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SUMMARY

This research study concentrates on the effgicgeometricirregularities on the
seismic responsend fragility analysis of bridgesThe experienceof past earthquakes
have affirmed that bridges withgeometric irregulaities or inconsistencies in
configuration havea higher probability of damagehan the regular, straight bridges.
Although previous studies have explored the fragility analysis of different types of
bridges, theresi a lack of researcthat focuseson the effecs of various typesof
geometridrregularities orthe developmendf fragility curves. The current workaims to
address this deficiency by focusimgp theimpacs of (i) skew angle,(ii) unbalanced
stiffness offrames, and (iii) tall column bents on theemmic performance of concrete
box-girderbridgesin California

This research first identifiethe analytical modeling considerations associated
with the design and auwstruction of bridges in Californidn the next step, bridge plans
are extensively reviesd to determine the appropriate distributiorpafametersmieeded
to setup the various bridge components required for finite element modeling.

Following the analytical modeling of bridgessensitivityanalyss is performed
on different bridgeattributesto classif all of the categories of bridges existiy
California. Ths classification helps kedpe number of simulatits and computational
efforts within a reasonableange. The impastof each type of irregularity on the
probabilistic seisiic demand model and thailnerability of bridgesare investigatedn
the laterphases of this project.

Finally, implementing statistical techniquethe resultsare comparedto the
responsg of bridgeswith regular configuratiors. This resultsin the deelopmentof
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modification factos thatallow the fragility curves otegularbridges tobe modified
taking irregularitieanto accountEventually, the proposed modification factors for each

type of irregularity are tested afidalized.
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CHAPTER 1

INTRODUCTION

1.1 Problem Statement

Bridges, as principal element of thédnighway transportation system, play a vital
role in reducing traffic congestion in metropolisgsderstanding the seismic behavior of
highway bridges is imperative for maintaining a reliable and efficient transportation
network. Earthquake vulnerability one of the major factors threatening the functionality
of highway bridges, particularly ones located in higtk seismic zoneslhere is much
existing literature on the seismic fragility analyses of many types of highway bridges in
the United StategMackie & Stojadinovic, 2005; Choi, et al., 2004; Nielson, 2005;
Padgett & DesRoches, 2008; Ramanathan, 2012; Zhang & Huo, 2009; Jeong & Elnashai,
2007) Most studies on the sanic vulnerability of bridges cdoe appliedo bridges that
have regular geometry. However, it is well known tinagularbridges are particularly
vulnerable to seismic dama@®uckle, 1994; Yashinsky, et al., 2010; Kawashima, et al.,
2010)

Past earthquakesuch as théNorthridge earthquake i€alifornia in 1994, the
Kobe earthquake idapan in1995, andhe earthquake off the coast of centtdile in
201Q revealed tht bridges with irregularitiesuch asskew, unbalanced stiffness frame,
and tall column bents have a higher seismic damagehakregular, straight bridges.
Recent studies, which are outlined in the followsegtion show that thérregularbridge
types exhibit dtinctive seismic behavior when comparedrégular, straightbridges
and are potentially more susceptible to damagen a seismic eventThe dominant
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researchfocus on typical bridges and the clear evidence of higher damage risk in
irregular bridges highlight the significance of a comprehensive study on the seismic

behavior ofirregularhighway bridges.

1.2 Objective and Scope

This research seeks to add to the existing body of knowledge dfattibty
analysis of typical bridges by adassing the issue of irregularities ibridge
configuratiors. The intention is to provide thoroughunderstandingf the impacts of
threetypes of irregularitieson the seismic performance of bridgd$e research will
addressskew, tall column height, ashunbalancedtiffnessframes, specificallyfocusing
on bridgeslocated in high seismic zones like Californi&. primary objective is to
develop an approach that modifies the process of generating fragility curves by
accounting for theaforementioned irragarities In order to achieve these goals,
modification (or adjustment) factors are establish&€de proposed adjustment factors
contribute to the development of reliable fragility curves that are applicable to the class of
irregularbridges.

The scopef this research is explained below:

1 Identify the general modeling procedure and the appropriate distribution of
parameters required for the finite element modeling. This step involves a
comprehensive plan review ofegularbridge attributes, as well as a review of
the various components mégularbridges.

1 Classi all categories of the existing bridg® Californiainto a feasiblenumber
of simulations with respect tolimited computational resources, through the
following steps:
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o First, perform statistical analysis to classiggularbridges.
0 Second, use statistical distributions to determine the most common
configurations of bridges for each type of irregularity.
o Third, determine a set of bridge configurations for ecals ofirregular
bridges, based on the insights acquired from the previous steps.
1 Perform nonlinear time history analysSL(THA) on the selected set of bridges,
using a suitable set of ground motions tt@tespond to high seismic zones.
1 Using he results of the NLTHA, obtain the seismic demands that correspond to
the regular andregularbridges.
1 Evaluat the results othe analyses ofegularandirregular bridgesto find the
impact of eaclirregularityon the gismic performance of thaeridges.
1 Establish a set of adjustment factorsrtodify the process for generating fragility
curves that will account for the irregularities.

1 Testthe proposed modification factors for edagpe of irregularity.

1.3 Dissertation Outline

The content of this dissertatitgorganizednto the following chapters:

1 Chapter 2 provides an overview of the damage experienced by irregular bridges
in past earthquakes and demonstrates the need to address the existing research gap
by evaluating theessmic performance of irregular bridges.

1 Chapter 3 explains the detasd aspects of the analytical modelingnsiderations

and the distributioof parameters associated with various bridge components.
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Chapter 4 delineates the classificatisof bridge configurations for regular and
irregularbridge types.

Chapter 5 describes the influential parameters for estimating the responses of
irregular bridges

Chapter 6 presents modified approaches for developing probabilistic seismic
demand modelsf irregular bridges

Chapter 7 describes the fragility analysis approdblatis usedin this study. It
alsodiscusses aniflustratesthe methodology used to develop adjustment factors
for generating fragility curves of irregular bridgeShapter 7 provides the
application of the proposed approaches to the California bridge system

Chapter 8 summarizes the conclusions for the performance of irregular bridges
and the generated fragility curves. Future research needs are also identified in this

chaper.
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CHAPTER 2

LITERATURE SEARCH

Bridges are critical links in a transportation network, and their seismic
vulnerability can lead to large economic losses. Bridge vulnesabdin be assessed by
developing fragility curves that indicate the probability of reaching or exceeding a
specific level of damage. The experiences of previeasthquakes such as the
Northridgeearthquaken California in1994,the Kobe earthquake in j@mnin 1995, and
the earthquake off the coast of cent@hile in 2010 reveal thatbridges with
irregularities in their configurations have a higher chance of collapsing or sustaining
severe damage tharidges constructed withtypical configuraibns (Buckle, 1994;
Yashinsky, et al., 2010; Kawashima, et al., 20EQjure2.1 shows pictures of damaged
concrete bridges based on peatthquake field observatio(Sahs, et al., 2008Bridges
with typical geometric configurations are ohefd asstraight bridges with zero skeangle
and zero curvature, bridges with normal column heights, and bridges with balanced

stiffness between frames.

2.1 Existing Research on Skewed Bridges

Among geometric irregularities, sw requires particular attentioriPrevious
earthquakes have showerious damage caused by the displacement or the unseating of
the bridge decksn bridges with large skew anglé&aviani, et al., 2012)Skewed
bridges are commonly constructed in response to complex geometric constraints that
necessitate using skeangled abutments. As a result, the eccentric passive resistance of

the abutment backfill initiates and promotes thelane rotation othesyper st ruct ur e
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deck which ultimately causes the unseating of the superstruckeaelingthe skewed

bridge to collapse.

Figure 2.1: Field observations of the 1994 Northridge earthquake: (a) deck failure; (b) and (c) deck
collapse; (d) deck and abutment displacements; (e) abutment connection failure; (f) abutment failure, and
field observations of the 1989 Loma Prieta earthquake:n@)!a& collapsed deck; (i) joint failure; (j) total
failure; (k) column flexural failure; (I) column shear failuréS@hs, et al., 2008)
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Several research effortmve investigated the effects of skew armagieéhe seismic
response of bridgeAbdelMohti & Peckan, 2008; Meng & Lui, 2000; Meng, et al.,
2004; Maleki, 2005) Although these studies indicated that this class of bridges
experiencesarger column forces and dedisplacement, thegre limitedto specific case
studies on failed bridges and they considered a single bridge model. C§28ddl)
proposed aonlinearmodel to study the displacement demand of columns for skewed
bridgeswith seattype abutments. Maragakis and Jennif{@987) concluded that the
response of skewed bridgesprominently governetty the skew angle, as well as the
impactbetweerthe bridge deck and the abutment.

