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SUMMARY

The state of Georgia identified as a region with loswo-moderate seismic activity
Most bridges in the stateave beewesigned to resishoderate earthquake loattowever,
recentseismologicastudies performed for Georgia Department of Transportation (GDOT)
have shown thathere are a few bridge types that may warrant further review, depending
on their dynamic characteristickocal soil conditionsand ground motiorfrequency
contentsThreeof the most common factofgr the deficiency irperformance in a possible
seismiceventarise from lap splice at column basgmdequate transverse reinforcement
configurations and insufficient embedded length of piles into bents or-tpilgent

reinforcement development

In this study,the performance afepresentative bridges frodifferent classes in
Georgia is investigateth estimate their expecteismicbehaviorconsidering the latest
AASHTO LRFD Design Specification3he responses are compared with the previously
used design practices i n signbanGéDdferenicaséss Br i
of lap splice lengths, seismic and regismic spacingand seismic and neseismic pile
bentsare comparetly the meansf nonlinear time history analysd3robabilistic analysis
is accomplished through analyzitigesebridgesunder a suite of 48 ground motiotts
compare theomponentapacity against thiemposeddemandof the columnsand piles
Seismic @mage risk estimates computed through the probabilistic analyses for different
seismic site classesnd for different regions in the state are used to niap®rtant

recommendations on the bridges to be built in the future.
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CHAPTER 1. INTRODUCTION

1.1 Problem Description

The seismic provisions were introduced in the SO LRFD Bridge Design
Specifications afterseveral bridges built before 1970s suffered severe damage and
collapse These bridges were unable to withstand even earthquakes of modern intensities
due to inadequate seismic capacity of concrete col.vihie earthquakes are considered
primarily a west coast problem geologists have observed ongoing tectonism
southeastern region as wiliryol et al, 2016) In fact, the southeastern US has seen some
of the bpgest earthquakes in tihestory, e.g.the New Madrid earthquakthe Charleston
earthquake, et@ecause Georgia lies in the vicinity this active seismic regigra low
to-moderate seismic hazars identified in the stateRecent studie®iave shown that
seismic risk in Georgjaeven thouglow, can impose significant demandssome bridges
depending on their dynamic characterisfldge, 2007) This led to the adoptioof seismic
provisionsof AASTHO LRFD Design Specification®@014)i nt o G &radgeganda 6 s
Structures Design Manu@BDOT, 2017) With this regard, there is a considerable nieed
evaluatehe seismic performance and associatetageisk of Ge o r grieveodsky built
highway bridges Studying the impact of the latest developments in the LRFD
Specifications on these structures allows the identification of what developments are
resolving the issue, what interventions can be improved upon, and what new developments

may need to be made.

The latest AASHTO LRFD Design Specificateo(2014) recognie the seismic

hazard return perioth be equal td000 yearsnstead ofpreviously adopted return period



of 500 yearswhich has resulted ia shiftof boundaries of seismic performance zones.
According tothe latest code, the upper boanglfor spectral aceleration(at 1.0 second)

for Seismic Zone | is 0.15 as opposed to 0.10 in the previous AASTHO Specifications
(2011) The code has special seisrdesign requirementiefinedfor Seismic Zones I, 11l

and IV, however, the change in the spectral acceterdibundaries has led to some
ambiguity regarding thiap spliceand transverse detailimgquirement$or Seismic Zone

| when thespectral acceleratias between 0.10 and 0.15

Lap splices are an essential part of reinforced concrete structures dselihdy
maintain the continuity between the structural members. In the past, it has been customary
to provide lap splices at the bottom of the bridge columns to maintain continuity of the
connection with the foundatisnDuring earthquake event®lumnconnectiors with other
bridge components, such as foundations and bent empssubjected to significant
moments that lead to tensile stresses in the longitudinal reinforcelinenap splice is
present at these locations;gsults insplitting bond faure due tostiffness degradation and
low deformation capacitfJaradat, McLean, and Marsi998; Lin and Hawkins1996)
Furthermore, inadequate lap splice length complemented with widely sppansderse
reinforcanent worsensthe seismic performance dghesecolumns Adequate transverse
confinement is necessary tievelop a bond between longitudinal bars and surrounding
concrete, so that the transferfofce betweerthe two splicedbarshappens effectively
Previous research has shown that the lack of adequate transverse reinforcement leads to
low flexural strength, lowtear strength and low ductilityvhich results in a higher

damage risk.



In the recent decadesismicfragility curves havdeen used extsivelyto evaluate
the damage risk associated withidge components aritie structure as a whol@l. B.
Mander and Bas§z.999; Nielson 2005; B. Nielson and DesRoch&907; Ghosh and
Padgett2010) Fragility curves depict the conditional probability of a stawal component
reaching or exceeding a limit state given thensity measure of the earthquakanging
from rudimentary to hybrid methods, researclinerge developed several ways to quantify
the vulnerability of structureé&nalytical fragility curvesare utilized in this study tassess
theimpact of latest AASHTO Design Specificationsloghway bridges in Georgidhese
curves arausedto estimate the associated seismic damageass& function oseismic

hazard levels in various regions in the estat

1.2 Objectives and Scope of Research

The goal of the research is to evaluate the seismic performanceagildy of
existing multispan highwaybridge classesn Georgia considering the latest AASTHO
LRFD seismic design provisions. Based on the results, the study aims to provide
recommendations to Georgia Department of Transportation (GDOT) about lap splice

requirementsnd seismic detailinfipr multi-spanbridges to be built in future.

The following are the specific tasks that will be completed in this research:

1. Review commonly used detailing practiee8ridge and Structures Design Manual
(GDOT,2017)in the current design codes and compare them with the latest seismic design

provisionsin AASHTO LRFD Design Specificatiof2014)



2. Complete a literature review on the previous research done on lap spteelepd
a stressstrain curve forthe lap spliced sectiobased on the trudsased force transfer

mechanism modeb evaluate its impact on columns.

3. Develop seismic hazard maps and design responseasfmcarious regions in

the state of Georgia to estimate the expected peak ground accelerations in these regions.

4. Develop threadimensional analytical modelsf selected multspan bridgesy
carefully studying the bridge plamsdincorporating the previously developed lap splice

modelsto assess their seismic performance.

5. Perform deterministic seismic analysis considering the current practices used in
Geogia and the latest AASHTO LRFD to assesspdormancalifferences between the

two design codes

6. Generate probabilistic seismic demand models and fragility casvasunction of
lap splice length and transverse reinforcemeatisgto estimate thassociated seismic

damage risk.

7. Provide recommendations toeG@rgiaDepartment offransportation (GDOTJjor

the bridges to be built in futulasedn the obtained results.

1.3 Thesis Outline

The thesis is organized into 7 chapters:

Chapter Dresents an oveiew of past research conducted on lap sphogislighting

the importance of providing adequate lap splice and transverse reinforcement especially in



columns in seismically active regiarisurthermore, this chapter also presents the stress
strain formuléion used to study the lap splice behavior and effects of various geometric

parameters on the lap splice strength

Chapter Joresents potential seismic hazéod Site Classes A, B, C, D and E in the
state of Georgia. The state is divided into 6 regiorsedan the potential peak ground
acceleration irtheseregions. This chapter further providedraef overview of bridge

inventoryin the state of Georgia.

Chapter 4 summarizes thmathematical frameworlemployed to formulate the
analytical fragility curves in the study, along with the limit state capacity and probabilistic

seismic demand model definitions.

