59)
& 0 0F ®E ané e Y

0 0 6300 () R - (5-10)

5.6.Concluding Remarks

In order to develop the analytical fragility curves for bridges, a suitihgglity
framework is necessary. The first step is to develop the probabilistic seismic demand
model for each component to describe the engineering demand parameter in terms of
intensity measure. Probabilistic seismic demand analysis aids in seismasgesdsment
of structures with uncertainties in both capacity and demand. In its implementation in this
study, it consists of selection of a sudf ground motions, identification of class of
bridges and establishment of the statistical distribution cimaters that are related to
geometry, material, etc. The parametric nonlinear finite element models are then
developed and subjected to the ground motions with varying intensities to record the peak
response of various components to estimate the PSDMsegi@s. To develop the
fragility curves at the component level, the component capacities in various limit states
should be estimated. Then, the component capaaitesapped in the system level limit

states in order taddress the consequence of the coment structural damage on the
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performance of the bridggsystem) in terms of operational and functional statuthe

aftermath of the eartjuake.
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Chapter 6: Component and System Fragility Curves

6.1.Introduction

Seismic risk assessment provides an insight intoekpected damage in terms of
metrics such as cost, time, and serviceability in the event of an earthquake. SRA is also
performed as a decisionaking aid in bothpre and postarthquake mitigation
strategies, safety, and managemermagility curves, whicldemonstrate the likelihood of
a seismic demand reaching or exceeding a specified level of cagdaitya significant
role in risk assessment. Fragility curves at the component and system levels assist in
assigning the inspection priorities to components as well aassessing the pest

earthquake serviceability condition of components and bridges.

When fragility assessment is performed using nonlinear response history analysis
(NRHA), probabilistic seismic demand models (PSDMs) are used to describe the
relationship between ground motion intensity and response measure of dérhand.
development of PSDM#cludes simulation of suites of analytical bridge models that
reflects various sources of uncertaimfjectingthe demand placed on the bridgéne
system vulnerability can be obtained by considering the vulnerability of multiple
components and convohg the individual PSDMs to develop a joint probabilistic

seismic demand model (JPSDM).

This chapter implements tlimmework,presented in Chapter for the development
of analytical fragility functions. In the previous chapter, 160 statistical bridggplea

from 36 straight benchmark bridges were developad randomly paired witii60
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ground motions Afterwards, fourgroups ofcurved bridgeground motion pairawith
differentsubtended anglg80, 60, 90, and 12@re developed, hence 8bfidgeground
motion pairsin total. Note that eachtraightbridge is equivalent to the corresponding
curvedbridge Figure2-5). Fragility curves at both the component and sydearals are
developedo investigate their vulnerabilities when the bridge is subjected to diffeesnt

of ground motios. In addition, the dependence of the fragility curves on soil condition
and also subtended angle of the bridge is presefitegl.nomeaclature introduced in

Chapter 5 is used to present the results.

The effect of subtended angle on the components and system is investigated by
comparing the median values of the fragility curves ( and_ ). The median values
are calculated for aldf the subtendedangles (0, 30, 60, 90, and 120) across all limit
statesNext, the variation in the median value relative to the median Valu@e straight
bridge (zerssubtendedingle) is calculatefl for each component (Equati¢é-1)). This

value represents the effect of subtended angle on the performance of compoeach

limit state
| v ompiwipgm
Q 6 YD N YW ?f)fwrw |
1 R _fih L—hhh —nh Rk P 5 oY ~pF1:Frrﬁr (6-1)
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6.2.Ground Motion Set #1A

In this section, the fragility curves are developed for single frame concreigirdex
bridges with seatype abutment and single column bent (introduced in Chapter 2), when

subjected toSet #1A. Set #1A consists of threemponent ground motions thateth
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horizontal response spectra match the median and standard deviations predicted for a
magnitude 7 strikeslip earthquake at a distance of kil and site average shear wave

velocity of 250m/seqSection5.3.7J).

6.2.1. Component Level

Appendix Adocuments the regression parameters and standard deviations of various
components for both intensity measures (PGA and SA1l) and for different subtended
angles.Appendix B lists the fragility parameters at the component le#gjure 6-1
shows the fragility curvefor all of the components in four limit stateShapter %. The
fragility curves of pils in tangential direction have not been shovamce the

corresponding medn valesin multiple limit states are greater than 10.0g.
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Figure6-1- Component fragility curves in Set #1A
The following summarizes the observations made for bridges subjected to Set #1A:

1- Including the effect of horizontal orature inthe fragility curves increases the
seismic vulnerabilityof bridge columrs, support lengtg and PTFE bearirsg(Figure 6-
la, b, ¢, and d)Table 6-1 presentghe variationin the median fragility valuéor each

component in the curved bridgelative to the median valuer the component in the

straight bridgeg] ). Due to negligible conibution of abutmentackwall soil and piles in
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the system fragility curves, which will be discussed in the following section, those

components areotlisted in the table.

Table6-1- Variation in_ of the curved bridge relative ic of the straight bridgé , Set
#1A
s ol ==
CcC SwW BT BR CcC SwW BT BR
1 0.62 | 8.32 | 10.78| 6.75 | 0.61 | 8.67 | 10.65| 5.85
2 2.07 | 13.04| 11.44| 7.70 | 1.41 | 12.16| 10.42| 5.80
% 3 2.79 | 16.51| ' 1.81 | 14.77
4 3.21 | 18.13| ° ' 2.04 | 15.99
1 249 | 17.44| 19.86| 10.36| 2.51 | 18.84| 20.61| 9.45
2 5.27 | 21.78| 21.22| 13.35| 4.19 | 20.81| 20.81| 11.31
° 3 | 6.63|2498| ° ' 5.02 | 22.30
4 7.42 | 26.46| ' 551 | 23.01
1 4.69 | 23.18| 25.44| 12.99| 4.71 | 25.64| 27.56| 12.04
2 8.38 | 24.89| 26.23| 17.83| 7.69 | 25.77| 27.74| 15.87
% 3 |10.17| 26.19| ' 9.15 | 25.88
4 |11.20| 26.80| ' 9.99 | 25.93
1 6.92 | 27.22| 29.34| 16.60| 6.91 | 30.19| 32.18| 15.97
2 | 11.27| 28.60| 30.15| 24.15| 10.78| 30.38| 32.63| 22.72
0 3 | 13.37| 29.66| ' 12.65| 30.53
4 |1457]| 30.15| ° ' 13.73| 30.60
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2- The median PGA value of the slight and complete limit states associated with the
column curvature ductilitTable B-1) decreases from 0.222g to 0.206g (6.9%) and
1.012g to 0.865g (14.6%), respectively, when the subtended angle increases from O to
120°. The median SA1 value follows a similar trend, for insgnit decreases from
1.312g to 1.132g (13.7%) in the complete limit state.

3- For thesupport lengththe median PGA value for LS1 decreases from 0.319g for
straight bridges to 0.232g (27.2%) fourved bridges with 120° subtended angle
(TableB-2). For LS4, the median PGA value decreases by 30.0% from 2.090g to 1.460g.
The median SA1l value drops from 3.712g to 2.576g (30.6%) with increasing the
subtendd angle from 0 to 120°. However, the largest reduction in the median values is
observed when the bridge subtended angle increases from 0 to 3@/arigtenin the
median PGA value corresponding to potential unseating in bridges with 30, 60, 90, and
120° subtended angle i$8.1% (2.090g to 1.7119)10.26 (1.711g to 1.5379)0.5%
(1.5379g to 1.530@)and4.6% (1.5309 to 1.460gYespectivelyfor LS4.

4- The failure of the PTFE bearing in tangential direction is considered in LS2. The
median SA1l value for thilimit state drops from 1.011g to 0.681g (32.6%) with
increasing subtended angle from 0 to ?L¢Dable B-3). The significant variation in the
median value impliesthe effect of bridge geometrypn the relative tangential
displacement between the superstructure and abutment. Comparison of the median values
of the bearing deformation in tangential and radial directions demonstrates that the
bearing damage or failure @ars nearly at the similar intensity measure of the earthquake

in two perpendicular directions.



151

5- The trend in the response of bearing in the radial direction is comparable to the
trend of the response of bearing in the tangential direcliahl¢ B-3 and Figure 6-1d).

The median of the fragility curves (PGA or SA1) in variousitlistates decreases by
including the subtended angle of the bridgewever, the decrease in the median values

is less pronounced in comparison to the tangential displacement. For example, the median
SA1 value for LS2 decreases by 22.7% from 0.9629 istiagght bridge to 0.744q in the
bridge with 120 subtended angle.