Severalother researchers focusing on the seismic performance of skewed bridges
highlighted extensive damage to the columns that was induced by the increased torsion in
the column bent¢Ghobarah & Tso, 1973; Tirasit & Kawashin#005) This torsional
demandhas been triggered primarilyy bridge deck rotatianGhobarah and Ts@.973)
noted that highly skewetridges collapsedmainly because of theoupled flexural

torsional motions of the deck

2.1.1 Significant Parameters

Probabilistic seismic demand models (PSDMs) are essentiausedstadescribe
the seismic demand of various components of a bridge in terms of the ground motion
intensity measures. Research@xielson & DesRoches, 2006; Padgett & DesRoches,
2008; Zhong, et al., 2008; Ramanathan, 20d@nmonly utilize PSDMs to perform
fragility analysisto characterizehe conditional reliability of bridges. Several studies
(Nielson & DesRoches, 2006; Dukes, et al., 2012; Padgett & DesRoches, H20@7)

conducedsensitivity studies tadentify theparametershatsignificanty affect the bridge
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responsé¢o seismic demandblowever, tiese studiesypically focused on reguldaridges
and selected numerical parameters. The present study attempts to determine the
influences of categoricaland numerical parameteos the seismic response iafegular
bridges.

Several research effortgmve investigatethe effects of skew angle, along with a
few other parametersn the seismic response of bridgé®delMohti & Peckan, 2008;
Meng & Lui, 2000; Meng, et al., 2004; Maleki, 200%)pr example AbdelMohti &
Peckan(2008) explored the seismic performance of a selected #paa concrete bex
girder bridge with three different skew angles@ff T 8, and@ 7t They compared
bridges with two different cases of boundary ctiods (with and without shear keys)
and directions of applied ground motions. Four selected ground motions were applied for
pushover and time history analysis using SAP2000. The results showed that skew angle
and boundary conditions have significant eeoh the bridge responskleng & Lui
(2000) analyzed a 60 degrees skewed -Jgoxler bridge, the Foothill Boulevard
Undercrossingin SAP2000 The effects of deck flexibility, column base fixity, and the
skewangle were investigated, and it was concluded that all three faotdcsdrastically
change the bridge response to a seismic event

Kaviani, et al.(2012)performed a seismic assessment of selected skewed bridges
in California. Three shorCalifornia bridges with various structural parametevere
selected Sensitivity of the deck rotation and coludrift ratio were assessed according
to five skew angles oft, p 8, o i 1 8, and@ 7 two span ratios 1.0 and 1.2, two
column-height ratios 1.0 and 1.5, and three types of ground motions astepiiocksite,

and pulsdike with six angles of incidencar, o %t @ i w T p ¢;tandp vnit was
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demonstrated that theonitoredskewed bridge demandmcluding deck rotatiorand
columndrift ratio, were higher than thosef nonskewed bridgesthese demands
exhibited sensitivity to the characteristics of ground motions as well as to skew. angles
Past studies investigated the influence of selected parameters, while the current study
evaluates the entire modeling parameters to develop a comprehensive perspective on the
impact of a broader range of parameters on the seismic response of irreggkes.bri

Zakeri et al.(2013)investigated the effect of skew angles, single anddalomn
bents, integral and seabutment types, and seismic design levels on the fragility curves
of concrete boygirder bridges. Older lifges and bridges with integral abutment types
showed les sensitivity to the skew angl&pwever, more recently designed bridges,
bridges with seatype abutments, and bridges with both sirgdmn and twecolumn
bents exhibited vulnerability to the vation of the skew angle. Although a basic
understanding of the seismic behavior of skewed bridgedeemnlevelopedparticularly
in recent decadg a closerand more comprehensiwavestigationof the skeweffect and

modeling parameterm the seismic Maerability needto be conducted

2.1.2 Fragility Analysis

Fragility analysis which leads to the development of fragility curves,a
prominentapproachused indamage assessmefar various components of a bridge
exposed to a seismic hazakebr eachbridge thesecurvesdeterminethe conditional
probability of damage as a function of ground motion inteniitthis regard, researclser
typically proposeempirical (Shinozuka, et al., 2000and analytical(Nielson, 2005)
fragility curves for regularstraightbridges.Empirical approaches can orbhg usedvhen

sufficient earthquake records are available. Thus, the analytical appsoesinmonly
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appliedwhen sufficient records are not availableadytical fragility curveswvere initially
created by Yu, et al1991) and further extended by other researcl{etwang, et al.,
2000; Zhong, et al., 2008; Gardoni, et al., 200B) the past two decades, the
development of analytical fragility curves was an esserdiap towards the risk
assessment of the existing highway transportation net(@inki, etal., 2004; Nielson,
2005; Mackie & Stojadinovic, 2005; Jeong & Elnashai, 2007; Padgett & DesRoches,
2008; Zhang & Huo, 2009; Ramanathan, 20RX%hough previous studies have explored
the fragility analysis of different types of bridgekere is cuently limited researclon

the effecs of various typesf geometricirregularities onthe developmenbf fragility
curves The current workaims to address this deficiency by focusomg theimpact of
geometric irregularitie®n the gismic performance afoncretebox-girder bridges.The
specific irregularities to be addressed by this research are skew angle, unbalanced
stiffness frame (i.eshortcolumns mixed with longer columnsand tall column bents.

There have been a few studies in this regard. afayvet al.(2012) performed a
seismicassessment of selected skewed bridges located in California. Three short bridges
with various structural parametengere selected It was demonstratethat the skewed
bridge demands, including deck rotation and cohkdnft ratio, were higher thathose
for the nonskewed bridgesAmong other studies in this areégyllivan (2010)and Yang,
et al. (2015) developé fragility curves forbridgeswith skew angles between 0 to 45
degrees that arecated in moderate seismic zon8silivan (2010) conducted fragility
analysis and developed the associdtadility curvesfor skewed and mukspan simply
supported steel girder bridges. The proposed fragility curves indicate that bridge fragility

is not noticeably influenced by lowito mediumskew angles (i.e., skew angles less than
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3 0 ¢utit is significantly affected byigher skew angleXang, et al. (2015)evaluated
bridges with various designs and retrofitting strategies. They found that, overall, bridges
with larger skew angles are more vulnerable to seismic excitations.

Although successful research oskew exists a more thorough investigation
should be conducted to discover an efficient framework for developing fragility curves
that are applicable t@xisting skewed bridges in higisk seismic zones. This research
study aims taddress this concerMoreover, previous studies implementahventional
methodology for fragilityanalysis,and this research provides an updated methodology
that facilitates prediction of fragility analysis for irregular bridges.

Box-girder bridges, ammonly found in California, were selected to account for
the effects of irregularities on estimatin
proposed in this study cdrme extendedo various types of bridges in future research,

which is the objectivef ongoing research by the authors

2.2 Existing Research on Tall and UnbalancedtiffnessFrame Bridges

2.2.1 Studieson Unbalanced and Tall Bridges

Other irregularities in bridge configurati®nnclude tall column bentsand
unbalanced stiffness frameBridgeswith these irregularities are typically constructed in
specific regions with complex topography for the foundation Igyauth as mountainous
areas, deep valleys, or overcrossingensequently, based on the topography attributes,
some of these bridges V& columns higher than the typical rangéhile others have

columns of variable heighft present, there is very limited research on tbgsc; hence,
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there is a need to further assess the seismic performance ofitfeggaar bridge
configurations.

Utilizing postearthquake observations, Zheng & Wenl{@a06) explored the
four primarydamage states of bridges with high or fumiform columns in mountainous
areas. Based on their study, the first damage state was assodgtatethangs in the
position of the abutment, abutment settlement, and damage to the superstructure deck.
The secondlamagestate was mainly related to the cracking and breaking of piers, in
addition to the buckling of the steel reinforcement. The ttenmagestate was caused by
the inclination and deterioration of supportise final damagestate resulted in bridge
collapse because of the failure of piers and supptoliewed by the falling of the
superstructure.

In the case of unbalanced frame bridgee large relative displacement between
adjacent pierswith inconsistent column heights is the major factor affecting the
super st r uc(Qanreead,2006)de cormbmation of tall and short piers within
a bridgeexposed to earthquake excitation results in uneven force distribution between the
piers (Qian, et al., 2006; Li, et al., 2001Zheng & Wenhug2006) also clarified the
importance of fdbwing a separate seismic design procedure foiptall bridges. They
recommended using stronger column bents to resist large bending moments, shear forces,
and torques. Albf these factors indicate the complex seismic response of bridges with
unconventonalcolumn attributes.

Jara et al. (2015) examined the effect of three different topologies of unequal
column heights on the seismic demand of the bridge columns. The selected medium

length bridges included two cases wkfspan bridges and one case a@aspanbridge.
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Twelve ground motions and two solil types, soft and hard, were selected for analysis.
Both unequal configurations and soil types showed significant impact on the pier damage
index, particularly for columndocated adjacent to the tallest column. Abbasi,al.
(2015) analyzed seismic fragility performance of older designs of-dader viaduct
bridges with an expansion joint and four levels of variations between the cogiginish

The studied bridge was a fespan bridge with three columns per bent. The results
demonstrated that fragility of the considered bridges increases with increasing variation
between the column heights. Moreover, among various components of the, bridg
deformation of the bridge deck and thespan hinge presented the highest sensitivity to
the height variationThe seismic responseand performance ofall and unbalanced
bridges hae not beendeeplystudied thus,there is a need to further assess the seismic

performance of these irregular bridge configurations

2.2.2 Seismic Performance Assessment of Bridge Columns

According to theplan review of existingbox-girder bridges inCalifornia, the
typical configuration of hdge columns consists of circular and rectangular esestion
shapes with constant cressction dimensions along the column hejigliso known as
prismatic columnsHowever,other column configurationsxist that can drasticallgiter
the seismic perfonanceof columns and bridges. These configurations include oblong
and flared columnsAlthough many of the bridges in the United States are supported by
non-prismatic columns or netypical crosssection shapes, most existing studies on
fragility analysis(Mackie & Stojadinovic, 2005; Nielson, 2005; Padgett & DesRoches,
2008; Ramanathan, 2012; Yang, et al., 20fbBus onbridgessupported byprismatic

columnswith circular or rectangular crosections.In order to determine the effects of
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various column shapes, the current study attempts to evaluaeish@cperformance of
bridges with oblong and flared columns.