Chapter Spresents the characteristics of the representative bridge class for each of
the three bdge classes, namely mufipan simply supported concrete girder bridges,
multi-span continuous steel girder bridges and ragén simply supported steel girder
bridges, analyzed in the studihis chapteffurther explores the effect of lap splice and

trarsverse reinforcement spacingthe columns and bearings of the bridge.

Chapter Gpresents theeismic fragility curves for each of the bridge classes. It further
evaluates the sispecific fragility damage risk estimates for columnsilétermine the

appopriate lap splice and detailing requirement for various regions in the state of Georgia.

Finally, Chapter 7presents the key contributions the research along with

recommendationf®r the future work.



CHAPTER 2. LAP SPLICE FORMULATI ON AND

PARAMETRIC STUDY

Studies on lap splices began in the riii70s when several bridge columns suffered
severe damage and collapse during moderate intensity earthdredearchers conducted
experimental tests to investigate the impact of lap splice lengths and transverse detailing
on column strength and ductility. This chapter gives the summary of these studies and
highlights the importance of providirgplice lengths and transverse detailing on column
strength and ductilityln the second section, the chapter presents a lap &pilicalation
that is used in for assessing the bridge fragility curves. Finally, a parametric study is
presented to investigate the effect of variables éfigct the strength of a lap spliced

section.

2.1 Introduction

This study focusses on seisneicaluation of highway bridges located in the state of
Georgia as most of these bridges were built with very little or no seismic considerations
with typical deficiency characterized by presence of lap splice at the column bases and
inadequate transverseinm®rcement. Situated in a moderate intensity seismic activity
region, old bridges in Georgia face a risk of partial or complete damage due in a possible

earthquake event.

The abovanentioned factors were identified as a threat to bridges built before 1970
The first instance of the need of the seismic detailing was recognized in the San Fernando

earthquake. Despite being considered an earthquake of moderate intensity, it led to the



collapse of five freeways. More recent examples include the upper daale fafl the
Cypress viaduct of Interstate 880 after the Loma Prieta Earthquake in 1989. As shown in
Figure2.1, the columns of the viaduct could not support the supetste leading to the

death of 42 people by falling roadway. Most of the other bridges collapsed in the Loma
Prieta earthquake were constructed before 1971 and lacked seismic detailing requirements

(Zhigiangand Lee2009)

Figure 2.17 Column Failure leading to Collapse of Substructure Collapse of
Cypress Viaduct in Oakland, California.

A similar type of failure was also identified in the 1995 Kobe earthquake in which a
630m intermediate segment of the Hanshin Expressway supported by 18 circular columns
failed as shown ifrigure2.2. Postearthquake investigations revealed that poor transverse
column reinforcement, improper anchorage of longitudinal reinforcement and lack of study
of soil-structure interactions lead to overturning of the complete ériddhe transverse
direction (Mylonakis et. al.2006) It was also found that the longitudinal reinforcement
bars joined together using butt welding at the base of the columns lacked flexural strength

which was a cause of failure.



Figure 2.2(a) Figure 2.2(b)

Figure 2.27 Overturning Failure of Bridge Segment on Hanshin Epressway due to
Inadequate Transverse Reinforcement, Improper Longitudinal Reinforcement
Anchorage and So#Structure Interactions.

The substructure for any bridge plays an important role in transferring all types of
loads imposed on the bridge to thewnd. Failure of seismically inadequate columns has
led to severe damage or collapse of bridges in the Paistwarrants a detailed review of

column detailing in Georgia to make columns and bridges safer.

2.2 Literature Review

The earliest experimentaésearch was conducted rangun, Jirsa, and Breen
(1977)who develope@n empiri@al design equation fatevelopment anthp splicelength
in terms of steel stress, concrete strength, bar diameter, concrete cover, and transverse

reinforcementThis equation was later adopted into the 1989 ACI Building Codes. Later,



these equations wemevised by experimental tests carried out3xyzen and Moehle

(1990)

In the same decad€airns and Arthui(1979) carried outan experimental tesh
whichthey evaluated responses fréth columnswith smooth and roughened longitudinal
bars under lateral cyclic loading.he most important conclusidrom this research was
that lap spliced sions in tension and compression have significantly different responses.
Furthermore, theyevealed that the columns with roughened bars performed significantly

better tharthe columns witlsmooth bars.

Studies byPaulay et. a1981)revealed the importance of confinement by transverse
reinforcementin spliced column sections. They performed experimental test$2on
specimens and found that gée of insufficient lap splice length, wetlonfined columns
could develop tensile yield stress in the longitudinal reinforcement and maintain their

lateral bad capacity up to high displacement ductility of about 4.

Lynn et. al.(1996)investigated the impadf longitudinal reinforcement ratio and
transverse spacing on kapliced columns from the pE970s. The test specimens included
eight 18 inch square columns out of which five had continuous reinforcement and three has
lap splices at the bottom of thel@mns. These columns were subjected to reversed cyclic
lateral displacements under a vertical load. The findings of the research revealed that the
columns with a low reinforcement ratio subjected to low axial stresses showed a ductile
response with a disptement ductility up to 4.2, however, ultimately the columns with a

lap splice failed in shear due to cracks developed along the lap splice. On the other hand,



the columns subjected to high axial stresses showed brittle failure irrespective of the

presencef a lap splice shorty after reaching he yield strength.

Melek and Wallac€2004)alsoconducted a similar study to examine the effects of
lap-splices on short columns through experimental tests. The columns in their experiments
were subjected to lateral cyclic loading while under axial compression as shbigaria
2.3. Their findings revealed that inadequate confining reinforcement led to bond
deterioration between reinforcement bars and surrounding concrete. This led to steep
degradation in the stngth of columns at lateral drift ratios of 1.0% to 1.5%. Lab#mo
and Pincheirg2004)proposed an analytical modelling approach using different bond slip

relationships to match the experimental resultdelek and Wallac€2004)

Figure 2.37 Test Setup Usedy Melek and Wallace (2004¥or Lateral Cyclic
Loading of Columns.

Another study to investigate the effect of lap splices on beams was conducted by
Harajli et. al.(2005) They evaluated the stress strain relationship based on theslyond
behavior between steel and concrete when the beams were subjecteeptmrfofiexural

test with the lap splice in the middle. In a simindy, Wu et al.(2013) conducted a
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similar study on lagspliced beam sections with enamel coated reinforcing bars and found
that enamel coating increases the bond strength of deformed rebars in ncengthst

concrete.

Recently, studiebave also been conducted to evaluate the response of lap spliced
sectiongn high strength concreteembergHamad and Najjar 2002; #lzab, Mohaned,
and Farahat 2014; Mabrouk and Mounir 20THese studies show a similar response as
earlier ones and highlight the importance of adequate lap splice lengths and transverse
detailing for better column performancé/hile all these studies mostly fozwn the
strengthevaluationin the lap splice sectionseveral studies have been carried out to
improve the strength of lap spliced columns and behnosigh steeand FRP jacketing

(Aboutaha et al. 1996; Biskinis and Fardis 2007; M. H. Harajli and Dagher 2008)

All these studies reveal a significant need of adequate lap splice length and transverse
detailingto betterthe response of colurarunderateralcyclic loading. The objective of
this study is to assess these details for previously built highway bridges in Georgia and
compare them with the latest AASHT@esgn Specifiationsby the means of fragility

CUrves.

2.3 Lap Splice Formulation

Force transfer phenomenon in a-lgpiced section follows a complex mechanism,
however, simplifications have been made based on basic mechanistic principles to simulate
its behavior. Traditionally, two mechanisms have been wsetbtlel this behavior: bond

mechanism and truss mechanigiannewald 2013) In a structural member, both
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mechanisms act together, however, for modelling purposes, it is fair to assume that either

of the mechanisms dominates.