6- From the pile fragility curves in tangential (not shown) and radial direction
(Figure6-1e), one ca see the negligible likelihood of any damage in pilds fragility
curves of pils in tangential direction have not been showmce the corresponding
median vales in multiple limit states are greater than 10.0Gable B-4). This
observation is consistent with the current design philosophy and practice. The pile
displacement in tangential and radial direction is independent of the ground motion
characteristics ahbridge geometry. However, piles in straight bridges are generally less
vulnerable than piles in curved bridges. The smallest median SA1 values for different
subtended angles are 2.210g and 4.954¢ for LS1 and LS2, respectively.

7- In all considered components, the fragility curves follow a similar pattern
considering either PGA or SA1 as the intensity measure, except abutment backwall soll

(Table B-5). The calculated dispersions ( ) of the abutmentbackwall soil with

respect to PGA and SA1l amot similar, while other components present similar
dispersion values for selected imsgy measuresAppendix B. The variation in the
median SA1 values for LS2 is 45.4%, whitre subtended angle increases from 0 to

12C¢°. This shows the importanad bridge geometry and SA1 on the performance of the
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component.However, here is no clear pattern in the fragility curves of abutment
backwall soil with respect to subtended anglbe effect of subtended angle on the
abutment backwall soil fragility cues is negligible when PGA is used @) (Figure 6-

1f). For instance, the correspondimgdian PGA value for LS2 decreases by 2.7% from
1.2269 in the straight bridge to 1.193g in the bridge with®12(btended anglen
addition, similar to p#s, he abutment backwall soil is less vulnerable in a seismic event
compared to the other components.

8- Considering both intensity measures (PGA and SAl), subtended angle has the
largest effect on the response of PTFE bearings in tangential direGtadhe @-1).
Column curvature ductility is the most independent response from the subtended angle in
both 'Ol (Table 6-1). Performance of the column is mainly governed by the
characteristics of the ground motions rather than the bridge subtended langfieer
words, the ground motions cause high ctuke ductility in the column regardless of the
bridge geometry. However, the possibility of unseating increases due to the effect of
horizontal curvature (30% reduction in median value for LS2)mparisonof the
fragility curves of the column and potentimseating shows that the bridge collapse due
to the unseating is less probable than due to the column fallabéeB-1 and Table B-

2).

9- The modern seismic detailsthe abutments, including PTFE bearings and isolated
shear keys, limit the transfer of seismic forceshepiles; resulting incapacity protected
design ofthe piles. The fragility curve of piles in the tangential and radial directions
(Table B-4) demonstrate themall likelihood of damage in the piles. Howevengt

required repaiat theabutmenrd after an earthquak&ould involverepairsconsistent with
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individual limit states foPTFE bearing, abutmenbackwall andthe replacement of the

shear keg.

6.2.2. System Level

The component fragility curves are combined following JPSDM method to develop
the system fragility curvesFigure 6-2 and Figure 6-3 depict samples of individual
component fragility curves along with the system fragitiurve for all limit states for a
straight bridgelt is evident that the column is the most critical component and dominates
the system fragility curven all limit states. In the first two limit states, all of the
components contribute to the systeninewability. The combination of the contributed
responses (in series system) leads the bridge to have smaller median value than each
component. The last two limit states correspond to vertical stability and load carrying
capacity of the bridge. In theseniit states, the probability of occurrence of unseating is
lower than the probability of occurrence of column failure. As a result, the system

fragility curve is entirely dominated by the column fragility curve.

As stated in the previous section, smalklikood of damage in the piles leads to
small to negligible contributionf this component to the system vulnerability. It confirms
the capacity protected design philosophy of the piles. In comparison to the column,
support length and PTFE bearing, respmn of abutment backwall soil has little
contribution to the system vulnerability. It can be concluded that pile and soil responses
can be neglected in the procedure of developing the fragility curves of bridges that are
designed based on the recent desigmdards and employ modern seismic details at the

abutments.
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Figure6-2- Component and system fragility curves for the straight bridge with respect to PGA for

(a) LS1; (b) LS2; (c) LS3and (d) LS4
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Figure6-3- Component and system fragility curves for the straight bridge with respect to SA1 for
(a) LS1; (b) LS2; (c) LS3; and (d) LS4
Table 6-2 demonstrates the comparison of the median and dispersion values for
bridges with various subtended angles subjected to SetGigarly, the median fragility
value decreases Witincreasing the subtended angle. As an illustration, when the
subtended angle increases fronto0120°, the systermedian PGA for LS4 decreases

from 0.980g to 0.823g (16.0%) and the median SA1 decreases from 1.300g to 1.112g
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(14.4%). This is especially iportant since the current design codes and standards
underestimate the effect of horizontal curvature on the performance of bricdpbs6-3
showsthe increase in the median fragility valém curved bridges compared the
median valudor straightbridges. Figure 6-4 depicts the system fragility curves for all

subtended angles.

Table6-2- System fagility parameters, Set #1A

0 30 60 90 120
L =
LS1 |0.183 0.409| 0.182 0.382| 0.176 0.359| 0.167 0.355| 0.160 0.349
LS2 |0.399 0.332| 0.388 0.301| 0.371 0.278| 0.351 0.279| 0.332 0.275
LS3 | 0.756 0.470| 0.725 0.432| 0.692 0.408 | 0.666 0.413 | 0.640 0.408
LS4 |0.980 0.489| 0.936 0.449| 0.892 0.424| 0.858 0.430| 0.823 0.424
Ed ." =
LS1 | 0.243 0.390| 0.238 0.373| 0.227 0.361| 0.217 0.354 | 0.209 0.346
LS2 | 0.556 0.328| 0.537 0.311| 0.511 0.298 | 0.484 0.292 | 0.459 0.283
LS3 |1.009 0.427| 0.983 0.412| 0.947 0.397| 0.906 0.389 | 0.869 0.379
LS4 |1.300 0.438| 1.267 0.426| 1.219 0.411| 1.162 0.403| 1.112 0.391
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Table6-3- Variation in_  of the curved bridge relative to  of the straight bridge , Set #1A

LS| L4 o LY 4= Ls | L4 g LI =

1 0.48 1.91 1 8.60 10.77

2 2.84 3.31 2 12.14 12.88
30 90

3 4.07 2.50 3 11.87 10.21

4 4.45 251 4 12.45 10.62

1 3.72 6.33 1 12.14 13.98

2 7.14 8.09 2 16.79 17.46
60 120

3 8.42 6.15 3 15.28 13.84

4 8.97 6.24 4 15.96 14.43

PILS|IM]

90, LS4
——120,1L54 i S
2 1 2

N ;
1
PGA(g) SA1(g)

(@) (b)

Figure6-4- Fragility curves of the bridge subjected to Set #1A for (a) PGA and (b) SA1

Figure 6-5 summarizes thenedian values of bridges ( ) with different subtended

angles across four limit states as a function of PGA and SAL. As the figure shows, the

effect of horizontal curvate is more highlighted in the higher limit states.
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Figure6-5- Median values of the system fragility curves for (a) PGA and (b) SAl

Another technique to show the contribution of various componentie system
vulnerability is to study the corresponding median values ( and _ ). At the
component level, the larger median value indicatealer contribution of the component
to the system vulnerabilityrigure 6-6 and Figure 6-7 provide the comparison of the
conmponent and system median values in various subtended angles across all limit states,
excluding the pile and abutment backwall soil responses. Column curvature ductility has
the minimum_ across the limit states and dominates the system fragiityes in
the last two limit statedn the first two limit states, is smaller than_ of the
column (curvature ductility) that demonstrates the contribution of other components to

the vulnerability of the bridge due to the series systesuragtion.
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6.3.Ground Motion Set #1B

This section presents the component and system fragility curves developed for
bridges subjected to Set #1B. Set #1B is similar to Set #1A except that it represents the

earthquakes with magnitude of 6 and distance to rupture kih2Section5.3.1).

6.3.1. Component Level

Appendix A and Appendix B document the regression parameters and standard
deviations, in addition to the fragility parameters at the component level for PGA and
SAL. Figure 6-8 shows the fragility curves for all of the components in four limit states.
The fragility curves othe piles in tangentialand radialdirectiors and passive tangential
displacement of abutment backwall Isbave not been shown sintlee corresponding
median values in multiple limit states are greater than 180ge specific details on the

bridge components subjected to Set #1B are discussed in the following.