Using oblong column shapes in bgkder bridges can considerably reduce the
amount of transverse reinforcement that is required, as the oblongsewigms include
interlocking spirals. These spirals confine the concrete core more effectively than single
spiral confinements and rectangular hoops. Additionally, when a-seasisn includes
overlapping confinements, fabrication is easier for interlocking spirals than for
overlapping rectangular hoops. Tanaka and PE®R3)tested four column specimens to
study the behavior of columns with interloegispirals: one with a rectangular shape that
contained rectangular hoops, and three with oblong -s®c$ons that contained
interlocking spirals. The tests applied constant axial loads, equal to ten percent of the
axial capacity of the column, and cychorizontal loads to the tops of the columns. The
experiments showed that the oblesttaped columns outperformed the rectangular ones
in the aspects of stable hysteresis loops,-melasured energy dissipation, and limited
strength reduction up to a ddityi demand of around 10.

Wu, et al. (2013) investigated the effect of transverse confinements on the
performance of oblong and rectangular bridge columns in which either tie or spiral
reinforcements were used. Four columns were tested, using combined axial and flexural
loadings during the tests. &commonly used column cressctions are circular and
rectangular ones, while the spiral reinforcement scheme is typically advised for circular
crosssections. In order to take advantage of the benefits of spiral reinforcement, Wu, et
al. proposed an inmative transverse reinforcement arrangement for rectangégred

columns, which included two central interlocking spiral reinforcements similar to the
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oblong crosssection. Four small spirals at the corners of the rectangular-seosen
were also addeto the section. All of the tested columns displayed satisfying ductile
behavior. Although the two oblong columns exhibited similar behavior, Wu, @04I3)
illustrated the improved performance of rectangular columnis gpiral reinforcement
compared to the tied columns.

Ou, et al.(2014) focused solely on the shear behavior of oblong columns, with
several different transverse reinforcement schemes, including the conventimhlly
two-spiral interlocking, and sevespiral interlocking reinforcements. They proposed the
sevenspiral configuration since the large size of the -sporal oblong columns often
poses challenges for fabrication and transportation. The tested columns with their
proposed sevenpiral configuration effectively addressed the size issue and showed
better performance compared to tkhenventiondly-tied columns, while remaining
interlocked during the entire experiment

In addition to typical columnsvhich have a psmatic configuration, flarghaped
columns with onavay and tweway flares (Figure 2.2) also exist Besides the
architectural inclination, oneay flared columns are commonly used in bridges
constructed after 1970 (approximately 42% of California-gioder bridges) to provide
more support to the cap beam under eccentric live load. Flared columns streated
by either integrating them to the superstructure (these are called connected flares), or by
connecting them to the superstructure with a gap in between (these are called isolated
flares, and are typically seen in bridges designed after 1S0)hez et al. (1997)

conducted experimental studies on flared columns and concludedhthateismic
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performance of isolated flares is similar to prismatic coluriimgs study is limited to

connected, onwvay flared columns.

Oneway flare Two-way flare
A Top width = A Top width = - Top width =
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|—_| FLARE DETAILS |—_| Front View Side View

Figure2.2: Oneway and tweway flared columngsource:Caltrans Seismic Desigbode(Caltrans, 2006)

Nada, et al(2003)conducted an experimental and numerical study on four flared
specimens in which two specimens were designed to display flexural dominate behavior,
while the remaining shorter columns were designed to exhibit shear dominate demand.
Each of thewo column types contained different transverse designs. One was designed
to have consistent confinement along the column height, and the other was designed to
contain higher confinements at the top third of the column height. The columns were
subjected toeleven ground motions simulated by a shake table. The study showed
satisfactory ductile behavior for all tested specimens. Nada, €2@03) strongly
recommended including a gap between the short columns and the supeesramce
their analysis showed premature failure caused by brittle shear damage. With isolated
columns, extensive shear cracks were observed. Since the gap was closed at a low
ductility ratio, the load carrying capacity was increased as a consequédmncie,caused

higher load transferring to the columns.
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Wehbe, et al.(1997) examined four halbcaled flared bridge columns. The
specimen designs were according to the 46th and 60th percentages of minimum
confinements requad by AASHTO. The columns were subjected to gstaic cyclic
lateral loadings. Two different longitudinal reinforcement arrangements were used in the
tests. In one arrangement, reinforcements were placed along the flares, while in the other,
reinforcemats were located mainly in the core area. Test results showed higher
vulnerability for the flared columns with longitudinal reinforcements distributed along
the flares and not concentratexitie core area. This study also attempts to compare the

seismic grformance of bridge columns with various shapes.

2.3 Closure

Seismic performance assessment of highway bridges is an essential step toward
maintaining a solid transportation network. Several research studies eddiudges
and their columns as the most vulnerable elemehta bridge,via experimental and
numerical studies. However, most of the resedratfocused on typical bridges and
column types. This chapter provided an overview of the existing research ioal typ

bridges as well as the limitedxistingresearch on irregular bridges.
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CHAPTER 3

ANALYTICAL MODELING APPROACH

The following sectiondemonstrates the strategies and details of numerical
modeling for global bridge models and their various components. The models are
generated based on numerical and experimental analysis, obgs¥xednanceof
bridges during previous earthquakes, comications with collaborators from the
California Department of Transportation (Caltrans), and a detailed review of real bridge
plans collected from Californiarchive.In the following,globallayout of a bridge model
is initially explained then the moddahg procedurefor the bridge componentsis
describedor the classof typical box-girderbridges (i.e.straightbridges wih zero skew
anglesand normal and uniform column heightahd irregular bosgirder bridgesi(e.,
skewed, tall, and unbalanceddges).The differences between the numerical modeling

of theirregularbridges and thesgularbridges are explained for each of the components

3.1 General Layout

In this study, thdinite element platform, OpenSeéslazzoni, etal., 2006) is
used to generatthreedimensional(3-D) numerical models of the considered bridge
categories and their corresponding configuratidfigure 3.1 demonstrateschematic
diagrams of the analytical model foine regular and irregular bridge types that are
considered in this studySkewed bridges Rigure 3.1 (b)) include skewedangle
abutments and, contrary tostraight bridgeqFigure 3.1 (a)), containtransverse deck
elements are not perpendicular to the longitudinal deck elements. More explanations of

the differences between skewed and straight bridges are provided in the component
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modeling sectionTall bridges Figure 3.1 (c)) are defined as those wheltee average
column heightsare higher than 1.5 times of the average column height of the regular
bridges (i.e., 'O p& O , (Caltrans, 2012016). Based on the seismic
design criteria(Caltrans, 2006)a bridgeis defined as havingn unbalancedstiffness
frame when different bents within theadme have a stiffness ratio of less th@s%

(Figure3.1 (d)). This criterion is converted thort andall colunm height ratios later
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Figure3.1: Schematic diagram aégularand irregular bridge layout

For each bridge type, various components of a-daer bridgeare modeled
with their specific characteristics and #nenintegrated to generate the global analytical

model of the bridge, as illustratad Figure 3.2. The components canebprimarily
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classified assuperstucture and substructuréd detailed description of thenumerical

modeling strategies for different components of a bridgprovidedin the following

section.
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Figure3.2: lllustration of various bridgeomponents

3.2 Superstructure

The lridge deck consists of longitudinal atrdnsvers elements known as girder

elements(Figure 3.3). When a bridgés subjectedto an earthquake, the superstructure

typically remains elastic; hence thengitudinaldeck elements and theansvers girder

elements are modeled alstic beam column elemeimtsOpenSees with lumped masses

applied on the element nod@$e properties of the elements are calculated based on the

properties of a composite section

The incorporation of skew into the analytical models of regular, straight bridges

necessitates various modificatioif®everal bridge components are affected by changing

the orientation of the bridg&or modeling skewed bridges, tiransvere deck elements
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are rotated to consider the corresponding skew angle of the bifidgee 3.3 illustrates

thelayout of the bridge deck for skewed bridges

Skew angle: 6
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Figure3.3: lllustration of boxgirder bridge deckthe orientation ofransverse deck elements in straight
bridges versus skewed bridges, anddimsssectional viewof the bridge deck

3.3 Substructure
The bridge sbstructure consists ofbent and column, abutment, foundation,
pounding, bearing, and shear key. Modeling stiatefpr each of these components are

presentedbelow.