The basic principle of the bond mechanism follows that the lugs on the
reinforcement bar exert a bearing force on the surrounding etenat an angle. The
component of this force parallel to the axis of the rebar causes shearing stress in the
concrete, and the normal component of this force exerts a radial stress on concrete causing
splitting of concrete. When the resultant stress e)xé#eel tensile capacity of concrete,
concrete is no longer able to take the bearing force exerted by reinforcement lugs and

hence, failure of the section occurs.

On the other hand, in the truss mechanism, a simple truss model is used to calculate
the forcetransfer between the legpliced bars and surrounding concré&tgestley(1996)
proposed the truss system methodology to model the approximate response of the
longitudinal reinforcement in a lappliced section in tensiomariverdilo et. al2009)used
the truss mechanism model to evaluate the fragility functions for reinforced concrete (RC)
frames with lapspliced columns and matched the results with the experimental work done
by Aboutaha et al(1996)andMelek et al.(2004) They concluded that the truss model
adequately capturebég maximum strength and post peak softening behavior of spliced
sections.Canbay et al. 005) suggested a similar approach to evaluate the lap splice
behavior, however, their model also included some empirical factors. The model used in

this study is purely based on theairyd identical to model suggestedfryestley(1996)

Figure 2.4 represents thstressstrain model behavior the truss system to model the

approximate response of the gpliced bars. In this model, the lap splice section reaches

12



the maximum peak strengi®®,  until the surrounding concrete splits. it this point,
the secthn experiences a steep softening behavior due to splitting of surrounding concrete
until it reaches the point of constant frictional stré&@sleveloped across the failure

interface. The corresponding strain values-ar@nd- , respectively.

A
Force
s maxm"""m/;\\
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f />
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/ :
€ / i
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Figure 2.471 StressStrain Curve for Lap Splice Model

The truss analogy assumes development of a uniform compressive field across the
spliced bars at amgle approximately equal to 45Phe concrete surrounding the lap splice
acts as compression struts to transfer the load between the bars. The mechanism considers
the lapsplice failure byconsideringhe formation of fracture surfaces perpendicular to the
column surface to allow thelegive movement between bars. Thus, with each longitudinal
bar, an associated characteristic concrete blaskiepicted ifrigure2.5, of length equal

to the lapsplice lengthd and perimeter) is assumed to contribute to the splice strength.

The perimetem of the characteristic concrete block for rectangular and circular

column crosssection can be calculated as follows:
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i . — .
n < CQ w M Q w (1)

wherei is the centeto-center spacing between the longitudinal b&xss the diameter
of the longitudinal bars and c is the clear concrete cover. On the other hand, for a circular

column crosssection, the perimeter of the characteristic block can be written as:

“ 0 . — 3
N @ ¢CQ w M Q w 2

wheret is the number of evenly distributed longitudinal around the core of diai@etkr
the columnMacKay (1989)concluded that the confined concrete did not add much to the
lap-splice strength in the case cyclic loading, hence, the derivation ignores the strength

contribution due the confined concrete to thedpfice section.

T

) o
Characteristic e
Block Characterlstlc i
® Block [

] ] [ ] !I—T

() (b)

Figure 2.57 Fictitious Characteristic Block for (a) Circular and (b) Square Column.

Thus, satisfying the equilibrium of the free body diagram of the system, the
maximum forceY in the longitudinal reinforcement bar can be expressed in terms of

concrete tensile strengias follows:
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Once the lagsplice section reaches its maximum stress capdzitiye stress drops
down to a constant value of residual stf€s3 he residual stress can be calculated by the
sheaffriction concept by estimating the shear force contribution by the transverse

reinforcement crossing the cracked plane as follows:

‘tEdQ &80 @

where¢ denotes the number of transverse reinforcement legs perpendicular to the cracked
plane,¢ the number of transverse reinforcement bars crossing the crackediplaséhe
crack suraice aredQ s the yield strength of the transverse reinforcenteis ,the number

of longitudinal rebars in the tension side of the column.

The strain can be taken equal to the elastic yield strain of the bar, however,
Tariverdilo (2009)assumed an additional slip displacemgetqu al t o 1 mm ( =
at yield point that must be added to the elastic strain. This additional displacement is
assumed to occur due to the bar slip over a fictitious leingtht must be noted that this
length is different lap splice lengthariverdilo (2009)evaluated the impact of lap splice
of risk estimated of reinforced concrete columns assuming that the slip occursemgtha |
equal to the depth of the column section. Thus, the total strain at the peak stress as be

written as:
MQ 0o
- — — 5
o 5 5)
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whereO is the elastic modulus of the rebar.

At residual stres¥X) the strain is calculated by assuming a sipequal to 10 mm
(= 0.3937in.) that is approximately equal to the lug distance on thardican be written

as.

0
3 (6)
2.4 Effects of variables on Splice 8ength

It is observedrom the equations discussedsection2.3that the lap splice strength
is a function of several variables such as lap splice length, column-sectssn,
reinforcement ratip etc. Therefore, it is desirable to investigate the impact of these
variables on the lap splice strength. The following subsections present a parametric study
on the strength of the lap splice due to each of these variables. To isolatedhef effe
variable, other variables are kept constant and equal to the most commonly used values in

Georgia bridge columns.
2.4.1 Effect ofLap Splice Length

An adequate lap splice length is required to transfer the force from one rebar to
another in a spliced sectiowhile most of the experimental tests lap splice length
showthat it hasan important rolé¢o play in the splice strengtRaulay (1982¥tated that
increasing length of a lap splice in columns in case of cycldingas of very little benefit
because of the Aunzippingodo effect. Despit

splices, there is no clear agreement between the relation of the lap splice length and column
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capacity. In this study, this relatianinvestigated purely throughe theoretical point of

view.

From Equatior3, it is observed that the maximum stress developed in the lap splice
is directly proportional to its length from the theoretical point of view. In the present study,
the effect oflength of the spliced section is evaluated for the range of commonly used
splice spacing in the state of Georgia. From the inventory analysislisicovered @t the
old highway bridge columns in Georgia used lap splicesshsor t as 4th& 60.
most commonly useldp splicdengths aré . ar@® 6 Figure2.6 shows the stresstress
plot for these twdap splice length$or a typical bridge column layout uséd Georgia
Thiscolumnhass hei ght o fsectioBabdimensidn3 6 r b Bhet@risverse

reinforcementse qual to 1206606.

—Lap Splice Length = 6.5 ft
—Lap Splice Length =9 ft

Stress, ksi
w >
o (@)

=N
o O

001 0015 002 0025
Strain, in/in
Figure 2.6 1 Lap Splice StressStrain Plot for Commonly Used Splice Lengths of 6.5
ft. and 9ft. in Georgia.

0 L
0 0.005

H «

Figure2.7 alsoshows the impact of the lap splice lerggthr angi ng dnr om 420

the peak stress and residual stress of the lap sflibe same columrit is interesting to

note that the peak stress is not affected by change in length of the spliced section. On the

other hand, the residual stress shows a steep increase asdthe dethe lap splice
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increases. For this column configuration, it is observed that the residual strength of the

spliced section matches the peak strength

/f

s,max ' ys

—f /f

o
1o
;

ys

o
o
;

Stress Ratio

04rF

4 6 8 10 12 14
Lap Splice Length, in.

Figure 2.771 Effect of Change in Lap Splice Length on Peak and Residual Stress of
Spliced Section.