P[LS|IM]
(=)
o

——120,183
——0,L54
30,154
——60, 154
90,154 H ;
—=— 120,184 | | i _.a"

PGA(g)

(a) Column curvature ductility



PILS|IM]
f=]

PILS|IM]

P[LS|IM]

o

(b) Suppat length

e
o

=
wn

-0, LSt
ceneree 30, LS
.......... 60, LS1
90, LS1
120, LS1
-0,L82
-30,L82
<60, LS2
90, LS2
e 120, 182

SA1(g)

(c) Bearing tangential displacement

-0,LS1

-30, LS1

- 60, LS1
90, LS1

- 120, LS1
-0,LS2

weem 30, LS2

< 60, LS2
90, LS2

e 120, 152

1 2

SA1(g)

PGA(g)

(d) Bearing radial displacement

Figure6-8- Component fragility curves in Set #1B
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1- The ground motions in Set #1B place considerably less demand on the bridge
components in comparison to Set #1A. This is du¢h&differenttarget earthquake
scenario®f these two sets. Abf the bridge components reveal less vulnerability in Set
#1B canpared to Set #14Section5.3.]).

2- Compaing the proficiency measures)(of fragility curvescalculated foPGA and
SA1l (presented iAppendix B showsthat SAl is the optimal intensity measure to
evaluate the performance of bridge components. Hence, this section is only investigates
the effect olsubteneédangle on the median SAhlue

3- Contrary to findings for Set #1A, the effect of horizontal curvaturéhe column
performances not clear Table B-6). For some cases, increasing the subtended angle
increases the column vulnerability, while in others it reduces the vulnerability.
Nonetheless, the median SAl values associated with the diai#s in the abutment
support lengthand bearings constantly decrease when the subtended angle increases
(Table6-4).

4- Column in the bridge with subtended angle36f shows the least vulnerability
among other subtended angl&slfle B-6). The maximum change in the median SAl is
4.1% and 11.6% for LS1 and LS4, respectively, nvtitee subtended angle of the bridge
increases from 30 to 120.

5- The median SA1 value associated with potential unseating for LS1 decreases from
0.754q in the straight bridge to 0.4679g (38.0%) in the curved bridge withsib@ended
angle TableB-7). For LS4, thanedianSA1 value decreases by 25.9% from 11.838g to
8.771g that describes the low possibility of unseating occurrence. It can be concluded that

the probabiliy of superstructurenseating is remarkably low for the bridges subjected to
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the earthquake with magnitude of 6 and distance to rupture of 25 km (Section 5.3.1), even

with high curvature in the horizontal plane.

Table6-4- Variation in_ of the curved bridge relative ic of the straight bridgé , Set
#1B
CcC SW BT BR
LS
Ed .|| =

1 -1.67 13.24 23.42 9.33

2 -2.71 11.90 24.21 10.24
30

3 -3.23 10.86

4 -3.53 10.36

1 -0.59 26.37 34.89 11.87

2 -0.43 22.46 35.07 12.36
60

3 -0.34 19.31

4 -0.29 17.75

1 1.70 32.37 39.40 11.83

2 4.46 25.73 38.70 12.76
90

3 5.81 20.16

4 6.60 17.35

1 251 38.02 42.46 6.61

2 5.92 32.63 41.75 7.27
120

3 7.57 28.15

4 8.53 25.91
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6- In the second limit state (corresponds to failure of the bearing) of the PTFE bearing
in tangential direction, the median SA&aluedrops from 2.1669g to 1.262g (41.8%) with
increasing the subtended angle from QL29° (Table B-8). The significant variation in
the median valuesmplies the effect of bridge geometry on the relative tangential
displacementbetween the superstructure and abutment. On the other hand, the
corresponding median SA1 value in the radial direction drops from 1.104g to 1.023g
(12.8%) It shows that the relative tangential displacement of the bearing is more
sensitive to the bridge geomettlyan the relative radial displacement. Moreoubge
characteristics of the ground motions in Set #1B place dlispacementiemand on the
bearing inradial direction of the bridge in comparison to th&ngential direction
(TableB-8, Figure6-8c, andFigure6-8d).

7- As observed inSection 6.2, utilizing the sacrificial exterior shear keys and
PTFEkpherical bearings at the abutmergsults in transferring less demand to the piles
(Table B-9). Moreover, he soil behind theabutmentbackwall reveals insignificant
probability of damage due to lodemand from the ground motions in Set #TRbleB-

10).

8- The column curvature is mainly governed by the ground motion characteristics
rather than the bridge subtendaagle. Moreover, comparison of the fragility curves of
the column(Table B-6) and potential unseatingTable B-7) shows that the bridge

collapse due to the unseating is less probable than due to the column failure.
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6.3.2. System Level

JPSDM method combines the component fragility curves to develop the system
fragility curve. A sample foindividual component fragility curves and corresponding
system fragility curve is shown iRigure6-9. The fragility curves are developed for the
straight bridgeacross all of the limit states. The fragility curve of bridges with various
subtended angles demonstrate similar trend to the fragility curve of straight bridges, at

both the component and system levels.

Table 6-5 demonstrates the comparison of the median and dispersion values for the
bridges with various subtended angles subjected to Set #1B. Since the system fragility
curve is mostly dominated by the column resporike trend in the system fragility
curves is comparable to the column fragility curves. In LS1 and LS2, straight bridge has
the largest median value among bridges with different subtended angles, indicating that it
is the least vulnerable bridge. As aistration, the median SA1, corresponding to LS2,
drops from 0.677g to 0.619g (8.5%) with increasing the subtended angle from 0.to 120
However, the least vulnerable system is the bridge witsu@ended angle in LS3 and
LS4. The median SA1 value in LSKcreases by 11.7% from 1.901g to 1.678g when the
subtended angle increases from 30 to°1ZF)gure 6-10 displays the system fragility
curves of the bridges with varis subtended angleBable 6-6 providesthe variationin
the median fragility valuéor curved bridges compared the median valuéor straight

bridges.
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Figure6-9- Component and system fragility curves for the straight bridge with respect to SA1 for
(a) LS1; (b) LS2; (c) LS3; and (d) LS4
Figure6-11 presents thenedian values of the bridges () with different subtended
angles as a function of SA1tr&ight bridges and bridgesith 60° subtendedngle have
comparable median valuedBridges with 30° subtendedangle reveals the least
vulnerability in LS3 and LS4, whileridges with 120° subtendedngle present the most

vulnerable bridgeskigure 6-12 provides the comparison of the component and system
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median values in various subtended angles, excluding the pile and abutment backwall soil
responses. Since the probability of reaching the support length to the assigned limit states
is negligible inLS3 and LS4,_ s identical to_ calculated for the column
curvature ductility. Effect of series system assumption is clear in the first two limit states,

in which_ is smaller than of the column (curvature ductility).

Table6-5- System fagility parameters, Set #1B

0 30 60 90 120
Subtended

Angle

£ .||=

LS1 0.242 0.518| 0.244 0.503| 0.237 0.480| 0.227 0.474| 0.221 0.475

LS2 0.677 0.412| 0.668 0.384| 0.647 0.370| 0.623 0.367| 0.619 0.373

LS3 1.339 0.530| 1.382 0.540| 1.343 0.529| 1.260 0.523| 1.235 0.526

LS4 1.835 0.530| 1.901 0.540| 1.841 0.529| 1.714 0.524| 1.678 0.529
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Figure6-10- Fragility curves of the bridge subjected to Set #1B for SA1
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Table6-6- Variation in_  of the curved bridge relative to  of the straight bridg , Set #1B

LS Ll .|| = LS LA .|| =

1 -0.83 1 6.21

2 1.40 2 7.93
30 90

3 -3.26 3 5.88

4 -3.55 4 6.60

1 2.29 1 8.64

2 4.36 2 8.49
60 120

3 -0.31 3 7.78

4 -0.29 4 8.58

1.6

Median SA1 (g)
-

05

ol i i i
L31 L32 L33 L34

Figure6-11- Median values of the system fragility curves for SA1
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6.4.Ground Motion Set #2

The fragility curves presented in this section is developed for the bridges subjected to
the ground motions in Set #3et #2 consists of threeomponent ground motions that
their hoizontal response spectra match the median and log standard deviations predicted
for a magnitude 7 strikslip earthquake at a distance of it and site average shear

wave velocity of760 m/seqrock site) (Sectiod.3.7).

6.4.1. Component Level

Appendix A and Appendix B provide the details of regression coefficients and
fragility parameters of various componerigure6-13 shows the fragity curves for all
of the components in four limit stateBne fragility curves othe pile in tangentialand
radialdirectiors have not been showsincethe corresponding median values in multiple

limit states are greater than 10.0g.
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Figure6-13- Component frgility curves in Set #2

The following summarizes the observations made for bridges subjected to Set #2:

1- Including the subtended angle in the geometry of the bridgeeases the seismic
vulnerability of the bridge componerds shown imable6-7 andFigure6-13.