3.3.1 Column

Transverse dk elements are connectedcmumns using rigid links to ensure the
moment and force transfer betwettire deck andcolumn (Figure 3.3). The number of
columrs per benin each bridge depends on various fagtimduding thedeckwidth and
the design code er@onsistent with previous studi@dielson, 2005; Dukes, et al., 2012;
Ramanathan, 2012¢aliforniabridges aralesignateaspre-1971 design eral97+1990

design erapr post1990 design era, according tmprovementghat were added to the

44



seismic design code#\ review of the plans of real begirder bridges in California
showed that: the majority of bridges designed before 1@¥&oneor two columrs per
bent (Figure 3.4); bridges designettetween 1971990 have oneto four columrs per

bent andbridges designed afté®90haveoneto five columns per bent
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Foundation rotational spring Foundation rotational spring

Foundation translational spring Foundation translational spring
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Figure3.4: lllustration ofnumberof column bents in pr&971 bridges; (a) single column bent (SCB), (b)
multi-column bents (MCB)

Single column bentsare usually fixedat the columé $ase and multi-column
bents of bridges ithe 19711990 andhost1990design erasre pinned at the bgswhile
50% of pre-1971 bridgeswith multi-column bentshave fixedbase columnsChoosing
the number of column bents in each design era is related to the deck width. In this study,
single column bent (SCB) anthulti-column bent (MCB) are modeled using the
displacemenbased nonlineabeam columrelements with fibedefined crossections.
The fiber section option in OpenSees provides the option to assign distinctive material
properties to different locationsn a crosssection. The fiber sections consisgtirof
concrete and steel reinforcement are defifegufe35) usi ng-Of©oomndetiest e
020 material s, r e Bigure 85, different propertiéssre cansideradn i n
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for theconfined €ore concrete and thenconfined ¢ovel) concretepartsemployingthe
concretemodels developed biylander, et al(1988) The model developed yenegotto
and Pinto(1973) later modified byFilippu, et al.(1983) is assignedo the numerical
modelto add isotrofe strain hardeningroperty Eigure3.5) to the reinforcing steel.

The c ol u-qpectosshape i® aaher factbatvarneswith the design era.
This study concentrates on the most common standardized column shapesomi€alif
box-girder bridges. According to the existing bridge configurations, column shapes are
categorized into three main categories with layouts shovifigure 3.5: Types | and Il
fall under the category of prismatic columnBiglre 3.5 (a)); while Type Il is
representative of flared columns thetestepped discretizatiofFigure 3.5 (b)) to create
their numerical models. Type | columns are wiat or squareshapedcrosssectiors in
which two adjacent sides have equal lengths, whiype Il columns are oblong or
rectangularlyshaped, with unequal adjacent sides in thesssections The three
common crossections are shown ifigure 3.5 and all other existing crossection
shapes are idealized by one of thésree common shapes&ppendix A provides the
existing column crossections and the idealization details. As mentioned previously, in
addition to a variety of crossection shapes, flared columns are also present in California
bridges. To test the impamce of modeling flared columns for the purposes of this study,
an initial case study evaluation was performed in this section to identify the effects of

flares on the fragility curves
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One initial step in ananalytical study is to test the efficacy of modeling
assumptions. In order to do that, this section focuses on a set of validation tests of the
numerical modeling of bridge columns with the aforementionddnuo shapes. Four
column tests wee selected from previous experiments, and tdieeensional finite
element models of the specimensre/generated in OpenSees &atminehow well the
numerical modelsvere able to capture experimental results. Based on a comparison of
the numerical results and experiments data, insights @ovided on each of the

specimens. A detailed description of the four column tests is probeled.

To validate the numerical modelff the Type | columnsa full-scale reinfoced
concrete (RC) bridgeotumn testwas chosen. This test was performed the NEES
Large HighPer f or mance Outdoor Shake Table | ocat
Engineering Center.The RC cantilever column was designed according to Caltrans
seismic design specifications awds supported on a fixddundation.Figure 3.6 shows
the test specimen and the setup for the experiment. The numerical moaakng
conductedwith the help of the finite element package called OpenSees. The numerical
modeling parametershown inTable 3.1, are accordindo the provided values in é¢h
UCSD report (Schoettler, et al.,, 2012)The details of the column design and
reinforcementare providedin Figure 3.6. The sgcimen was subjected to sground
motions Figure 3.6) simulated by ashake a b | e a't UCSD. Similar|l
numerical modelwas subjected tdhe same set oimotions. Mnlinear time history
analysis wa performed in OpenSees, and dynamic responses of the numerical model
were captured. The responses includedblemn top disfacement, the shear foree the

base and the bending moment at the column base. In this section, comparisons of the
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numerical predictions with those meesal during the experimentare providedThe
response comparison of the ftithe history analysigFigure 3.7) confirms that the

analytical ad experimental results areagreement.

To validate the numerical moded$ columnTypes Il and Ill, fultscale RC bridge
column tests byTanaka and Park1993) and Sanchez, et a{1997) were chosen,
respectively. The oblong cantilever column tested by Tanaka and (P298) was
designed according to the column provisions in the New Zealand concrete design code.
Sanchez, et al1997) constructed flared and ipmatic columns according tGaltrans
design codeFigure 3.8 andFigure 3.9 show the detailing@f the column designs. In both
studies, the columns were subjected to constant axial loads and cyclic horizontal loadings
(Figure 3.8 ard Figure 3.9). In the oblongcantilevercolumntest, the cyclic horizontal
load imposed on the specimen included one elastic cycle corresponding to a displacement
ductility factor* T8 vand two cycles for each of the factors ¢ch th ¢h . In
the Sanchezest the displacement ductility fac®mused for applying the cyclic lateral
loads were ‘ ph p®&h ch oh th vh ¢ and
‘ ™ @ TR pP b pg O ¢® T ¢ o8 dor the prismatic and flared
column, respectively. These experiments were simulated in OpenSees using similar
cyclic loadings and performing cyclic pushover analysis. Then, the numerical results
were compared with the experimental dada. shown inFigure 3.10, the numaécal

simulations are fairly able to predict the

The validation process indicates that the numerical modeling technique used in
this study can provide a realistic behavioodel forbridge columns with various shapes.

In the following section, a typical bridge column is modeled with the commonly used
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structural characteristics and its seismic performance is evaluated by varying the column

shape.

Table3.1: Parameters used in the OpenSees model

Parameters Values

Diameter of the column 1.22m (4 ft)

Column height 7.31m (24 ft)

Longitudinal reinforcements 18 #11

Transverse reinforcements (hoops) Double #5 @152mm (6 in)
Clearcover 51 mm (2 in)

Concrete strength

Modulus of elasticity

Concrete compressive strain at
maximum compressive stress

Yield strength of longitudinal steel
Yield strain of longitudinatteel
Ultimate strength of longitudinal steel
Modulus of elasticity of longitudinal stee
(of longitudinal steel

Esnof longitudinal steel

() of longitudinal steel

Yield strength of hoops

41.9 MPa (6.1 ksi)
22877 MPa (3317 ksi)
0.0026

518.5 Pa (75.2 ksi)
0.0026

706.7 MPa (102.4 ksi)
196057 MPa (28426 ksi)
0.011

5515.5 MPa (800ksi)
0.122

337.9 MPa (54.8 ksi)

7925 mm
‘ 312in ’
A Section A-A
(®)
|-
£|.5
] [l E E’ 51 mm
o 2
- - Y
A
1219 mm
48 in
(@)
=
g|.5
| -
e Selected ground motions
No. Earthquake Date Mon_lent Station
magnitde
EQl LomaPricta 10/18/1989 6.9 Agnew State Hospital
EQ2 LomaPrieta 10/18/1989 6.9 Corralitos
.Y EQ3 LomaPricta  10/18/1989 6.9 LGPC
CE\ S EQ4  LomaPricta 10/18/1989 6.9 Corralitos
§ N EQS5 Kobe 1/16/1995 69 Takatori
EQ6  LomaPrieta 10/18/1989 6.9 LGPC

¢ 5486 mm »
216in

Figure3.6: (a) Details of theJCSD column design, (b) Reinforcement detailing of the UCSD calgoyn

selected ground motions
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Figure3.10: Lateral force versus lateralsgilacement hysteresis loops {a) oblong column, (bprismatic
column,and(c) flared column

Analytical Comparison of the Columm@Performance

As mentioned above, a number of researchers sttiokestismic performancef
bridge columns with various shapes. However, the effect of column shapedqectiss
and flares) on the fragility assessment of a bridge system is nekneslin yet. The
current study attempts to address this research gap by evaluatsaistinecperformance
of a typical bridge column as an individual element and as a component of a bridge

system. This numerical study is divided into two stagaswhich the structural
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characteristics of existing begirder bridges in California aresadto generatdinite
element models.

First, threedimensional numerical models of a typical bridge column were
created in OpenSees; the models include columns with various common shapes including
circular, rectangular, and oblong cresections, as well as prismatincaflared columns.

The numerical models were validated with previous experiments performed on the
column shapes that are considered in this study. Then, seismic assessment of typical
bridge columns was conducted through a set of monotonic and cyclic pusimalysis.