2.4.2 Effect ofTransverse Binforcement

Hamad et al. (2002)ave documented the effects of transverse reinforcement on
spliced section through experimental tests. Their research revealed that presence of
adequate trasverse reinforcement helped to reduce splitting of cracks along the lap splice
length, hence, improved the ductility of columns significantly. This is in agreement with
the findings of many other researchers who performed experimental results to assess th
effect of confinement on lap splicédbdelKareem and Abesafa 2013; Mabrouk and

Mounir 2017)

Adequate transverse reinforcement spacing not only helps to confine the core
concrete in a structural member but also allows the lap splice section to develop enough

shear friction after its strength goes pastgbak strength. This effect depends on the type
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(such as hoops, spiral, or ties) and shape (such as circular, square, or rectangular) of
confining transverse reinforcement. To model the effect of confinement on concrete, a
widely-accepted stresstrain modeof concrete formulated bylander et. al. (198&)as

been used in this stud@n the other hand, the effect of confinement on the-pesk lap

splice strenth is evaluated using Equation 4

Before the introduction of AASHTGSeismic Design Specificatiorf2014)in the
GDOT manual, the most commonly used reinforcement spacing forgf@ebridge
columns was 120. However, the | atest sei smi
spacing shall not exceed egaarter of the minimum member dimension or 4.0 in. center
to-center. In the present study, the effect of transverse reerfeant spacing is studied for
the |l ap splice |l ength of 6. 5 dascasdissametimat u mn

was in Sectior2.4.1

N
o

— Tranverse Spacing = 12 in‘

o)}
o

Stress, ksi
—_ N W > (€3]
o o o o (]

O L L 1 1 |
0 0.005 0.01 0.015 0.02 0.025
Strain, in/in

Figure 2.8 7 Lap Splice StressStrain Plot for Commonly UsedTransverse Spacing
of 12in Georgia.

Figure2.9 depicts theeffectof transverse spacing on the lap spbedavior Same
as the effect of the lap splice length, the peak strength is not affected by the change in

transverse reinforcement spaci@n the other hand, there is the residual strength of the
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lap splice drops considerably as the transverse reinforcement spacing is more than about

5.566 f osectiaknhi s cr oss
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Figure 2.971 Effect of Change inTransverse Reinforcement Spacingn Peak and
Residual Stress of Spliced Section.

2.4.3 Effect ofSteelYield Strength

According to Equatiord, the steelyield strength plays an important role in
development of the bond between the steel rebars wmndusding concreteThe steel
strength governs the level of forces that can be transferred through theosizete
interface in a spliced sectiokloreover, the stresstrain curve of the steel reinforcement
also governs the bond slip and strength ati@risticavhich can lead to splitting and shear

failures

The @ommonly usedongitudinalsteelrebaran Georgia bridge columrsave yield

strengths of eithetO ksi and 60 ksiFigure _ shows the variation of stress and strain for s
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Figure 2.107 Lap Splice StressStrain Plot for Commonly UsedSteelsin Georgia.

Figure2.11 shows the effect of this parameter the peak and residual stresses of

the lap spliced sectiohe plot reveals thaboth parameters show a steep increase with

the increase of steel strength
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Figure 2.1171 Effect of Change in Steel YieldStrength on Peak and Residual Stress
of Spliced Section.

2.4.4 Effect of RebabDiameter

In addition to the yield strength, the diameter of the reinforcement bars also affects
the stressstrain curve of a spliced sectiohheratio of crosssectional tosurface eea of

the rebar is directly proportional to the diameter of the rebar. This ratio is impacts the bond

stress concentration of in the rebar.
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The most commonly used relmrefor Georgia bridges #11.Figure2.12 shows
the stressstrain curvdor a typical Georgia column whér2 equally space#ll rebas are

used as longitudinal reinforcement.

Stress, ksi
(€8]
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—
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Figure 2.127 Lap Splice StressStrain Plot for Commonly Used#11 Rebar in
Georgia

Additionally, Figure 2.13 showsthe effect of therebar diameteon the lap splice
As can be observed from the figure, larger diameters ara gobd choicdor spliced
sections as there is a steep reduction in residual strieish could lead to ductility
degradation of the structural membgne steep reduction in the post peak gjtiemns due

to larger bond stress concentrations resulting from greaterseotien area to surface area

ratio for larger diameter rebars.
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Figure 2.1371 Effect of Change inLongitudinal Rebar Diameter on Peak and
Residual Stress of Spliced Section.

23



CHAPTER 3. GEORGIA SEISMIC HAZA RD MAPS AND

BRIDGE INVENTORY ANALYSIS

In order to assess the impact of the LRFD Seismic Bridge Design Specifications in
Georgi a, itdéds I mportant t o dvath earthoguakegin t he p
different parts of the state. Seismic Design Response Spectra and Seismic maps based on
five site classes from A through E are developed in this chapter. Additionally, a thorough
understanding of the bridge inventory is essential terdehe the important bridge types
to conduct the further analysis of the research. This chapter provides an analysis of the
bridge inventory for the state of Georgia, based on th@siad Bridge Inspection (NBI)
database and specific bridge plans provibgthe Georgia Department of Transportation

(GDOT).

3.1 Georgia Design Response Spectrum

Natural hazards can impose severe demands on any type of structures. U.S.
Geological Survey reveals that at least 40% of the highway bridges can be expected to have
a possibility of damage due to earttadges during their service lifédence, design codes
and specifications are constantly revised and updated to incorporate any new information
that is gained from experience, research, etc. Bridges should have considecibtyg
and deformability to resist earthquake forces. With the idea of perforphasesl
earthquake engineering (PBEE), the late88HTO LRFD Design Pecificatiors (2014)
recommendhat bridges should be designed using displaceimased rather than force

based procedures. PBEE methodology aims at assuring that a desired level of structural
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performance with definable levels of reliability is acl@dwvhen it is subjected to various
levels of seismic input. The performance of the structure is measured in terms of
Engineering demand parameters (EDPs) like curvature ductility, displacement, drift ratio,
etc. In this study, such EDPs are employed tosmesthe damage of various components

of the bridge.

Bridges hat are in accordance with the LRpEvisionsare expected to resist low
to moderate seismic loads within the elastic range. In an event of high seismic loads,
bridges are designed suffer significant damageshowever, theyshould have a low
probability of collapse Keeping this performance objective in consideration, seismic
hazard is definedased on a 100@ear design return period earthquake which corresponds

to 7% probability of exceedaadn 75 years.

The AASHTO LRFD specification(2014) states that the seismic hazard at a
location shall be characterized based on the acceleratiatrigspeof the location and
relevant site factors. There are two procedures for determination of the acceleration
spectrum given in the code: a) General Procedure, b)Sgeeific Procedure. The
specification lists four conditions as to when the-Sipecifc procedure shall be followed,
however, because this study focusses on an overall study analysis of bridges across the

state of Georgia, hence, the general procedure is followed.

The General Procedure uses the peak ground acceleration coeffié@pghort
period spectral acceleratio¥; and longperiod spectral acceleratidy to establish the
design spectral acceleration curve. These coefficients can be obtained from the seismic

design hazard maps developedUnyited States Geological Surv@ySGS) for the 2007
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AASHTO specifications. For the state of Georgia, the maps for obtaining the ground
acceleration coefficient, sheperiod and long period accelerations are showhigure

3.1. It must be noted that these coefficients are only valid for rock site conditions (Site
Class B) which is taken as the reference site class in the specification. Different site class
adjustment factors are provided to account for the effects of othalastees. All these
coefficients are in accordance with performance based onryE¥0Geturn period and keep

in consideration the performance based design objectives as stated earlier.