2- The median PGA value corresponding to the column curvature ductility in the
slight and complete limit states decreases from 0.313g to 0.285g (9.0%) and 2.280g to
1.763g (22.7%), respectivelywhen the subtended angle increases from 0 td 120
(Table B-11). The median SA1 value follows a similar trend to PGA, for instance, it
decreases from 1.397¢ to 1653(18.7%) in the complete limit state.

3- In general, the probability of occurrence of unseatimgeasesn all limit states
when the subtended angle enlarges from 0 to T26l¢ B-12 and Figure 6-13). As an
illustration, the median SA1 value in LS4 drops from 3.683g to 2.707g (26.5%) with
changing the subtended angle from O &f).1Investigating_ in multiple limit sates

reveals that the probability of occurrence of the last two limit states is low. In fact,
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support lengths not a concern in the bridges subjected to the ground motionsckn

sites
Table6-7- Variation in_ of the curved bridge relative ic of the straight bridgé , Set
#2
. L g = -
CcC SwW BT BR CcC SwW BT BR
1 185 | 3.66 | 10.48| 854 | 0.99 | 2.73 | 10.16| 5.05
2 578 | 1.39 | 10.48| 9.08 | 2.73 | -0.21 | 10.32| 4.39
> 3 | 769]|-040]| ° ' 3.59 | -2.54
4 8.79 | -1.26 ' ' 4.09 | -3.67
1 4.88 | 13.87| 20.14| 12.99| 3.09 | 12.51| 18.66| 7.59
2 | 12.44| 10.45| 20.40| 13.23| 6.69 | 8.40 | 18.78| 5.86
* 3 | 1599| 7.71 ' ' 8.43 | 5.10
4 |18.00| 6.38 | ' ' 9.44 | 3.48
1 6.83 | 20.39| 25.22| 23.15| 5.06 | 19.61| 24.20| 16.09
2 | 15.06| 15.99| 25.14| 26.08| 9.96 | 16.38| 24.34| 16.51
% 3 |18.90| 12.43| ° ' 12.31| 13.80
4 | 21.07|10.67| ° ' 13.66| 12.54
1 8.95 | 25,51 28.32| 21.41| 7.56 | 25.24| 28.24| 15.22
2 |16.88| 23.39| 28.43| 24.55| 13.94| 25.83| 29.18| 16.23
0 3 |2058| 2171 ° ' 16.97| 26.28
4 | 22.66| 20.90| ' 18.69| 26.50
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4- The PTFE bearing experiences the limit states in two orthogonal directions almost
concurrently Figure 6-13). Moreover, the PTFE bearing is more vulnerable in bridges
with larger subtended angle. The median PGA and SA1 values of bearing in tangential
direction in LS2 drops from 1.190g to 0.852g .@28) and from 0.930g to 0.658g
(29.2%) with increasing the subtended angle from O t6,X28pectively TableB-13).

5- The damage to the pile and abutment backveallis negligible in a seismic event
that occurs on rock site3¢bleB-14 andTableB-15). Note that this is valid for bridges
with modern seismic details at the abutments.

6- Among all bridge components, the PTFE bearing in tangential direction is found to
be the most sensitive component to the subtended angle of the Bratge 7). For
instance, when the subtended angel increases fro3@,tthemedian SA1 value of the
bearing decreases by 10.2%, while the median SA1 value of column only decreases by
1.0% (Table6-7).

7- The difference in vulnerability othe columns versusbutmentsupport length
underscores the necessity to enhance the ductile design of the cdlabeBR-11 and
Table B-12). It is clear that the bridge collapse due to the unseating is less probable

compared to the column failure.

6.4.2,. System Level

Figure 6-14 and Figure 6-15 are samples of individual component and system
fragility curves, which is developed by implementing JPSDM for a straight bridge
bridges with various subtended angles follow a similardr@ terms of the sequence of

the vulnerable components. However, the seismic vulnerability of the bridge and its
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component increases with increasing the subtended angle. Similar to the observations in
previous ground motion sets, the column vulnerabtibminates the system fragility
curves in Set #2. In the first two limit states, column, PTFE bearing, and potential
unseating contribute to the system fragility curve. The last two limit states are entirely

governed by the column fragility curve.
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--*7-- BackWall Soil, Tangential Passive Displacement
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Figure6-14- Component and system fragility curves for the straight bridge with respect to PGA

for (a) LS1; (b) LS2; (c) LS3; and (d) LS4
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Figure6-15- Component and system fragility curves for the straight bridge with respect to SA1
for (a) LS1; (b) LS2; (c) LS3; and (d) LS4
The median and dispersion values of the bridges with different subtended angles
subjected to Set #2 are shownTiable 6-8. The system median PGA value decreases
from 2.200g to 1.686g (23.4%) and the median SA1l value decreases from 1.388g to
1.126g (18.8%) for LS4 when the subtended angle changes from O td dl#6.6-9

showsthe average increase in the median fragility velrecurved bridgeselative to the
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median valuefor straight bridgse. Figure 6-16 depicts the system fragility curvdsr
bridges with various subtended anglEgjure 6-17 compares the median value for the
components and system level at each limit state considering PGA0dsigure 6-18

presents the median values of bridges () with different subtended angles across four

limit states as a function of PGA and SA1.

Table6-8- System fagility parameters, Set #2

0 30 60 90 120
Subtended

Angle

L g =

LS1 0.232 0.521| 0.229 0.499| 0.219 0.473| 0.209 0.464 | 0.199 0.474

LS2 0.618 0.438| 0.591 0.419| 0.556 0.401| 0.521 0.390| 0.497 0.401

LS3 1.539 0.638| 1.446 0.617| 1.322 0.588| 1.270 0.580 | 1.213 0.584

LS4 2.200 0.676| 2.030 0.649| 1.830 0.620| 1.755 0.614 | 1.686 0.621

Ed .||=

LS1 0.217 0.407| 0.214 0.395| 0.205 0.380| 0.199 0.361| 0.192 0.351

LS2 0.536 0.318| 0.520 0.306| 0.496 0.299| 0.469 0.286| 0.449 0.281

LS3 1.044 0.431| 1.010 0.425| 0.960 0.417| 0.919 0.401| 0.865 0.388

LS4 1.388 0.445| 1.333 0.436| 1.260 0.429| 1.201 0.413| 1.126 0.401




Table6-9- Variation in_

PILS|IM]

LS | B4 |49 EL =

1 1.64 1.42

2 4.33 3.06
30

3 6.05 3.24

4 7.75 3.91

1 5.72 5.26

2 10.00 7.52
60

3 14.09 8.03

4 16.85 9.18

o
wn
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of the curved bridge relative to  of the straight bridgg , Set #2

LS | B4 |49 L =

1 10.12 8.41

2 15.79 12.54
90

3 17.48 11.98

4 20.22 13.47

1 14.48 11.33

2 19.63 16.29
120

3 21.20 17.13

4 23.37 18.81

—— 120,154

90, LS4

PGA(g)

2

(@)

(b)

Figure6-16- Fragility curves of the bridge subjected to Set #2 for (a) PGA and (b) SA1
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Figure6-17- Median values of the components and system fragility curvesespect to PGA

for (a) LS1; (b) LS2; (c) LS3; and (d) LS4
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Figure6-18- Median values of the system fragility curves for (a) PGA and (b) SA1

6.5.Ground Motion Set #3

The lastset of ground motionéSet #8) representstrong velocity pulses thatight be
expected at sites expencing neaffault directivity. The earthquakegary in magnitudes
from 6.19 to 7.62 and in epicentral distance from 17.9 to B®.8Section5.3.7). The
effect of neaffault ground motions on the bridge fragility curve is investigated in this

section.

6.5.1. Component Level

The results of regression analysis on the engineering demand pasafoeterious
subtended angles are presentedAppendix A Appendix B includes the fragility
parameters at component leveigure 6-19 shows the fragility curves for all of the

components in four limit states.
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Figure6-19- Component fragility curves in Set #3
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More specific details on the bridge components subjected to Set #3 are discussed in

the following:

1- The seismicvulnerability of the bridge components is intensified with increasing
the haizontal curvature of the bridge, as showTable6-10.

2- The median PGA values for the column curvature ductility drop from 0.185g and
0.7869g to 0.167g (10.1%) ard696g (11.5%) in LS1 and LS4, respectively, when the
subtended angle increases from 0 to°1¢able B-16). The trend of variation in the
median SA1 value is compéla to the variation in the median PGA value. For instance,
the median SA1 value in LS4 decreases from 0.947g to 0.850g (10.2%). It is notable that
the column curvature ductility is mostly governed by ground motion characteristics rather
than the bridge gemetry. In fact, the ground motions might impose high demands on the
columns regardless of the bridge geometry.