Second, ahreedimensionalnumerical model of a typical begirder bridge was
developed using a variety of column shapes. Using a selected set of ground motions,
nonlinear time history analysis was performed on the models to derive structural
responses. Next, the seismic performance of the bridge models was evaluated by
comparing their probabilistic seismic demands, particularly the column displacement
ductility. Since developingprobabilistic seismic demandnodek is an essential step
toward generating fragility curves, the comparison of the seismic demands provides
initial insight into the influence of column shape on the fragility assessment of bridge
components. In order to enhance the insight, the evaluation process was continued to
produe fragility curves for the various bridge components and the bridge system.
Assessment of the generated curves indicates the impact of column shapes on the bridge
fragility assessment.

This section provides amvestigationo f the columnsdéd behavi
monotonic pushover and cyclic lateral loadinggé@neral methoaf pushover analysis

about two axes of longitudinal and transverse was applied. The columns were assumed to
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be cantilever ones subjected to constant dridls equal to their ten percentage axial
capacity("® ).

Theinput parameters for the tested columnspaesented imable3.2. A detailed
plan review of existing bridges in California was conducted to extract the probability
distributions of the required modeling parameters. These distributions are used in the
bridge fragility analysis presented in the next sectiwwhile the mean values ohe
modeling parameters Table 3.2) are selected for the analysis of the columns in the
current sectionFour main casescircular prismatic (CP), reatgular prismatic (RP),
oblong prismatic (OP), and flared columns (Fdye considered in this studyhe
dimensions used in this section are the most common ones, based on review of the
California bridge inventory. The bridge design details manual list® ttandard column
sizes as 4, 5.5, and 7 feet for an equivalent circular column. Reviewing the existing
bridge plans revealed that the majority of circular single columns have a 5.5 feet diameter
and the majority of circular mulgolumn bents have a 4dt diameter. Similarly, the
other crossection dimensions are selected based on the existing bridge population. The
column crosssection areas are approximately similar in the four considered cases. In
order to have a fair comparison of only the effdat@umn shapes, it is essential to keep
all structural characteristics such as reinforcement ratios and column height the same. In
order to account for the differences in bridge design codes, separate analyses were

performed for the specifications of bgiels designed before and after 1970
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Table3.2: Geometric praneters used in modeling cantilvcolumns fopustover analysis

Column Name

Parameters CP RP OP El
® ' ®
Crosssection ! 2
® ®
Type | I 1]
Crosssection Dimensionén)
Single column 66 36 x 96 48 x 72 66& a=2'9"
Multi-columns 48 36x48 36x48 48 & a=2'
Crosssection Dimensionémm)
Single column 1676.4 914.4 x 2438.4 1219.2 x1828.8 1676.4& a=838.2
Multi-columns 1219.2 914.4 x1219.2 914.4 x 1219.2  1219.2 & a =609.6
Column Height
Pre1970(ft) 21.5 215 21.5 215
Pre1970(m) 6.55 6.55 6.55 6.55
Post1970 (ft) 24.0 24.0 24.0 24.0
Post1970 (m) 7.32 7.32 7.32 7.32
Longitudinalreinforcement (%)
Pre1970 1.9 1.9 1.9 1.9
Post1970 2.35 2.35 2.35 2.35
Transverse reinforcement
Pre1970 #4 @ 12" #4 @ 12" #4 @ 12" #4 @ 12"
Post1970 #4 @ 3" #4 @ 3" #4 @ 3" #4 @ 3"

First, monotonic pusiver analysiswas conducted on the columns in both
longitudinal and transverse directions tbe columns. Asshown inFigure 3.11, two
different patterngan beobsened based on the direction of applied load, the arrangement
of the longitudinal reinforcements, and the geometry of the confined concrete. In the
longitudinal direction §igure 3.11), the rectangular crossection showshe highest
strength becausthe steel reinforcemenis arranged at the farthest distance from the
center which increases the moment of inertia and, subsequently, the stifimess
strergth. Two additional crossection shapes with similar modeling properties and €ross
sectional area were analyzed to verify tteanparisons. One (SP fgure 3.11) is a
square crossection shapeand theother 86 x 48 rectangleERP inFigure 3.11) is a
rectangular one with dimensions between the square (SP) and originaguéatadRP)

section. he strength and stiffness increase as the shape changes from the circle (CP) to
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the squag (SP) and then to the two rectangles (RP and E®i)e the crossection is
elongated in the longitudinal direction that changes the reinforcement arrangements and
the gemnetry of the confined concret&his phenomenon is reversed in the transverse
direction. The oblong columnisave a response that is simitarthe circular columns in

the longitudinal direction and the rectangular columns in the transverse direction, due to
the nearly snilar arrangement of the rebafhe columns with flares display mer
resistance than circular columns in both directions. That is the result of keeping the
details of the nofflared sections of the flared column (from footing to half of the column
height,Figure3.5.b) identical to those of the prismatic columns, while the flared sections
include an additional layer of reinforcemensimilar to the layout showim Figure 3.9,

and the crossection dimension imeases along the column heiglilearly, circular
columns have identical responses in both directions becatisesyimetry of the shape

and reinforcemen Additionally, increasing reinforcement ratjoshile decreasing the
confinement spacingenhancs the loadcarrying capacity of the colummuring
deformations.

Secad, a cyclic pushover analysis svperformed on the columns to examine the
hysteretic lop. The displacement cycles are defined based on the yield displacement of
the longitudinal reinforements. The vyield displacement svaalculated using the
deformation components including flexuddformation, bar slipand shear deformation.
Their contritutions in the yielddisplacement experienced byalumn specimen can be
represented a¥ Y y Y , and eachof these deformatiancan be
calculated based ommpirical equations(Flores, 2004) The highest contribution

corresponds to the flexural deformation teaterges when a moment load is generated in
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the columnand a lateral displacement occurs at the end of the cofmnra column that
is considered to be fixkat both ends against rotati a linear variation in curvature over

the column heights assumed, anthe flexural displacement contribution in the yield

displacement can be calculatedYas —— , where0 andfg  are the column

height and thecurvatureat theyield initiation point of the longitudinal reinforcemest
The contribution of the shear and slip deformation aretlesn the flexural deformation;

however, they will be counted in this study. The contribution of these deformations can
be calculated using —andy —— whereb andd arethe moment

at first yield of thelongitudinal reinforcement anithe shear area of the column section

‘Q andO are the diameter aritie yield stress of the longitudin@inforcemenrd, and

6 ¢ "Qis the bond stress between the longitubirinforcement and the footing. The

calculation of the total yield displacement requires estimationg fand0 using the

momentcurvature relationships. This relationshipdistermined based om &penSees

standard section analydisat relies orthe assumption that plane sections remain plane.

Based on the calculated yield displacements, the cyclic levels are set Xo be
T8 UiK T® phr T xfp P8t & p® h ¢8T @ ¢® R oBh THh VB B D B XK p

Q& As shown inFigure3.12, the cyclic behavior patteracross different crossection

shapes is similar to the obsatons from the monotonic pushovanalysis Figure

3.11.b). However, the strength degradation can be analyzed in the cyclic testing. This

degradation happens at earlier levels in the flared columime it only occurs at the

latest cycles for the other column shapes. The circular column shows a smooth

degradatia that increases during the last few cycles, and the rectangular and oblong ones
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display a drastic decrease in the strength in the last dyctbe following section, the

influence of various column shapes on the seismic performance of the bisdges

evduated
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Figure3.11: Comparison of monotonic pushover analysis of the columns in (a) longitudinal and (b)
transverse directions
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Seismic Analysis

A hypothetical box-girder bridge withthe structural poperties of California
bridges wa modeled in thredimensions in OpenSees. The bridge layout and the
backbone curves used in the components modeling are presenkegure 3.13. A
detailed plan review of the existing bridges in California was conducted to extract the
probability distributions of the required modelipgrametersTable 3.4). Similar to the
analysis provided in the previous section, the four cases ahoodhhapes (CP, RP, OP,
and Fl) wee considered in the bridge studydditionally, two separate sets of analysis
were performed in order to account for the variationseinforcement ratios and column
heights in design codes written before and after 1980shown inFigure 3.13, each
analysis needetb be condu&d twice for the two types of rigid and sedtutments.

Table3.3 providesa description of bridge class varieties that are considered in this study.