‘ ;;““"L" ":’:—"""¥<'j" X
Figure 3.1(b)

Figure 3.1(c)

Figure 3.17 Map of Georgia Depicting Contour Linesfor Seismic Site Class Bor
(a) Horizontal Peak Ground Acceleration (PGA)Coefficient; (b) Horizontal
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Resmnse Spectral Acceleration Gefficient at Period 0.2 $conds (S); and (c)
Horizontal Response Spectral Acceleration Gefficient at Period 1.0Second (S)
(AASHTO, 2014)

The type ofsurrounding soil can have a significant impact on the forces that are
transmitted taa structure To incorporatdhe site conditionsthespecification classifies a
site asA through Fasper the site class definition§hese site class definitions are &ds
on the type of soil and average shear wave for the uppetft.180the soil profile.Site
adjustmentactors"O  (for 0 "Opin Table3-1, "O (for Y) in Table3-2 and"O(for "Y) in
Table 3-3, are usedo determine the sitspecific acceleration spectrucoefficientso ,

Y and"Y , respectively These coefficients are then used to plot the desigotrspe

acceleration curve for a rexmi as perFigure3.2.

A,=F,, PGA
-4

Elastic Seismic Coefficient, Csm

I
0 0.2 _ Sps 1.0
To=0.2T * Sps

Period, T, (seconds)

Figure 3.27 DesignResponse SpectrunfAASHTO, 2014)

27



Table 3-171 Values ofSite Factor, Frca, at Zero Period on Acceleration Spectrum
(AASHTO, 2014)

Peak Ground Acceleration Coefficient (PGA)

cﬁg‘; PGA < PGA = PGA = PGA = PGA
0.10 0.20 0.30 0.40 ~0.50
A 08 08 08 08 08
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 1.4 1.2 1.1 1.0
E 25 1.7 1.2 0.9 0.9

Table 3-27 Valuesof Site Factor, R, for Short Period Rangeof Acceleration
Spectrum (AASHTO, 2014)

Spectral Acceleration Coefficient at Period 0.2 secc

Site Class 525 8= 0.50 Ss= 0.75 Se=1.00 Se> 1.25
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 16 1.4 1.2 1.1 1.0
E 25 1.7 1.2 0.9 0.9

Table 3-37 Valuesof Site Factor, F, for Long Period Range ofAcceleration
Spectrum (AASHTO, 2014).

Spectral Acceleration Coefficient at Period 1.0 sect

Site Class—< " '570 5,=0.20 S1=0.30 S1=0.40 S > 0.50
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 16 15 1.4 1.3
D 2.4 2.0 1.8 1.6 15
E 35 3.2 28 2.4 2.4
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In the present studfite Classes A to E are studied and the design response spectra
for these site classes, as obtainedizing the abovementioned coefficients, are shown
in Figure3.3. All the siteclasses but Site Class F are considered because of unavailability
of soil propertieslata for Georgial he reason for exclusion 8ite Class F ithatit requires
site-specific investigations to determine the influence of the local site conditions on the
structure. Thus, it requirdbe sitespecific procedure to determine ttesignacceeration

response spectrum.

Site Class A
Site Class B
Site Class C
Site Class D
—Site Class E

Time Period, sec

Figure 3.3 7 Georgia Design Response Spectra for Site Classes A, B, C, D and E.

To estimate the seismic vulnerability of highway bridges in Georgia, an appropriate
suite of ground motions is essential. Due to unavailability of ground motion records, past
researchers have used artificially generated ground motions to study CentSdwhd
eastern United States (CSUS). Niel§pd05)usedRix and FernandgRix and Fernandez
Leon 2004)ground motion suites to determine seismic vulnerability of highway bridges
in Central and Soutkastern United States (CSUS). Because Georgia falls under CSUS

region, a suite of 4Rix andFernandegyround motions are used to assess the seismic
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vulnerability of bridges in this studyrigure3.4 shows a plot of the spectral acceleration

values for aange of structural time periods obtained from these 48 ground motions.

0 T — i 1
0 1 2 3 4 5
Time Period, sec

Figure 3.471 Spectral Acceleration Plot for a Range of Time Periods for the 48 Rix
and FernandezGround Motion Suite.

3.1.1 Seismic Zones

As performance is the main criteria to be followed while designing a bridge using

PBEE methodology, the code suggests to classify the region under study into seismic

zones. While designing a bridge for earthquake effects, these zones help the designer to

determine the type of analysis, detailing requirements, etc. to be used for the bridge. The

greater the zone number, the more rigorous should the desidratile.3-4 shows the

boundaries that are used to define these zones; these boundaries are based on the design

spectral acceleration coefficient asécond;Y . Although the LRFD code specifies only
4 zones, Zone 1 is subdivided into two subzones, ZeAedd 1B, for the sake of this

study based on the recommendations by GDOT.
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Table 3-471 SeismicZone Boundaries.

Seismic Zone Acceleration Coefficient Rang

1-A Y T T
1-B T Y TU
2 ™ML Y T T
3 T T Y T T
4 Y O™ T

It must be noted that these zone definitions are bas@&d phence they incorporate
the local seismic and site effects. Therefore, a site on a rock site conditions might fall under
a different seismic zone than a neaditg that has soft soil conditions. This concept is
elaborated in the next section which presents the seismic zone maps for all the site classes

for Georgia.

3.2 Georgia SiteSpecific Seismic Hazard Maps

Seismic hazard maps are helpful to determine the peedietel of ground motion
excitation for a region in consideration. In the present study, the state of Georgia is divided
into 6 regions, as shown iRigure 2.4, basel on the expected maximum peak ground
acceleration (PGA) intensity. The northern region of the state is most susceptible to higher
intensity earthquakes because of its proximity to South Carolina which has a rich history

of seismic activity.
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Region| Max. PGA (g)

0.16
0.14
0.10
0.08
0.06
0.04

COOPWN -

Figure 3.57 The Map of Georgia Showing Six Zones Considered itme Study.

3.2.1 Site Class Aeismic Hazard Map

Site Class A is characterized by very hard rock site conditions where the average
shear seismic wave velocity is greater than 5f@0§ec. The seismic hazard map for this
site class for Georgia is shownkigure3.6. The maximum earthquake intensity level for
Site Class A is 0.13.d¢Hard rocky sites result in large attenuation distances and allow
earthquake waves to spread over a vast region depending on thensgynbhowever, the
seismic intensity is the lowest compared to the other site claBseause of the low

seismic hazard level, the whole state falls under seismic zéne 1

Region| Max. PGA (g)

N
o

FLPLTE|3

Y ENTRTREN
00000
cooo—=n
RO ®=w
aamaaaa

Figure 3.6 7 Georgia Seismic Fhzard Map for Site Class A
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3.2.2 Site Class BSeismic Hazard Map

Site Class B is characterized by relatively softer motgkconditionghan Site Class
A with an average seismic wave velocity between 2,500 and &,08€c.As Shown in
Figure3.7, the whole state falls und8eismicZone2A and doesnot require

of rigorous seismistructuralanalysisfor design The maximum PGA for St Class B is

0.16 g.
Region| Max. PGA (g)| Zone
1 0.16 1-A
2 0.14 1-A
3 0.10 1-A
4 0.08 1-A
5 0.06 1-A
6 0.04 1-A