3- The probability of occurrence of unseating is higher when the bridge is curved in
the horizontal planeMjgure6-19 andTableB-17). For instance, the median SA1 value
in LS4 decreases by 39.0% (from 3.072g to 1.83%8wen the subtended angle increases
from O to 120.

4-In contrast to Set #1B and #2 (Secti@h3 and 6.4), the possibility of
superstructure unseating is not negligible in bridges subjected tdandtamotions (Set
#3). As a result, the superstructure support length should be carefully designed for the

curved bridges locatl in neaifault regions TableB-7, TableB-12, andTableB-17).
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Table6-10- Variation in_ of the curved bridge relative ic of the straight bridgeSet
#3
. L g = L=
CcC SwW BT BR CcC SwW BT BR
1 290 | 8.18 | 13.20| 434 | 194 | 6.91 | 11.91| 3.02
2 169 | 871 | 1443| 4.82 | 1.44 | 8.93 | 13.05| 441
% 3 | 108|912 | ° ' 1.20 | 10.47
4 0.72 | 9.32 ' ' 1.05 | 11.19
1 7.29 | 22.03| 25.56| 7.01 | 6.29 | 17.94| 22.92| 4.56
2 5.63 | 20.87| 26.48| 4.87 | 4.89 | 21.28| 24.63| 5.07
* 3 479 | 19.96| ' 4.18 | 23.76
4 4.30 | 19.52| ° ' 3.76 | 24.92
1 7.87 | 29.34| 32.18| 8.48 | 6.38 | 23.06| 28.59| 5.20
2 7.87 | 29.00| 33.70| 2.08 | 6.88 | 29.40| 31.55| 3.58
% 3 7.87 | 28.73| ' 7.12 | 33.93
4 7.87 | 28.60| ' 7.27 | 35.99
1 | 10.13| 33.87| 35.68| 5.16 | 8.58 | 25.80| 31.48| 3.44
2 |10.88| 31.63| 37.28| 1.00 | 9.51 | 32.30| 34.72| 1.64
0 3 | 11.25|29.86| ' 9.96 | 36.93
4 | 11.47|28.99| ° ' 10.23| 39.03

5- The tangential and radial displacements of the PTearing are different
(Table B-18). Increasing the subtended angle induces larger tangential displacement in

the PTFE bearing, while the radial displacement ofRMEE bearing is independent of
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the subtended angle. Alsopmparing the fragility curves of the tangential and radial
directions of thePTFE bearingFigure 6-19c ard d) indicates that larger displacement
demands are placed on the bridge in radial direction. The bearings are more susceptible to
failure in the radial direction. Note that after the shear key fails, there is no constraint to
limit the radial displacemenof the superstructure, while in the tangential direction
closure of the gap engages the soil behind the abutment backwall.

6- The vulnerability of piles in tangential direction is negligible, since the
corresponding median values are mostly greater thang 10#ble B-19). In radial
direction, no clear pattern can be found in the pile fragility curves with respect to
subtended angle. The smallest values for median $Atdrious subtended angles are
1.903g and 3.889¢ for LS1 and LS2, respectively. It is obvious that the probability of any
damage to the piles is so small that the pile contribution to the system fragility curves can
be neglected.

7- Regarding the abutment didill soil response, the dispersion of the results is
clearly large that may lead to inaccurate conclusibable B-20). Nevertheless, the
median value for the abment backwall soil decreases with increasing the subtended

angle, except that when the subtended angle increases from 0 to 30.

6.5.2. System Level

Figure 6-20 and Figure 6-21 illustrate samples of individual component fragility
curves as well as system fragility curve for the straight bridges subjected ttaulear
motions. The bridges with various subtended esfbllow a similar trend in terms of the

sequence of the vulnerable components. However, the seismic vulnerability of the bridge
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and its component increases with increasing the subtended angle. In the first two limit
states, the most vulnerable componemescolumns, although other components, such as
support lengtrand PTFE bearing, contribute to system fragility curves. In the last two
limit states, representing the possibility of vertical instability of the bridge, column is the

key component that domates fragility curves at the system level.
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Figure6-20- Component and system fragility curves for the straight bridge with respect to PGA

for (a) LS1; (b) LS2; (c) LS3; and (d) LS4
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Figure6-21- Component and system fragility curves for the straight bridge with respect to SA1
for (a) LS1; (b) LS2; (c) LS3; and (d) LS4
The median and dispersion values of the bridges with different subtended angles
subjected to Set #3 are shownTiable 6-11. The system median PGA value decreases
from 0.780g to 0.67% (13.8%6) and the median SAl value decreases fb8#3) to

0.83% (11.3%) for LS4 when the subtended angle increases from O toTEHRDe 6-12
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shows thevariationin the median fragility valuseof curved bridgeselative to the median
values of straight bridgs. Figure 6-22 displays the system fragility curvésr various
subtended angle. Although the average variation in the potential unseating is about 30%,
the system median value only reflects 15.9% variation, since columns dominate the
system fragility curveFigure 6-23 and Figure 6-24 compares the median values of the
components and system at each limit stitgure 6-25 presents tb median values of

bridges ( ) with different subtended angles as a function of PGA and SA1l that

highlights the higher vulnerability of curved bridges due to irregular geometry.

Table6-11- System faglity parameters, Set #3

0 30 60 90 120
Subtended

Angle

L =

LS1 0.144 0.448| 0.136 0.449| 0.123 0.453| 0.119 0.445| 0.117 0.444

LS2 0.311 0.421| 0.292 0.422| 0.269 0.423| 0.260 0.411| 0.259 0.395

LS3 0.612 0.522| 0.601 0.517| 0.570 0.517| 0.547 0.500| 0.525 0.506

LS4 0.780 0.533| 0.770 0.529| 0.735 0.530| 0.704 0.512| 0.675 0.517

Ed .||=

LS1 0.227 0.366| 0.219 0.360| 0.205 0.360| 0.206 0.336| 0.202 0.339

LS2 0.446 0.321| 0.427 0.313| 0.403 0.311| 0.397 0.293| 0.394 0.287

LS3 0.765 0.422| 0.752 0.412| 0.723 0.417| 0.699 0.392 | 0.677 0.397

LS4 0.943 0.429| 0.930 0.420| 0.899 0.427| 0.865 0.402 | 0.837 0.408




190

Table6-12- Variation in_  of the curved bridge relative to  of the straight bridgé , Set #3

LS | L4 oo LY = Ls | L4 oo LY =

1 6.01 3.61 1 17.69 9.42

2 5.98 4.16 2 16.31 10.82
30 90

3 1.90 1.67 3 10.71 8.62

4 1.29 1.36 4 9.82 8.28

1 14.84 9.60 1 19.05 10.78

2 13.47 9.47 2 16.86 11.56
60 120

3 6.88 5.50 3 14.25 11.55

4 5.74 4.65 4 13.47 11.32

P[LS|IM]

90, LS4
——120,L54

1 2
PGA(g) SA1(g)

(@) (b)

Figure6-22- Fragility curve of bridgesubjected to Set3#or (a) PGA and (b) SAl
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Figure6-23- Median values of the components and system fragility curves with respect to PGA
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Figure6-25- Median values of the system fragility curves for (a) PGA and (b) SA1

6.6. Trends Based on Ground Motion Sets

In order to identify the effect of the ground motion sets on the seismic performance of
bridges, the median value forafjility curves of bridges subjected to different ground
motion sets are comparetiable6-2, Table6-5, Table6-8, andTable6-11). In addition,
the median fragility values for all of the ground motion combined are included in the
fragility curve developmentXl Sets,_ ) (The details of the fragility parameters are
available inAppendix AandAppendix B. The differences between the median values
for each set and the median value fdir@ets reveal that combining the earthquakes with

significantly different characteristics directly affect the fragility curve parameters.