60



Table3.3: Description ofnomenclature for bridge classessalered in this study

Classification

Nomenclature
Abutment Design era Number of columns per ben
DBSC Rigid diaphragm (D)  Pre1970 (B) Single (SC)
SBSC Seat Abutment (S) Pre1970 (B) Single (SC)
DBMC Rigid diaphragm (D)  Pre1970 (B) Multiple ¢ (MC)
SBMC Seat Abutment (S) Pre1970 (B) Multiple ¢ (MC)
DASC Rigid diaphragm (D)  Post1970 (A)  Single (SC)
SASC Seat Abutment (S) Post1970 (A)  Single (SC)
DAMC Rigid diaphragm (D)  Post1970 (A) Multiple ¢ (MC)
SAMC Seat Abutment (S) Post1970(A) Multiple ¢ (MC)
Rigid diaphragm abutment Seat abutment

Abutment piles/

Bearing

l Pounding

Abutment backfill

Abutment piles/ A
friction surface K \

/‘ . friction surface Shear key ) .
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Figure3.13: Numerical modeling of various bridge components
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Nonlineartime history analysis (NLTHA) was performed onthe bridge model

using Baked s s

i te of

1 (8dker, getrab, 201 HTheseoeixditations have
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longitudinal and orthogonal components, and rarelomlyoriented to the longitudinal
and transverse directions of the bridge models. rékalts of this analysis providehe

peakseismic responsi®r each of théridge components he peak responses keeused



to produce prbabilistic seismic demand mod&SDM). A probabilistic seismic demand
model (PSDM) is a regression model esgming the relationship betweegismic

demand(O) andground motion intensity measuf®( (Cornell, et al., 2002). Based on
this regression model, the median value of the seismic derfahdan be estimated for

a specific intensityneasure as

Y @800 h (1)

where®and®are the regression coefficients that are obtained by performing a regression

analysis o0 "O0pairs. Dispersionf( s ) iscalculated based on

I O AAO T &£ AAKDA DT ET OC

s ho OfF OAI

In order togenerate fragility curves for the bridge system, the PSDM should be
developed for each of the bridge components,(egumns, abutments, foundations).
The bridge column vulnerdity has a major contribution tthe overall bridge system
fragility. As a esult, column displacement ductility, defined as the ratio of the ultimate
displacement to the yield displacement, is assessed in the follokionge 3.14 and
Figure 3.15 depictthe twoeparameter lognormal probability distribution of the column
ductility based orthe ground motion intensity measure. For this st&#1.0s (i.e, the
spectral acceleration atdlsecond) was chosen since it is the optimal intensity measure
for box-girder bridgegRamanathan, 2012)

Among the developed PSDMs, those of the oblong esesBons have noticeably
different slopes. More specifically, in all bridgypes Figure3.14 andFigure 3.15), the

slopes of the oblong column models are the lowest between the considered column
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shapesin contrast, the flaredhaped columns havke highest slopes of the PSDMs in
almost all cases. No specific pattern is observed between circular and rectangular column
shapes. These findings are not restricted to a particular abutment type, number of

columns per bent, or the era when the bridge eesigned

Table3.4: Uncertainty distribution considered in the bridge models

Distribution
Parameter o
Type € u

Concretecompressive strength (MPa) Normal 29.03 3.59
Reinforcing steel yield strengtfMPa) Lognormal 465.0 37.30
Spanlength(mm)

Two-span Lognormal 31775 8738
Deck width(mm)

Single column bent Lognormal 9780 1980

Multi-column bent Lognormal 11970 2418
Abgtment backwall heighimm) Lognormal 3234 488

Diaphragm abutments Loanormal 2186 441

Seattypeabutments 9
Abutments on piles Lateral capacity/deck widtfN/mm)

Diaphragm abutment Lognormal 1120 404

Seattypeabutment Lognormal 1498 540
Elastomeric bearing pad

Stiffness per deck widtiN{mm/m) Lognormal 908 327

Coefficient of friction for bearing pad Normal 0.30 0.10
Gap(mm)

Longitudinal (btw. deck & abutment wall) Lognormal 235 125

Transverse (btw. deck and shear key) Lognormal 12.8 2.58
Mass factor Uniform 1.25 0.007
Damping Normal 0.045 0.0125
Acceleration for shear key capacity) ( Lognormal 1.00 0.20
Piles translational stiffnessi(mm)

1% long.rebar Normal 297716 140101

3% long.rebar Normal 245178 105076
Piles rotational stiffnes$\¢m/rad)

1% long.rebar Normal 4510° 1.1310°

3% long.rebar Normal 6.8210° 1.1310°
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Figure 3.15: Probabilistic seismic demand models for column displacement ductility of bridges
DAMC, (h) SAMC, e 1-circular,@ 1-rectangulare 1-oblong,e 1-flared shape

The developed PSDMsere used to establish the fragility curv@sis research
study also aims to investigate the effect of column shapes on the fragility analysis of a
bridge, and follows the work of Nielsof2006) and Ramanathaf2012) to evaluate the
fragility of bridge components at four differe damage states: slight, moderate,
extensive, and completé&t a chosen intensity measure, the probability that the seismic
demand D) of a component exceeds its capa¢C) can be assessed by fragility curves.
A lognormal distribution of demand and capacity is assumed, and the probability of
reaching or exceeding a specific damage state for a particular component is then

estimated with these of the probability equat
00 600 B —X— R (12)

where,"Y is the median estimate of the capadity,is the dispersion of the capacity, and
F (1) is the standard normal cumulative distribution function.

The limit states used for the displacement ductility @resented in Chapter. 7
The other capacity values used in this study were similathtmse used by Ramanathan
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(2012) Figure 3.16 and Figure 3.17 demonstrate the fragility curves of bridge columns
when different types of column shapes are used in the models. Each plot depicts the
column vulnerability at slight, moderate, extensive, eoilhpse damage state. The plots
that are mced in the same row correspotedan identical bridge type with the four
considered column shapes, CP, RP, OP, and Fl. Hence, each column in tissfiguws

the fragility curves for various bridge types (edjfferent abutment types) but similar

column shapes.

As is shown inFigure 3.16 and Figure 3.17, the column seismic vulnerability of
seattype abutment bridges is generally higher than that of intégpal bridges.
Comparing the fragilities of each row reveals that the oblong colurapeshare less
fragile than any other column shape at four damage st#tesresults show that when
oblong columns are used, the seismic vulnerability of the column decreases in bridges
with either seator rigid-type abutments. In other words, oblong gadcolumns are the
least vulnerable ones due to the more effectively confined area of theseobies.
Although flared columns represent a higher strength compared to prismatic ones in the
pushover analysis, they are more prone to damage in the tinmeyhestalysis. In
particular, the fragility curves of bridge columinslicatea higher probability of damage
for bridges with flared columns than for bridges with straight columns. This is the result
of the inconsistent crossection along the column heigldand, more specifically, the

elongation of the cover concrete area

Another finding is that at low and medium damage levels for bridges with
multiple columns per bent, there is not a noticeable difference observed between the

performances of columns witharious shapes. However, these performances become
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more distinctive at the higher levels. This is because the column shape plays a more
significant role in providing the columnos
accordingly, at larger deforations. More specifically, the column shape affects the

reinforcing details, which define the column ductility demands and the seismic resistance

The failure probabilities of bridge columns are presemtedable 3.5. Since
circular column shapes are used in the majority of bridges (approximately 53% of
Cal i f o r -gindex brisigesh, ohg likelihood for damage for other column shapes is
comparedo the circular ones. The likelihood can be compared at any level of ground
motion intensity; however, as an example, QS selectedin the following. This
comparison is provided as the absolute relaéve r o rTablé 3.5 and Figure 3.18.
Comparing cases 1 to 4, at a spectral acceleration5d® @robabilities of moderate
damage to the bridge column with circular, rectangular, oblong, and flared shapes are
81.8%, 73.3%, 57.8%, and 84.9%, respectively. For the same bridge type and at the same
level of ground motion intensity, there is a 65.698,9%, 41.5%, and 69.3% possibility
of observing extensive damage in bridge columns with circular, rectangular, oblong, and
flared shapes, respectively. At the slight, moderate, extensive, and collapse damage
levels, the maximum variations (relative erjokghich are 25.02%, 30.78%, 38.42%, and

62.38% occur with oblong columns
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rectangulare 1-oblong,e 1-flared shape

Figure A.1 in Appendix A demonstrategshe bridge system and components
fragility curves. Apparently, in all cases, the most vulnerable components significantly
affect the seismic fragilitgpf the bridge systenin this study, it is observed that for the
considered bridge types and column shapes, columns dominate the fragility of the whole
bridge, and hence similar trends are observed in analyzing the system fragility curves as
those of thecolumn curves. However, the bridge system is more fragile than any of its
componentsThe mealian and dispersion of the fragility functions for the four damage
states are presentadtable A.2 The first column of the table shows the bridge classes

that ae consistent with the ones assigned to the bridgéahie3.5 andTable3.3.

According to the generated fragility curves for bridges with integral abutment
type, bridge system fragilities can be sorted based on their column shapes as oblong,
rectangular, circular, and flared, with oblong columns showing the lowest fragility.
Similarly, the ranking for bridges with setpe abutments lists as oblong, circular,

rectangular, and flared columns. However, in both types of abutments, the difference
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between the system fragilities of bridges with oblong columns is more noticeable than the
other considered shapes. This difference is enhanced at higher levels of.dartlager
look at the bridge component and system fragility curves shows that the abutment seat
has a lower fragility probability for bridges with oblong columns tfrarany d the other
considered column shapes. A similar behavior is observed for the displacement of the

elastomeric bearing.