Figure 3.717 Georgia Sesmic Hazard Map for Site Class B

3.2.3 Site Class Geismic Hazard Map

Site Class Qs characterized by very dense soil or rock where the average shear
wave velocityranges from 600 to 120f./sec. The maximum PGA range for different
regions for this site class is 0.05¢g to 0.18g.depicted irFigure3.8, Regions 1 and 2 fall
in Seismic Zone -B for Site Class C, whereas the rest of the state still falls in Seismic

Zone ZA.
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Region| Max. PGA (g)| Zone
1 0.19 1-B
2 017 1-B
3 0.12 1-A
4 0.10 1-A
5 0.07 1-A
6 0.05 1-A

Figure 3.8 7 Georgia Seismic Hazard Map for Site Clas€

3.2.4 Site Class D5eismic Hazard Map

Site Class D hasofter site class conditions compared to Site Class C leading to
amplification of seismic wavemnd is characterized by average shear velocity less than 600
ft./sec Figure3.9 shows the seismic hazard map for Georgia for Site Class D. The Seismic

Zone intensity increases from south to north of the state with maximum PGA equal to 0.24

Region| Max. PGA (g)| Zone
1 0.24 2
2 0.21 2
3 0.16 1-B
4 0.13 1-B
5 0.10 1-B
6 0.06 1-A

Figure 3.97 Georgia Sesmic Hazard Map for Site Class D

34



3.2.5 Site Class Eeismic Hazard Map

Site Class Esite conditionsare known to be highly reactive to seismic ground
motions. The soil composition at these sitesnly consists of clayey or other type of soft
soils. Such soils areery susceptible to high moisture changes which allow amplification
of the ground motion. The seismic hazard map for GeorgiaiferCkass E is shown in
Figure 3.10. Most of the state falls under Seismic Zone 2 for this site elabsthe

maximum PGA being 0.35 g in Region 1.

. N Colour | Region| Max. PGA (g)| Zone
\ | 1 0.35 2
) = 2 0.28 2
[ 3 0.25 2
L] 4 0.20 2
o <] 0.15 2
| 6 0.10 1-B

Figure 3.101 Georgia Seismic Hazard Map for Site Clas&

3.3 Georgia Highway Bridge Inventory Analysis

The ideal way to assess the vulnerability of bridges would be to model each bridge
and obtain the fragility curve of the bridge. However, due to complexity of this approach,
it is recommendedo group bridges into various classdgelson(2005)used this approach
to classify bridges based on the type afstouction ananaterials used in the bridgeghe
present study also makes use of such a cl a
bridge class behave in a similar way during an earthquake event. Therefore, fragility curves

are generated forriolges classes rather than individual bridges.
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The National Bridge Inventory (NBI) database, maintained by Federal Highway
Association (FHWA), records the information about all the highway stregtior every
state in the USThe NBldatabase provides basnformation of 15122highway structurem
GeorgiaMany of those structurese tunnels and culvertwhichareassuned to represent
a different type of system and therefpr®t considerean this study. For the remaining
9,514 bridges, a preliminarstatistical distribution analysis using two key NHlelds
(material and constructiogge) was performetb determine a more general classification
of the inventory.Although detailed bridge characteristics must be studied from the
individual bridge plas, the database provides important characteristics such as material

type, dimensions, number of spans, skew angle, structural rating, etc.

Table 3-5 shows the distritution of bridges in Georgia based on the construction
material type listd in NBI databas¢FHWA, 2002) The construction material used in
Georgia is predominantly concrete, followed by steel. Similarghle 3-6 shows the

distribution of bridges in Georgia based on construction types listed i(ARBYA, 2002)
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Table 3-51 Georgia Highway Bridges Clasified as per Their Construction Material
(FHWA, 2002).

Construction Materials Number of Bridges Percentage
Concrete 3,227 33.9
Concrete Continuous 124 1.3
Steel 2,501 26.3
Steel Continuous 1,101 11.6
Prestressed Concrete 2,321 24.4
Prestresse@oncrete Continuous 116 1.2
Wood or Timber 118 1.2
Masonry 3 0.0
Aluminium, Wrought Iron, or Cast Irol 1 0.0
Other 2 0.0

Table 3-6 1 GeorgiaHighway Bridges Classified as per Their Constructionfype

(FHWA 2002).

Construction Type Number & Bridges Percentage
Slab 1,135 11.9
Stringer/Multtbeam or Girder 5,646 59.3
Girder andFloor BeamSystem 63 0.7
Tee Beam 2,123 22.3
Box Beam or Girderg Multiple 230 2.4
Box Beam or Girders Single or Spreac 131 1.4
Frame (Culverts Excluded) 24 0.3
Trussi Thru 51 0.5
Archi Deck 55 0.6
Others 95 0.6
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After careful examination of the NBI databgsell the bridges inGeorgia are
assignedne ofsevenbridge classes based given inTable3-7. It is assumed that the
bridges groped in these classes would havuailar responsgto seismic excitatiorMulti -
span simply supported concrete bridge class is the most common bridge Gassgia
and represents about 41.03% bridges in the state. As this study focusses on impact of
seismic transverse spacing and lap splices in bridge columns, onlyspaiitbridges have

been considered hereafter.

Table 3-71 Georgia Bridge Classes and Their ProportiongFHWA 2002).

Bridge Class Abbreviation Number Percentage

Multi-Span Continuous Steel Girder MSC Steel 1,065 11.9
Multi-Span Simply Supported Concrete MSSS

) 3,904 41.03

Girder Concrete
Multi-Span Simply Supported Steel Girde MSSSSteel 1,516 15.93
Multi-Span Simply Supported Slab MSSS Slab 951 10.00
SingleSpan Concrete Girder SS Concrete 362 3.80
SingleSpan Steel Girder SS Steel 721 7.58
Other Other 995 10.46

3.3.1 Bridge Class Statistics

With the bridge classedefined an examination of key bridge characteristics is
necessary to select a representative bridge from each bridge Althssigh the NBI
database provides the basic bridge characteristics for bridges, detailed information of the
representative bridge from each bridge class is obtained by carefully studying the bridge
plans. This step is necessary to generate accurate dleinent models of bridges. The
following characteristics, obtained from the NBI database, provide an insight into typical

geometric configuration of bridges in each bridge class:
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1 Number of spanfresented iffable3-8)
1 Maximum span lengtfpresented iTable3-9)
91 Deck width(presented iTable3-10)

1 Minimum vertical clearancéresented iTable3-11)

The mode for most of the bridge classes in Geordialitence, to be compare the
results across the bridge classes, all the bridge classes in this study consider only 3 span
bridges for each bridge clagdther parameters are chosen as close as close to the median

values of the bridge class depending onaelability of bridge plans.

Table 3-81 Span Number Statistics for FourBridge Classes Considered.

Bridge Class Mean [?é?/?a(i?;r? Median Maximum Minimum Mode
MSC Steel 4.57 3.72 4 41 2 4
MSSSConcrete 5.17 4.49 4 89 2 3
MSSS Steel 3.97 2.27 3 40 2 3
MSSS Slab  5.95 4.16 5 56 2 3

Table 3-91 Maximum Span Length Statistics for Four Bridge Classes.

Bridge Class Mean [?é?/?aiiggg Median Maximum Minimum Mode
MSC Steel 82.22 45.87 83 280 10 27
MSSS Concrete 56.16 30.98 40 187 12 40
MSSS Steel 56.68 28.64 55 252 9 16
MSSS Slab  20.56 5.22 20 88 12 20
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Table 3-107 Deck Width Statistics for Four Bridge Classes.