Tale 6-13 demonstrates &h comparison of the system median values for straight

bridges subjected to four sets of ground motions across all limit states. It is clear that the
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bridge seismic responses, hence median fragility values are highly dependent on
characteristics of applieseismic excitation. As an illustration, the system median PGA
value varies from 0.980g in Set #1A to 0.780g in Set #3 for LS4, while the median PGA
value for All Sets (combined} 1.012g.The medianPGA for the lastimit state for
bridges located orock sites (Set #2)drops from 2.2@ to 0.80g for bridges located on

soft soil sites (Set #1AHowever, this fact has been disregardedost of the previous
fragility assessment studies lmpmbining characteristically different sets of ground

motions

Tale 6-13- Systemmedian valuefor thestraight bridge and four sets of ground motion across

all limit states

LS

- -

1 | 0.183 0.335 0.232 0.144 0.181| 0.243 0.242 0.217 0.227 0.210

2 | 039 1204 0.618 0.311 0.388| 0.556 0.677 0.536 0.446 0.497

3 | 0.756 3.807 1.539 0.612 0.779| 1.009 1.339 1.044 0.765 0.967

4 | 0980 5.823 2.200 0.780 1.012| 1.300 1.835 1.388 0.943 1.276

* The numbers in bold indicate tlsenallestmedianvaluein different sets.

As mentioned before, Set #1A aB@t #2 response spectra represent a magnitude 7
strike slip earthquake at a distance ofkb@ Figure 5-3 demonstratesimilar PGA but
different SA1 values in Set #1A and Set #2. Note that the shear wave velocity (soll
condition) is the only value that differs in these two sets. The comparison of median PGA

values of fragility curves in Sets #1A and #l2owsthat the bridges osoft soil sites have
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a higher level of damage probability compared to the bridges on rock sites in all limit
statesFor examplethe mediarPGA for the completéimit statefor bridges |le@ated on

rock sites (Set #2)rops from 2.29 to 0.8g for bridges located on soft soil sites (Set
#1A). Since both ground motion sets represent magnitude 7 earthquake with comparable
PGA distribution this difference is directly attributed to thikfferent soil conditions.
However, the trend is discounted with considering SA1 as the intensity mebaidestt

13), because the soil type effect is already ishein SA1 valueslt can be concluded

that the fragility curves are dependent on soil condition and shear wave velocity as well
as spectral characteristics. In addition, the demand on bridges is lower in Set #1B, since
the targetscenario earthquakier this set represents lower magnitude earthquakes. The
vulnerability of the bridges subjected to Set #1B is overestimated by including the

earthquakes with higher magnitude in fragility curve development.

Table6-14 presents the smallest system median value in four ground motion sets and
the corresponding ground motion set for all the subtended angles. The table shows that in
most cases Set #3 resulte @ominant. Note that even though the smallest median SA1
value for the first limit state is governed by Set #2, median SA1 values of different sets

are very similar (e.glfade 6-13).

To highlight the effect o$oil types and earthquake characteristics in fragility studies,
a new measure index is defined as follow: a) the difference between the median value for
eachset (" h™ h"ho¢ @) and the meidn value including all ground motion sets

(L ) is calculated, b) the difference is normalized_to for all limit states, c) the
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normalized differences are obtained across all of the limit states for each subtended angle

(Equation(6-2)).

Table6-14- Smallest system median value and the corresponding ground motion set

Ll by = L1 =
LS1  LS2 LS3 LS4 | LS1 LS2 LS3 Ls4
o | 0144 0311 0612 0780 | 0.217 0446 0765 0.943
(#3) (#3) (#3) (#3) (#2) (#3) (#3) (#3)
30 | 0136 0292 0.601 0.770 | 0.214 0.427 0.752 0.930
(#3) (#3) (#3) (#3) (#2) (#3) (#3) (#3)
60 0.123 0.269 0570 0.735| 0.205 0.403 0.723 0.899
(#3) (#3) (#3) (#3) (#3) (#3) (#3) (#3)
90 0.119 0.260 0547 0.704 | 0.199 0.397 0.699 0.865
(#3) (#3) (#3) (#3) (#2) (#3) (#3) (#3)
120 | 0117 0259 0525 0.675| 0.192 0.394 0.677 0.837
(#3) (#3) (#3) (#3) (#2) (#3) (#3) (#3)
| v mofp fwip g
0"Y phghoft
¥ h R —ff Z—FRh —FAr P oD Gprfom@ (6-2)

YQ® N@hl @i dlo
When ¥ is positive ( is larger than_ ), combining the ground motion sets
overestimates the vulnerability of the bridge. On the other hand, a negatihavs that
the effect of specific ground motion set is underestimated due to neglecting the ground
motion characterigts or soil types in the fragility curve developmeiiable 6-15
demonstrates the normalized variation in the system median values. The effect of
different ground maon sets on the system median fragility values can be observed in

bridges with various subtended anglesevious studies reported the vulnerability of the
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bridge and its components disregarding the near fault directivity or soil condition that

clearly afect the parameteds fragility curves.

Table6-15- Effect of ground motion sets on the system median fragitity (

. = L -
#1A #1B #2 #3 #1A #1B #2 #3

1 0.68 849 | 28.13 | -20.4 | 15.81 | 15.59 3.4 8.3

2 291 | 2105 | 59.39 | -19.8 | 11.75 | 36.13 7.8 -10.4

° 3 -3.05 | 388.4 | 9747 | -21.4 4.32 | 38.46 8.0 -20.9
4 -3.17 | 475.6 | 117.51| -22.9 1.87 | 43.85 8.8 -26.1

1 2.70 84.8 | 29.17 | -23.3 | 16.24 | 19.25 4.3 6.8

2 3.87 | 200.7 | 58.41 | -21.7 | 12.01 | 39.15 8.3 -11.0

% 3 -4.67 | 4055 | 90.17 | -21.0 3.82 | 45.94 6.6 -20.6
4 -5.00 | 494.9 | 106.04| -21.8 1.54 | 52.30 6.8 -25.4

1 441 85.3 | 30.12 | -27.0 | 16.63 | 21.44 5.3 5.3

2 4.64 200.7 | 57.09 | -24.0 | 12.14 | 42.15 8.8 -11.4

*0 3 -3.99 | 436.8 | 83.46 | -20.9 513 | 49.14 6.6 -19.7
4 -4.28 | 533.6 | 96.41 | -21.1 3.03 | 55.62 6.5 -24.0

1 3.38 84.8 | 29.38 | -26.4 | 15.39 | 21.05 5.8 9.5

2 3.63 | 2039 | 53.84 | -23.1 | 11.07 | 42.99 7.5 -8.8

% 3 -3.54 | 421.4 | 83.97 | -20.8 535 | 46.57 6.9 -18.7
4 -3.72 | 511.2 | 97.09 | -21.0 3.29 | 52.43 6.8 -23.1

1 2.44 83.1 | 2691 | -254 | 1433 | 21.20 52 10.9

2 1.31 2025 | 5155 | -21.1 8.54 | 46.58 6.2 -6.8
120 3 -3.17 | 389.1 | 83.44 | -20.6 5.85 | 50.36 54 -17.6
4 -3.28 | 467.6 | 98.11 | -20.7 3.88 | 56.73 5.2 -21.9
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6.7.Proposed System Fragility Curves

Even though there are studies thddress the vulnerability of the curved bridges, the
hazard tools do not provide adequate information to incorporate the effect of subtended
angle on the fragility curve characteristics. The results of response history analysis of
bridges with 5 differensubtended angles of O (straight bridge), 30, 60, 90, and 120 are
used to develop the system fragility curves. A linear regression analysis is then performed
on the median PGA and SA1 values as a function of subtended angle along with the
average of dispeian for all subtended angles. These proposed linear regressions and
dispersions can be utilized to approximate the system fragility curve parameters for
curved concrete begirder bridges with varying subtended andlable 6-16, Figure 6-

26 and Figure 6-27 introduce the proposed system fragility curves for curved concrete
box-girder bridgeson different sites to account for the variability of the bridge subtended

angle.
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Table6-16- Proposedsystem fragility curves for horizontally curved concrete-goder bridges

as a function of theubtended anglé,

IM = PGA IM = SA1
Set| LS
Median Dispersion Median Dispersion
1 -0.0002 U+ 0.19 0.37 -0.0003 U+ 0.24 0.36
41A 2 -0.0006 U+ 0.40 0.29 -0.0008 U+ 0.56 0.30
3 -0.0010 U+ 0.75 0.43 -0.0012 U+ 1.01 0.40
4 -0.0013 U+ 0.98 0.44 -0.0016 U+ 1.31 0.41
1 -0.0004 U+ 0.34 0.76 -0.0002 U+ 0.25 0.49
1B 2 -0.0017 U+ 1.19 0.71 -0.0005 U+ 0.68 0.38
3 -0.0M6 U+ 3.95 1.00 -0.0011 U+ 1.38 0.53
4 -0.0B80 U+ 6.05 1.01 -0.0017 U+ 1.89 0.53
1 -0.0003 U+ 0.23 0.49 -0.0002 U+ 0.22 0.38
4o 2 -0.0010 U+ 0.62 0.41 -0.0008 U+ 054 0.30
3 -0.0@8 U+ 152 0.60 -0.0015 U+ 1.05 0.41
4 | -0.0043 U+ 216 0.64 -0.0022 U+ 1.39 0.43
1 -0.0002 U+ 0.14 0.45 -0.0002 U+ 0.22 0.35
43 2 | -0.0005 U+ 031 0.41 -0.0004 U+ 0.44 0.30
3 | -0.008 U+ 0.62 0.51 -0.0008 U+ 0.77 0.41
4 | -0.009 U+ 0.79 0.52 -0.0009 U+ 0.95 0.42
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Figure6-26- Proposed system fragility curves fartd  PGA in (a) Set #1A, (b) Set #1B, (c) Set