Table3.5: Damage probabilities of the bridge columns at 0.5 g

Damage State

Case Type Slight Moderate Extensive Collapse

o o o o

P U (¢ P U ( P U ( P U (

DBSC CP 0.845 - 0.818 - 0.656 - 0.257 -

DBSC RP 0.774 8.46 0.733 1046 0.579 11.82 0.227 11.49
DBSC OP 0.644 23.89 0.578 29.32 0.415 36.69 0.114 55.59
DBSC Fl 0.871 3.00 0.849 3.81 0.693 566 0.286 11.16
SBSC CP 0.953 - 0.950 - 0.844 - 0.456 -

SBSC RP 0.980 2.88 0.981 3.29 0.915 8.48 0.585 28.42
SBSC OP 0.810 15.00 0.774 18,52 0.598 29.17 0.204 55.11
SBSC Fl 0.960 0.77 0.960 1.01 0.860 1.96 0.473 3.78
DBMC CP 0.910 - 0.897 - 0.788 - 0.445 -

DBMC RP 0.827 9.12 0.797 11.18 0.655 16.80 0.297 33.26
DBMC OP 0.748 17.85 0.703 21.72 0.538 31.71 0.189 57.58
DBMC FI 0.927 1.83 0.918 2.26 0.816 3.61 0.479 7.67
SBMC CP 0.981 - 0.982 - 0.927 - 0.641 -

SBMC RP 0.988 0.66 0.989 0.65 0.951 262 0.730 13.84
SBMC OP 0.895 8.80 0.879 10.51 0.743 19.79 0.356 44.44
SBMC Fl 0.989 0.74 0.990 0.76  0.952 2.68 0.722 12.58
DASC CP 0.843 - 0.814 - 0.648 - 0.249 -

DASC RP 0.755 10.38 0.710 12.77 0.551 14.92 0.203 18.49
DASC OP 0.632 25.02 0.564 30.78 0.399 3842 0.103 58.44
DASC FI 0.870 3.24 0.850 4.36 0.693 6.92 0.288 15.89
SASC CP 0.945 - 0.942 - 0.825 - 0.415 -

SASC RP 0.977 3.37 0.978 3.81 0.904 9.60 0.553 33.28
SASC OP 0.814 13.88 0.778 17.43 0.593 28.13 0.190 54.18
SASC FH 0.961 1.74 0.961 197 0860 434 0470 13.33
DAMC CP 0.876 - 0.857 - 0.749 - 0.433 -

DAMC RP 0.806 7.97 0.773 9.83 0.624 16.77 0.264 38.98
DAMC OP 0.724 17.36 0.672 21.61 0.504 3277 0.163 62.38
DAMC Fl 0.899 2.63 0.883 3.07 0.783 449 0472 9.17
SAMC CP 0.979 - 0.980 - 0.918 - 0.614 -

SAMC RP 0.954 2.56 0.949 3.13 0.892 290 0.673 9.62
SAMC OP 0.883 9.86 0.865 11.71 0.718 21.77 0.318 48.22
SAMC F 0.986 0.72 0.987 0.79 0.942 260 0.684 11.36
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Figure3.18: Relative errors for damage probabilities of the bridge columns at 0.5 g
Assessment of the generated curves indicates the impact of column shapes on the
bridge fragilities. Among the considered column shapes, oblong aned ficolumns

indicate the lowest and highest vulnerability, respectively. This is more noticeable at
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higher levels of damage. Although bridges with seat abutments represent higher
probability in the fragility analysis of the bridge column and system, airtriénds are
observed for the impact of column shapes on bridges with rigid and seat abutment types.
Additionally, the findings are independent of the number of bridge columns per bent
Generally, analyticamodeling of columns, as the mastsceptiblecomponent of
a bridge undeearthquake x ci t at i on, i's challenging. Capt
responses is an essential part of the numerical analysis of a bridge. In this study, certain
strategies were developed to consider failure modes of mnpkndthey were validated
by the experimental result¥he modes of column failure considered in this study, and
the numerical approaches useaapturethem, are explained in Appendix A
For modeling kewed bridges, the columns are rotated in thectliion of the

skewed girderso consider the corresponding skew angle obttiege Figure3.19).

(@) (b)

Figure3.19: Plan view of the bridge deck with the orientation of the columns in (a) straight bridges versus
(b) skewed bridges

To date, there existvery limited research regarding bridges with unbalanced
frames and tall column bent Li kewise, to the best of thi
no data sets from experiments on these clasdasdgjes Therefore, the only change that
is consideredn the present study for modeling bridgegh unbalanced frames and tall
column bents is the variation of the column heightghis regard, dur sourcesf bridge
plans, listed astreamcrossings ramps,connectorsand viaducts were collected from

BIRIS andwerereviewed in detail to extractcolumn heightvalues. In order tohave a
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comprehensive database, approximately @0#nswere reviewed and the results are
analyzedas follows. The overall goal of this step is to set upealistic sample of
unbalanced otall bridge profiles, which wilbe used to create synthetic unbalanced and
tall bridge realizations tbe utilizedin analytical modeling of bridges. A brief summary
of the implemented approach presentedh this section andsupplenentay information

canbe foundin Appendix B

Global model for creating syntheticrealizations

x Common basis for column height normalization The average column heightsi(,)

of unbalanced or tall bridges are normalized by akieragecolumn heights ,...)
determined for the corresponding base models (iepresentative reguldoridge).
Normalizedcolumrntheight (H,,./ H ... Figure 3.20) values arethen assignedto a
variable called werage bridgéeight ratio Those ratios meeting the column heights
criteria to be considered as tall bridges (i.e., ratios higher thaarg.Gsedor building
the models for thiglass of bridges. Appropriate distributions of the average bridge
height ratios aradentified (Figure 3.21) and inplemented inthe modeling of tall

bridges.
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Figure3.20: Average bridge column height ratios for bridges designed in (a) &, (b) 19741990, and
(c) post1990
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Figure3.21: Distribution of average bridge column height ratios (forp@&€1 era)

Combined ratio model: A single columrheightratio is deveoped by normalizing the

height of all of the columns in a bridge (

H, ;i = 1,..n ;n :number of columns in adge) to the bridgeaverageheicht (H,,.

). This yieldsratios (H, / H,,.) for each bridge thatrecenteredn 1, but values extend

both above and belothe centerFigure 3.22). Based on the Caltrans Seismic Design
Criteria (Caltrans, 2006) a bridgeis defined as having a frame with unbalanced

stiffnesswhen different bents within theame have a stiffness ratio of less ti&96.
This criterion can be converted to column height ratids/(H,,.) higher than 1.05 or

lower than 0.95. Thus, the respective ratios are implemented in thedingoof bridges

with unbalanced frames.
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Figure3.22: Intra-bridge bentheight ratio for bridges designed (a) gt871, (b) 19741990, and (c) post
1990
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Assignmenbf the column heightratios:

The process ofgenerating unbalanced bridgas illustrated in the following two
examples.
Example 1: A slightly unbalanced thrspanbridge Figure3.23)
1 Column height ratio (0.91 < Ratio < 0.95) will be selected randomly to generate
0.
1 Column height ratio (1.05 < Ratio < 1.1) will be selected randomly to generate
0.
1 The diffness ratios of the two columrase checked; bridges with ratiost of the
slightly unbalanced range (55% < stiffness ratio < 7%%8) removedRandom
selection will be repeated until all generated column heigbtend O, createa

stiffness ratidoetweerthat falls in theb5-75%range

B Tl

T

Figure3.23: Layout of a slightly unbalanced thrgpan bridge
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Example 2: A slightly unbalanced fagpanbridge Figure3.24)

1 Column height ratis (0.91 < Ratio < 0.95pand (1.05 < Ratio < 1.1) will b
selected randomly to generde, 'O, O, andO.

1 The stiffness ratios of the adjacent columns will be checked to see if at least one
of them satisfies the unbalanced critdgay.,55% < stiffness ratio < 75%f all
of the values fall beyonthe considered range (e.g., slightly unbalanced range,
55% < stiffness ratio < 75%), andom selection will be repeated ilrthe

generated column heighteeate an unbalanced frame

-

Figure3.24: Layout of a slightly unbalanced fis@an bridge

3.3.2 Abutment

Abutmentsare classifiedas either seat argid diaphragm types. A seat abutment
allows the superstructure to move independently from abetment while a rigid
diaphragm abutments integrally connectedo the superstructure. Thetasgstical

distribution of the abutment types shown inFigure 3.25. It should be noted that the
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rigid diaphragm abutmentas commonly usenh olderbridges and the seat abutment is

typically used in more recently designed bridges

Pre-1971 1971-1990 Post-1990

= Diaphragm Seat Mixed ® Diaphragm Seat Mixed ® Diaphragm Seat Mixed

1% 9%, 1%

r %

-

(a) (b) (©)

13% ___

92%

86%

Figure3.25: Statistical distribution of abutment types for bridges designed ()&, (b) 19741990 and
(c) post1990

Diaphragm abutments are cast monolithic with the superstructure of the bridge.
Since this type of abutmemhmediatelyengages the backfill soil duringeismicaction, it
providesa greatsource of energy dissipation and reduces the likelihood of thetintgea
of the bridge deck. Since rigid diaphragm abutments are stiffer than the adjacent column
bents, theyabsorba larger portion of the imposed seismic fofBeiestley, et al., 1996)
The rigid diaphragm abutmerdse classied into the following four main configurations
as shown irFigure 3.26:

Diaphragm abutments on piles
Diaphragm abutments on spread footings

1
1
f Diaphragm abutments on o6skirteddé pil
1 Strutted diaphragms

The statistical distribution of the configurations is presemdegure3.27, which shows

the majority of bridges in California have abutments resting on. piles
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Figure3.26: Configurations of rigid diaphragm abutment; (a) resting on piles, b) resting on gklgsdc)
resting on spread footing, and d) strutted diaphragmsr¢e (Caltrans, 201-2016)