Bridge Class Mean [?é?/?aﬁgg Median Maximum Minimum Mode
MSC Steel 48.96 31.50 34.70 221.20 10.60 34.00
MSSS Concrete 47.18 25.47 41.30 522.40 12.40 41.30
MSSS Steel 47.28 33.89 34.30 220.10 8.00 25.20
MSSSSlab  28.12 6.69 25.80 96.00 12.00 25.20

Table 3-117 Minimum Vertical Deck Width Statistics for Four Bridge Classes.

Bridge Class Mean [?é?/?;[gg Median Maximum Minimum Mode
MSC Steel 17.62 3.10 16.11 42.09 10.06 16.07
MSSS Concrete 20.48 5.27 19.06 75.01 0.99 16.07
MSSS Steel 18.95 3.70 17.06 43.10 10.08 16.05
MSSS Slab  17.46 3.90 18.07 23.02 10.05 16.05
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CHAPTER 4. OVERVIEW OF FRAGILIT Y CURVES

In recent decades, fragility curves have become an important statistical tool to
guantify the potential damage in a structure due to haZEnddirst section of this chapter

presents the general formulation used in this study to develop the fragiligscur

4.1 Analytical Fragility Curve Formulation

A fragility function"Orepresergthe probability othe demand meetiny exceeding
a predefined capacitydamage state given thatensity measure of the hazard
Mathematically, the fragility function can bexpressed as in terms of conditional

probability as:

0 00 & ™oL O 7)

whereO is the demand of the structural componérnis the capacity of the componei@p

is the intensity measure of the hazard exsl the realization of the hazard intensity. If
fragility functions are calculated and plotted over a range of realizations of the chosen
intensity measure, it yields a fragility curvéigure 4.1 shows one such fragility curve
obtained for a specified limit state. On the x axis, this curve represents the considered
intensity measure and on the y axis, it shows the associated risk. The intensity measure

used to evaluatthe fragility function in this study is peak ground acceleration (PGA).
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Figure 4.171 Typical Fragility Curve

In the past, researchers have mostly used the following three methods to formulate
fragility curves: a) expetbased, b) empirical, and c) analytical fragility curves. These
methods could be combined with one another to obtain more accurate fragility estimation.
In fact, a multihazard risk analysis tool distributed by Federal Emergency Management
Agency (FEMA) called AZUS-MH uses this kind of a hybrid approach to determine
hazard risk analysis of structurésSEMA 2003) Another way of obtaining more robust
fragility functions is to use advanced statistite¢hniques like Bayesian updating to
combine analytical results obtained from computer simulations and field inspection results.
With advancement in structural health monitoring, such hybrid techniques are generally

preferred for research purposes.

Expertbased fragility curves were used to estimate the expected behavior of
highway bridges ilCalifornia due to data shortafeojahn and Sharp&985) This method
is not a popular method of quantifying the fragility functions anymore as there is a high

level of uncertainty involved due to subjectivilthe procedure.
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Empirical fragility curves rely on the pekaizard assessment of the structure to
simulate the demand model. Many researchers used this methodology to formulate fragility
functions after Loma Prietand Northridge earthquak¢Basoz and Kiremidjian1999;
Kiureghian 2002; Shinozuka etal., 2003) This method relies on evaluating fragility
functions through collection of binary pafssl data from experts for the failure of a
structure after the hazard. One could argue that this method should be the most favored
method of estimating damage risk besmthe damage risk is derived from the observations
of the performance of the structure in real life. However, the major drawback of this method
is that it requires an adequate number of structures from a bridge class to quantify the
fragility functions.In practice, this data is limitedoreover, as with the expert based
method, there could be a high level of subjectivity in the-pagard inspection data as

well.

With improvement in technology in the past couple of decades, analytical fragility
curveshave been the most popular way to formulate the fragility functions. When enough
bridge inspection or ground motion data is not available, computer simulations are used to
guantify the capacity and/or demand of the structure in consideration. Usualiptuity
of the structural component is determined based on experimental tests or its geometric
interpretation, whereas the demand imposed on the component during a hazard is computed
through computer simulations. Building an accurate finite element mbtie structure
and selecting appropriate ground motions are some of the important steps involved in this

method.
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4.1.1 Componentevel Fragility Curves

Analytical fragility approach is used to estimate the fragility functions for
components. Due to variouskis of variabilities involved such as geometric, hazard, etc.,
the capacity and demand models are random variables, rather than deterministic numbers.
If both component capacity and demand models are assumed to follow a lognormal
distribution, by the apptation of the central limit theorerquation 7can be expressed
as a lognormal cumulative distribution function in terms of the parameters of the capacity

and demand variables as follows:

1 fyry

(8)

where'Y is the median parameter of the damage random variables, the lognormal
standard deviation of the damage random varidllées the median parameter of the
capacity random variable arid is the lognormal standard deviation of the capacity
random variable. All these parameters are defined at each intensity level for which damage
fragility is to be determined. Fromquation 8,it is observed that the parameters of the
capacity and demand random variable are needed to estimate the fragitipri. The
techniques used to define these parameters in the function are describtawimg

sections.

4.1.2 Systerrlevel FragilityCurves

Component level fragility curves can be helpful to determine the most vulnerable

links in the overall system. Theyar also be used to determine appropriate retrofit
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strategies and component lgcle cost analysis; however, these curves do not provide
any information about the vulnerability of the complete structure. One component could
be more susceptible to a grountbtion than the other when a complete structure is
analyzed. To assess the vulnerability of the structure, the component level curves must be
combined to derive the system level fragility curves. Under the assumption that the system
behaves as a seriessegm, wherein the failure of one component results in the failure of
the whole system, these curves can be combined to determine the -leyslem
vulnerability. This assumption has been usgdrany researchers in the p@lielson

2005 Ghosh 2013) Either closed form solution or numerical solution can be used to find
the system fragility function depending on the number of components, complexity of the

failure domains.

In this study, a numerical approach called Monte Carlo siounktis used to
combine the component level fragility curves. This process involves genaratamgiom
samples from both capacity and demand variable distributions. While generating the
samples from the capacity side samples, the correlation betwdenitlstates is assumed
to be equal to 1 to ensure that the numerical samples from each limit states rank in the same
order as the limit states are defined. On the other hand, while generating the samples from
the demand side, correlations between thegericomponents must be incorporated into
sampling. After generating the samples, each sample from the demand and capacity side
are paired with each other. The paired samples are compar¢d-@mne to evaluate the
failure. If the sample from the limit staséde is lesser than the sample from the demand
side, the system is considered to have failed. Following this definition of failure, an

indicator function is definetb track the number of failed sampled as follows:
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0 E &ho N O
0 3 (9)
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wherew and® are the realization of th& and " distributions andO is defined by the'

and J" limit state.

The indicator function can now be evaluated at equal intesfalseasonable range
of the intensity measure. At each value of the intensity measure, the failure probability can

be estimated as:

B O

00900 @ (10
|l tds i mportant to determine a reasonabl
probability of failure Theresults from the sensitivity analysis of the variation of the failure

probabilities plotted with respect to number of samples. It is observedpgaiximately

150,000 samples are enduip stabilize the probability estimates

4.2 Limit States

As stated irSectiond.1.], limit state definitions are required to evaluate the fragility
functions. In this study, the limit states of each component are based on either past
experimental results or functional integpation of the component. Engineering demand
parameters (EDPs) such as displacement, curvature ductility, drift ratio, etc., have been
used by researchers to define the limit states of columns. This is in accordance with the

performance based seismic dgsphilosophy in the last AASHTO Design Specifications
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(2014).These limit states are defined for 4 damage state levels: a) slight, b) moderate, c)
extensive, and d) compleféable4-1 describes the definitions adopted for each limit state
from HAZUS-MH (FEMA 2003) Each limit state is assumed to follow a lognormal
distribution with the parameters of the distribution obtaiinech experimental data or past

research.