#2, (d) Set #3
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Figure6-27- Proposed system fragility curves fard SA1 in (a) Set #1A, (b) Set #1B, (c) Set

#2, (d) Set #3

6.8. Comparison with Other Analytical Fragility Curves

In this section, the fragility curves devetapfor the straight begirder bridges are
compared to other analytical fragility curve®afnmanathan 2012; Dukes, 2013
Ramanathan, et al., 201&s well as fragility curvepresented by HAZUS/IH (2011)

The HAZUS fragility relationships were developed bridge classes based on a limited
number of parameters available in NBI, damage states based on limited sets of field

damage observations and simplified two dimensional analysis techr{iRaesmnathan,
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et al., 2015) HAZUS fragility curves arenly based on column fragility curves and the
contribution of other components in the vulnerability of the bridge is disregarded. In
addition, the evolution of bridge design standards over time are not accounted for in
existing HAZUS frailities that may result in significant variability in the median
fragilities across various design eras. The fragilities developed by Ramaneithan
(2015 and Dukes (2013) were specifically developed for-spansingle bentconcrete
box-girder bridges withthe most recent design consideration from SDC (2013).
Ramanathanet al. (2015) followed the similar framework for the development of
analytical fragility curves to that used in the present stDdkes (2013) presented awm
bridge fragility method with a design support tool that provides design engineers with
instant access to fragility information during the design prodéss. study presents the
fragility values for threeand fourspan single bent concrete bgxder lridges withthe

most recent design consideration from SDC (2GiR®)the modern details at abutments.

Table6-17 includes the PGA and SA1 median vaugroduced by various studies

The table presents the results for straight bridges only that are less vulnerable than
curved bridgesWhen all the ground motions are combined, the median PGA values
proposed by this study are close to the values sugbbgtéhe other studiegspecially
the study that has been done by Dukes (20@8wever, the effect of soil condition is

neglected by combining the ground motions with different ground motion characteristics.

Although the median PGA values presented bifedint sources are similar, there is
large disparity between the median SAl valdds® median SA1 values recommended

by this study and Dukes (2013) are comparable in all the limit states, while the values
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suggested byramanathan, et al. (2015) are larger other words, Ramanathan, et al.
(2015) recommends that bridges are less vulneable than what is predicBukdxy
(2013) and the current study. HAZU3011) underestimates the bridge vulnerability in

all limit states compared to the results presehtethis study and Dukes (2013).

Table6-17- Fragility median values of different fragility analysis studies

(72}
= C ~ —~ ;T
o) S - G 0 ™ —
= < m =20 E — — o
7 % ¥ £ £ Eg|E8 g &
= £l g & &8 & EE| £g & 3
o) X
502 so| g8 3 2
O} T
LS1 | 0.183 0.335 0.232 0.144 0.181 | 0.198 0.109

LS2 | 0.399 1.204 0.618 0.311 0.388 | 0.565 0.401

PGA (9)

LS3 | 0.756 3.807 1.539 0.612 0.779| 0.955 0.749

LS4 | 0.980 5.823 2.200 0.780 1.012 | 1.299 1.093

LS1 | 0.243 0.2423 0.217 0.227 0.210 | 0.233 0.118 0.60

LS2 | 0.556 0.677 0.536 0.446 0.497 | 0.787 0.460 0.90

SALl(9)

LS3 | 1.009 1.339 1.044 0.765 0.967 | 1.445 0.881 1.30

LS4 | 1.300 1.835 1.388 0.943 1.276 | 2.062 1.329 1.60

6.9.Concluding Remarks

Results of 800 nonlinear response history analyses are used to develop the component
and system fragility curves for single frame concrete-gnoder bridges with sedype
abutments. The modern seismic details, nhamely PTFE/spherical bearings and isolated

shear keys at the abutments, are incorporated into the bridges. Fragility curves are
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developed for various subtended angles as well as different sets of ground motions to
investigate the effect of horizontal curvature of the bridge, ground motion chesticter
and neaffault activity of the region on the fragility parameters of the bridge. The

followings are some of the significant findings of the chapter:

1- The vulnerability of columns, abutment support lengths, and PTFE bearings in all
of the ground motios sets increases with increasing subtended angle of the bridge.

2- Columns are the most vulnerable components in bridges. They present the most
significant contribution to the system fragility curves.

3- The bridge collapse due to the unseating is less probable compared to the column
failure.

4- Column fragility curvesrevealthat column curvature is mainly governed by the
characteristics of the ground motions rather than the bsdbéndedangle. In other
words, the ground motiomaight cause high curvature ductility the columrregardless
of the bridge geometryrhe subtended angle effect is more highlighted in support length.

5- The modern seismic details at the abutments, including PTFE bearings atetlisol
shear keys, limit the transfer of seismic forces to piles; therefiosarethe capacity
protected design of piles.

6- The effect of soil condition as well as the spectral characterisfioground
motionson the fragility curves is demonstrate®l bridge located om [soft] soil profile
subjected to a magnitude 7 earthquake at a distance of 10 km is more vulnerable than a
bridge subjected ta similar earthquake on the rock sitdoreover, bridges are more

susceptible to damage in ndault grourd motionsin comparison to bral-band ground
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motions This fact has been disregarded most of the previous fragility assessment
studies.

7- To account for the effect of subtended angle on the system median fragility values,
a functional relationship betweehe system median fragility valuesubtended angle

andOls are proposed for each limit state and ground motion set.
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Chapter 7: Effect of Horizontal Curvature on Dynamic
Properties and Seismic Performance of Begirder

Bridges

7.1.Introduction

The longitudinal ad transverse response couplindhorizontaly curved bridges may
lead to significant adverse effects on the bridge component and system responses.
static analysis, the AASHTO Specifications (2012) allow horizontally curved non
segmental concrete bairder superstructures to be analyzed and designed for global
force effects as singlepine beams with straight segments for central anglgsre7-1)
up to34° within one span. This simplification is not applicable where there are concerns
about local force effectéAASHTO, 2012) The minimum analysis requirements for
dynamic analysis for earthquake loads, are determined based lomdtpes regularity, as
described in Chapter 2. Number of spans, maximum subtended angle for a curved bridge,
maximum span length ratio, and maximum pier/bent stiffness ratio (excluding abutments)
are the parameters that contribute to the definition of aeduiidge Table 2-1). The
maximum allowable subtended angle for a curved bridge to be analyzed as an equivalent
straight bridge is defined as 90°. Any bridge nois$ghg the requirements is considered
irregular. However, AASHTO Guide Specifications (2011) define the bridge to be
regular if the subtended angle is not greater than 30°, which is a conservative value

compared to 90° in AASHTO Specifications (2012).
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f~ Centerline of Bridge

Pier

Center of Curve

Figure7-1- Definition of central angléAASHTO, 2012)

This chapterinvestigates the limiting valuefor subtended angle for which the
horizontal curvature needs to be incluazglicitly in the analysisFor this purpose, the
dynamic characteristics as well as the seismic response of the components of the curved
and equivalent straight bridges are comparkckcordingto AASHTO Specifications
(2011, 2012), an equivalent straighidge is defined as one that has span lengths equal
to the arc lengths of the corresponding curved bridge as sholigure 2-5. All other
properties of the two bridges, such as geometric (except subtended angle) and structural
properties, are identical. I@hapter 5 160 computationalstraight bridge models were
developed by samplingver the geometric, material and structural parametésn, four
groups of 160 curved bridges with subtended angle varying from 30 to(3@060, 90,
and 120) were replicated from straight bridges follpWAASHTO specifications (2012).