Pre-1971 1971-1990 Post-1990
m Resting on Piles Spread footing Other m Resting on Piles = Spread footing Other = Resting on Piles Spread footing Other
5% 0% 0% 0%

100%

29%
61% ‘
1% \ ’

(@) (b) (©

Figure3.27: Statistical distribution of rigid diaphragabutment for bridges designé pre1971, (b)
1971-:1990 and(c) post1990

Seat abutments provide a bearing support to the superstructure that is restrained
by t he abadkwalhie the l@ngitudinal direction and by the shear key in the
transverse direction. In the case of seat abutments on péasyérsaesistances also
providedby the piles. The stiffness and resistance to seismic forces increase when the
deck is i n cont abeckwalhnithe fongitutirel daebtiont Howeaver, @s
the superstructure moves away from the abutment, resistance depends primarily on the

bearing pads and can cause unseating.bBo&wall of seattype abutments is typically
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designed to fail undgrassivereponse, and befodamagingorcesare transmittedo the

lower portion of the abutment. The seat abutmerdlassifiedinto the following three

main configurations, as shownkigure3.28:
1 Seat abutments on piles

1 Seat abutments on spread footings

1 Cantilevertype abutments (either on pilesonspread footings)

The datisticaldistribution of the configurations presented ifrigure3.29.
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Figure3.28: Configurations of seat abutment; (a) resting on pbgsesting on spread footing, and c)

cantilevertype Gource (Caltrans, 201-2016)
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Pre-1971 1971-1990 Post-1990
® Resting on Piles = Spread footing ' Cantilever ® Resting on Piles = Spread footing = Cantilever
6% 8%

31% | |
44% 5%
1 25% ~

H Resting on Piles = Spread footing = Cantilever

46%

(@) (b) ©

Figure3.29: Statistical distribution of seat abutment typeiodges designed (a) pdd71, (b) 1974199Q
and(c) post1990

Op e n SZmwlseligthelement is used to capture the response of the abutment
backfill soil and the bdirectional forces, including abutment piles and frictional surface.
The type of bidirectional forces selectedaccording to the abutment configuration. The
elements associated with the backfill soil and thditgctional forcesare connecteth
parallel. For cantilevetype abutmend, the element representing the behavior of the wall
stem flexure is connected geries with the bdirectional force elements. For modeling
abutments includinga haunch impact and spring elements representing the shear
capacity of the haunch are developed in series.

The abut ment 0 De dassdiadasteither active or@asive. An
abut ment s passive resistance desoievhileps
active resistance appears when the abutment moves away from the backfikhssileP
resistance is provided by the backfill saihd the pileshowever active resistances
providedby the pilegCaltrans, 2010)

The passivesoil spring is modeled a& nonlinearelastic springas recommended
by Shamsabadi and Yg2008) The model is a function of the backwall height and the
backfill soil type. The approximate equations usedalculae these forcesvhere H has

dimensions of feet,altka s ed on Shamsabadi and Yanos
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F(y) = By s for granular backfill
1+3y

F(y) = 8y H for cohesive backfill:
1+1.3y

H: the column height (ft)
F: the force (kip/ft)
y: deformation (in)

This modelis basedn a set of experimentsonductecbn bridge abutments with
various abutmenheights.Figure 3.30 showsthe abutment foredeformation backbone
curve, whereF,; is the maximum abutment force developed at the maximum
displacementymax The value ofy, indicatesthe displacement correspding toa force
that is half of the maximum abutment forceand K is the average solil stiffness.
Shamsabadi and Ya{2008) found that themaximumdisplacement of théackwall is
0.05H and 0.1H for granular (sandy soils) and cohesive (claymils) backfills,
respectively Theresponse of the backfill sag modeled usingdyperbolicGapMateria|

in OpenSees, according to the recommendati@hamsabadi and Y42008)

]

-—=-{F/

=

---------------------- F.,

L}
¥
Figure3.30: Forcedeformation response of the abutment backfill soil
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Frictional response applies to the abutmentsdahasupportedn spread footings
or have a weak construction joint either adahe footing or on the pile cap. Hentlse
frictional surface can be the saibncrete interface at the base of the footing or the
concreteconcrete interface at the base of the steali. The forceversusdeformation
curve corresponding to the frictional response is showfigare 3.31. The maximum
responses calculatedas the product of theoefficient of friction (/7)) and thedeadload
reaction on the abutment (R). Thecfional response is assumed lte involvedin the
active, passiveand transverse response of the abutmentZemLengthelement with
ElasticPPmaterial is used to model the friatial response in OpenSees.

F A

w1

A
\4

A\ 4
Figure3.31: Forcedeformation response of the abutment resting on spread footing

Piles provide longitudinal and transverse stiffness for the abutments resting on
piles. The trilinearforce-deformationresponse of the pil@long with thecorresponding
modelng parameterss presenteth Figure3.32. The initial yield parametergDy, F;) are
determinedbased ont he Cal tr ans 2014 draft of bri dc
Horizontal Loads for Standard Plan and Steel HP ®{€sltrans, 2012016) The

plastic yielding parametersDg, F,) are calculated based on the results of modeling

variouspile systems in LPILELPILE v6.0).
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Figure3.32: Forcedeformation response of the abutment pile

For cantilever abutments, the flexural behavior of the abutment wall is assumed to
be elastic perfectly plastic, ahown inFigure 3.33. The backbonecurve is obtained

through pustover analysis of the cantilever wall.

F
A

Fy

A

\ 4

Figure3.33: Forcedeformation response of the cantilever abutment

For skewed bridges, the directions of the abutment elements are adjusted to make
the passive pressure of the backfill act perpendicularly tdalckwall As noted in the
Introduction, during a seismic evenietsuperstructure & skewed bridge experiesse
significant rotation around theertical axisof the bridge deckinitially, the bridge deck
pushes thabutmentand t hen the eccent r iwthirespectad t he
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the center of stiffness creates a rotational movement irdélsk Consequently, this
rotation leads to the separation of the superstructure from the abutmentsaatitine
corners.Figure 3.34 displaysthe rotationmechanism of skewed bridges; and
representhe impact abutment forces at obtusg @hd acute (f} corners

Vertical axis of deck
Fy A

Center of stiffness
0: Skew angle

Acute corner

F,

Obtuse corner
N Moment causing rotation:

\\ M =FiRi+F:R;

Figure3.34: Rotation mechanism of skewed bridges

Researchers at Brigham Youndniversity performed a set of largeale
experiments on bridge abutments with several skew anghescomparison of the load
deformation backbone curves produced from these experimentstheithiesults of
numerical simulationgShamsabadi & Rollins, 2014)ndicated threemajor findings.

First, the behavior of the skewed abutment is nonlinear with a nearly hyperbolic shape,
similar to the straight abutment. Secqnithe skewed abutment forna asymmetric
passive soilvedge within the abutmetiackfill, primarily because of the deck rotation
Third, a significant reductiomvas notedn the passive forcelisplacementapacity of the
abutment backfill and, interestingly, this reduction wadgunction of skew angle. & a
result, herein, amxponential capacity reductidactor (R), introducedby Shamsabadi

and Rollins(2014) is implementedo developthe forcedeformation backbone curve
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representing the skewebutmentsas shown irFigure 3.35. This reduction factor is in

-q
the form of an exponential decay function define® as=*® . Moreover,it is multiplied

by the norskewed abutment backbone curvg)(to find the backbone curve for the

skewed abutment(), as F, =R 3°F;.

A

Figure3.35: Backbone curve for skewed and rekewed abutments

As mentionedoreviously the skewed abutment develogs asymmetric passive
soil wedgewhile the deck continues to rotate. Moreovlte backfill soi volume,
mobilized per unit length of abutment wall, increases fromotitesecorner towardhe
acutecorner. Reflecting these effedts the analytical modedf the abutments requires
assigning different properties to the nonlinear hyperbolic springs depending on their
relative distance from thebtusecorner. This variation is considered lineaffiyllowing

the recommendation oKaviani, et al (2012) The strength variationfactor (
b =0.3(tan g/ tan 60 ) identified byKaviani, et al (2012)is computed as a function of

skew angle.
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»  Obtuse corner Acute corner

Acute corner Obtuse corner

Figure3.36: Configuration diagram of backfill soil springs

3.3.3 Foundation

Bridge foundatiors transfer structural loads to the underlyiagil, and are
classified into several typesincluding spread footingsintegral pile shaft and pile
supportedootings. Figure 3.37 shows avariety of foundation systems. Thelsctionof
appropriate foundation type dependsandpri mar
the siteobds Beauséhe ceoawdofCalifomia lsridge plans revealed the
prevalence of piksupported footing spreadootings andintegralpile shafts, these three
typesare considereth the present study. Correspondpaytiors of the numerical bridge
model are assignedio each of the three foundation systems based on their respective
statistical distribution ¢igure 3.38). Using ZerolLength elements in OpenSees,
translational and rotational springs are added to the base of the cokigune 8.39) to

simulatethe behavias of bridge foundations
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Figure3.37: Bridge foundation systems (Sour¢Briestley, et al., 1996)

(@) (b) (©)

Figure3.38: Statistical distribution of considered foundation systems for bridges designed-{&)7ireb)
19711990, and (c) post990
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