In fact, each straight bridge is equivalent to four curved bridges with different subtended
angles. The dynamic characteristics and nonlinear response of various components of the

curved bridges and the equivalent straigitiges are compared in this chapter.
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Figure7-2- Equivalent straighand curved bridges

7.2.Dynamic Properties of Curved Bridges

The longitudinal (L) and transverse (T) directions are commonly used in AASHTO
Specifications and CALTRANS to refer to two orthogonal directions along a set of global
axes Figure7-3). The longitudinal direction is represented by a chord connecting the two
abutments (global axis) and the transverse direction is perpendicular to the longitudinal
direction (glolal Y-axis). The dynamic characteristics (period and mass participation
factor) of the bridge are usually reported along these two global directions. In straight
bridges, the characteristics of the fundamental mode in each direction (either longitudinal
or transverse) are governed by the mass and stiffness properties of the components in

respective directions. Usually, in straight bridges there is no coupling between modes in
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the two main directions. However, in curved bridges the mass and stiffness psoperti

two orthogonal directions may contribute to both transverse and longitudinal modes. For
instance, the transverse exterior shear keys do not affect the modal characteristics of the
longitudinal mode of the straight bridge, while they change the nubdahcteristics of

the both longitudinal and transverse modes of the curved bridge. Note that the modal
characteristics are the key parameters for performing the response spectrum analysis of

bridges(AASHTO, 2012) Hence, it$ essential to estimate these parameters accurately.

N/

-
c/
&

o, Edge

of deck

—

Transverse

Note:
Z Direction is
Vertically upward

Figure7-3- Global axis definitioSDC, 2013)

In structural systems with complex geometries, it is possible to assesg#ansous
modal characteristics even when the overall response is linear elastic. For instance, the
instantaneous modal characteristics of a curved bridge will depend on whether the
tangential and radial gaps at the abutment are open or closed. Whangéetial gaps
(between superstructure and abutment backwall) and radial gaps (between superstructure
and exterior shear keys) are open, the distribution of stiffness properties of the bridge are
symmetric with respect to global axes. As a result, no coyjd expected between two

orthogonal directions of the bridgelowever, when the gaps are closed at one of the
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abutments, the stiffness of the shear key and abutment backwall soil contribute to the
overall stiffness of the bridge, and hence results uplsal modal respons&he gap
closure occurs only at one side of the bridfee closure of the gaps results in different
periods and modal mass patrticipation factors of the bridge compared to the bridge with
open gaps. The asymmetric distribution of thEness is highlighted when the bridge is

curved in the horizontal plane.

To provide an insight into the effect of horizontal curvature on the modal
characteristics of the bridge, two extreme cases are considered, namely, open gaps and
closad gaps Figure 7-4), and it is also assumed that both shear keys and abutment
backwall soil are intact. The modal characteristics of the curved and equivalent straight
bridges in these two cases are compared initially for a sample bridge model
(Section7.2.1) and then statistical evaluation is presented considering all of the bridge

models (Sectio7.2.9.

backwall
@

(b)

Figure7-4- (a) Open gaps; (b) Clodgaps
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7.2.1. Dynamic Properties of a Typical Curved Bridge

This section provides a preliminary investigation on the effect of horizontal curvature
of the bridge on its modal characteristics. For this purpose, the briddel with 120°
subtended angle, discussed in Chapter 4, is used. Four additional bridgesetopet
with various subtended angles, (80, 60, and 90°). In thedeve bridges, all of the
properties (structural, material, etc.) are identical, except the subtended angle (horizontal
curvature). The arc span lengths of the curved bridges are edbalgpan lengths of the
straight bridge (equivalent bridgedjigure 2-5) (Table 7-1). The bridge is 52%t long
with the radius varied from infinity, representing the straight bridge, to 280.7
representingthe 120° subtendedngle. Table 7-1 demonstrates the radii and central
angles of the selected bridges. Note that the central angle is measured within one span,

while subtended angle represents the horizontal curvature of the.bridge

A mode is designated as transverse mode when the transverse mass participation
factor is larger than the longitudinal mass participation facmilarly, a mode is
designated as longitudinal mode when the longitudinal mass participation factor iis large
than the transverse mass participation factor. Also, the modes with the largest mass

participation factors in each direction is considered as the fundamental modes.
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Table7-1- Properties of horizontaurvature of the bridge

Spanl| Span2| Span3| Span4
Span Length
Subtended or 112.5 | 150.0 | 150.0 | 112.5
Angle (°) Arc Length
x (ft)
Radius (ft) Central Angle {) **
0
30 1002.7 6.4 8.6 8.6 6.4
60 501.3 12.9 17.1 12.9 17.1
90 334.2 19.3 25.7 19.3 25.7
120 250.7 25.7 34.3 25.7 34.3

* Measured within the bridge length,
** Measured within the span length.

7.2.1.1.0pen Gaps

As mentioned before, two cases are considered to investigate the effect of horizontal
curvature on the modal characteristics oflthdge, open gaps and closgaps Figure7-
4). First, it is assumed that the tangential and radial gaps at the abutments are open;
hence, the shear keys and abutment backwall soil are not engaged. The periods of
vibration for the transsrse (Y) and longitudinal (Y) vibration modes are listed in
Tale 7-2. The vibration mode shapes of the straight bridge and the bwdigel20°
subtended anglare demonstrated Figure 7-5, Figure 7-6, Figure 7-7, Figure 7-8, and
Figure7-9. Talde 7-2 shows that increasing the subtended angle (decreasing the radius of
the bridge) lengthens both the transverse and longitudinal vibration mode periods.

However, this effect is more pronounced in the longitudinal direction of the bridge.
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Tale 7-2- Transverse and longitudinal vibration mode periods (sec)

0 30 60 90 120

Mode | T. Tr TL Tr TL Tr TL Tr TL Tr

1 ' 0.827 | 0.819| 0.903| 0.923| 0.917

2 0.466 ' 0.479 0.790 0.805 0.801

3 ' ' ' ' 0.451 0.498 0.526

6 ' 0.296 | 0.296

7 ' 0.257 | 0.278

8 ' ' ' ' ' 0.295| 0.301

The respose of the straight bridge in the transverse direcisogoverned by the
cantilever bending of the column while the response in the longitudinal is dominated by
the double curvature bending of the column. The column stiffness in the single curvature
response (transverse direction) is smaller than the column stiffness in the double
curvature response (longitudinal). Therefore, straight bridge is more flexible in the
transverse direction. According to the modal analysis, the first bridge mode wctuss
transverse direction with the period@B27 sec and the second mode is observed in the
longitudinal direction with theperiod of 0.466 sec.n the curved bridge, the single
curvature bending of the column still controls the first mode in theswsase direction
(Figure7-7). However, the stiffness associated with the second mode is a combination of
column stiffness in the single and double curvature bengkigure 7-8c and d). This
stiffness is smaller than the stiffness of the column in double curvature response.
Therefore, the curved bridge is more flexible thandinaight bridge in the longitudinal

direction. The longitudinal period in the curved bridgéh 120° subtendedngle (0.801
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sec) is 72% larger than that of the straight bridge (0.466 sec). In the curved bridge, the
mass of the abutment backwall soil, gegid in tangential directionFigure 4-16),
participates in both the global longitudinal and transverse directions. Accordingly, the
transverse mass of the bridgensases. This may be the reason for the slight increase
(11% from 0.827 to 0.917 sec) in the period of vibration for the transverse mode when

the subtended angiecreases from 0 to 120°.

It can be observed that the effect of the subtended angle on thierspeaiods is

relatively small.

For a comprehensive comparison of the modal characteristics, trangve)sand
longitudinal { ) modal mass participation factors of transverse and longitudinal modes
are also investigated &ble7-3). Increasing the subtended angle from 0 to°1€ads to a
significant drop in the longitudinal modal mass participation factor from 92% to 53%.
Also, the longitudinal mass patrticipation facin the third mode increases from 0% to
39%. Since the gaps at the abutments are open and the bridge is modeled symmetric with
respect to global Y direction, the coupling in the transverse and longitudinal directions
cannot be identified from the massrimEpation factors. However, the bridge deformed
shape inFigure 7-8 and Figure 7-9 clearly demonstrate the transverse and longitudinal
coupling in the second and third modes of the curved bridge. The transverse and
longitudinal response coupling leads to the decrease in the longitudinal mass participation
factor in the seconcthode and increase in participation of the third mode in the modal
characteristics of the bridg&his highlights the effect of horizontal curvature on the

contribution of the higher modes in the bridge response.
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Figure7-5- 1% (transverse) mode shapes of the straight bridge (a) 3D view; (b) XY plan; (c) YZ

elevation; (d) XZ elevation
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Figure7-6- 2" (longitudinal) mode shapes of the straight bridge (a) 3D view; (b) XY plan; (c) XZ

elevation; (d) YZ elevation






























































































































































































































































































