Table4-117 H A Z U Qunlitative Limit States (FEMA, 2003).

Limit State Description

Slight Hairline cracking in columns, minor spalling at colur
faces, minor cracking plastc hinge regions.

Moderate Shear cracks in columns, formation of plastic hinge:
buckling of longitudinal rebars indicating flexural failut
cracks exposing column core, pile cap damage

Extensive Shear failure of columns, flexural failure du®
inadequate confinement, anchorage or lap splice, vel
pull of longitudinal reinforcement, groumlisplacement a
column base.

Complete Column cdlapse, vertical or lap splice failure.

The following subsections provide the descriptions of these limit states for each
bridge component considered in the study. Although in thdifeaituation the limit states
are expected to vary with the service life of a structure due to aging, corrodardéon,
etc., such factors are not considered in this study. Therefore, the limit states are assumed

to be constant throughout the service life of the bridge.
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4.2.1 Columns

Static pushover tests on columesn be used to determitiee forcedeflection
curves andcolumn damage in terms of EDPs. Since the curvature of a structural member
is a property of a crossection and is independent of the length of the member, the chosen

EDP for this study is curvature ductility. The curvature ductiljtyof a stru¢ural member

is defined as:

‘ Il

T (11
wherell is the maximum curvature observed in the column under seismic shaking,
andll is the column yield curvature.

In the present study, tHellowing three cases corresponding to fsaismic and

spacing lap splice and transverse reinforcement requirements are considered:

1. No Lap Splice with NofBeismic Detailing: In this case, the lap splice is not
provided at the base of the column and a-sgamic transverse reinforcement
spacing of 12 in. is used.

2. Lap Splice with NorSeismic Detailing: In this case, the lap splice is provided at
the base of the column with transverse reinforcement spacing equal 12 in.

3. Lap Splice with Seismic Detailing: Irnis case, the lap splice is provided at the

base of the column with transverse reinforcement spacing equal to 3 in.

The momenturvature ductility plots along with the corresponding column limit

states for the abov@mentioned three cases are showRigure4.2. Thecolumn capacities
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in terms curvature ductilitareadopted fronpreviousexperimental test resul(€hail et.

al., 1991; Suret. al.,1993; Lehman2000; Calderone2001; Melek and Walla¢e004;

Freytag 2006) that characterizefour different damage state levels: Slight, Moderate,
Extensive, and Complete damage states. The slight damage state corresponds to the
curvature ductility at the first point of yield in the longitudinal rebar. The moderate damage
state corresponds to tpalling of cover concrete due to expansive force. The extensive
limit state corresponds to the exposure of concrete core or yielding of transverse
reinforcement, whichever happens first. The complete damage state corresponds to the lap
splice failure inthe case of the lap splice column, or otherwise, longitudinal rebar buckling

in the no lap splice case.

For the three cases of column seismic design considered in this study, the column
limit states are presented Trable 4-2. It is assumed that the reduction of transverse
reinforcement does not affect the column capacity as much, hence, for the seismic and non

seismic cases, the same limit state values have been @ssume
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Figure 4.27 Moment-Curvature Ductility C urves and Limit States for: (a) Column
with No Lap Splice and Non-Seismic TransverseDetailing; (b) Column with Lap
Splice and NonSeismic TransverseDetailing; and (c) Column with Lap Splice and
Seismic TransverseDetailing.

Table 4-271 Limit State Median Values ér Lap Spliced Column Sections

Case Description Slight Moderate Extensive Complete

No Lap Splice & NorSeismic

1 & 164 58 1347  17.13
Detailing

2 Lap Splice & NorSeismic 1.00 293 4.85 8.71
Detailing

3 Lap Splice & Seismic Detailing 1.64 5.88 13.47 17.13
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4.3 Probabilistic Seismic Demand Model

In addition to limit states, demand estimates are required to quantify the fragility
functions of component&robabilistic Seismic Demand Mod€RSDMs)obtained from
analytical seismic analyses of the structure are used for thisguRSDMSs evaluate the
peak structural demand of a component as a function of intensity of ground motions. In
this study, the PSDM model is obtained from nonlinear time history analyses by running a
suite of 48 ground motions to consider the uncertamtire structural response. The data
points for the peak demands of the components obtained from nonlinear time history and

plotted against the value of peak ground accelerations (PGA) of that ground motion.
Cornell et al.(2002) suggested a power function model relation to estimae th
median demand from PSDM using the following relation:
000 &0 (12)

where a and lare, the coefficients obtained from the linear regression analysis of the
model. To calculate these coefficients the demand model is transformed into the linear

space by taking log#ihm of both sides of Equation 1@ obtain the following equation:

| TOO0 1 10 &za &0d (13)

As statedbefore, the demand variable is assumed to follow a lognormal distribution
in the study, hence, it follows a normal distribution in thedinspacewith a mean equal

to zero and a constantsd deviation, .
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CHAPTER 5. MODELING AND DETERMINISTIC SEISMIC

BRIDGE ANALYSES

This chapter presents bridge characteristics and modeling details that are employed
to generate thredimensional finite element models of the representative bridge from each
multi-spanbridge class in Georgia considered in this study. The3ardels are useful
to evaluate the expected seismic performance of bridges. The lap splice model, as explained
in Chapter _, is incorporated into the analytical bridge models to estimate to edhear
expected seismic performance for different detailing cases. Column and bearing responses
from deterministic bridge analyses performed using a single ground motion are studies to
assess the performance degradation due to inadequate lap splice Emdjtbonfining
reinforcementAs described ilCHAPTER 4 the analytical fragility curve methodology
requires the demand parameters to be obtained from thesacahdisiige models. The
chapter further explains the seismic response of various bridge components obtained from

a deterministic nonlinear time history analysis.

5.1 Typical Highway Bridge Components

The typical bridge model used in this study was identifigtlielson(2005)who
used conducted research on fragility functionshighway bridge in Central and South
eastern United States (CSUS). The most important bridge components for a highway bridge

are depicted ifrigure5.1 and can categgized into three categories as follows:

1 SuperstructureThe components of a bridge that directly receive the live load

comprise the superstructure. These components typically consist of bridge girders,
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deck, parapet, etc. I n this study, it os
within the linear rang during an earthquakeevent hence, 1t 06s nonl i
are not considered

91 SubstructureThese are the components that support the bridge and transfer all the
load from the superstructure and substructure to the surrounding soil. The
substructure@mprises of bent, columns, foundations and abutments.

1 Bearings:Bearings are mechanical devices that allow the interaction between
substructure and superstructure so that the load from the superstructure can be

transferred to the substructure.

Superstrcuture

Bearing

Column

IWN JIx

Foundation

Abutment

Figure 5.17 Typical Bridge Configuration

The three dimensional analytical models are generated using open source finite
element package OpenSd&bkzzoni et al. 2006) This package is preferred for the study
as it permits users a flexilty to generate components with a great degree of accuracy and
to evaluate the response of bridge components in detail. The response at cofepehent
is studied in transverse and longitudinal direction and combined using the square root of

the sum of sgare roots technique (SRSS). The major components studied are columns and
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bearings. The following subsections outline the model of the representative bridge for the

four multi-span bridge classes.

5.2 Deterministic Seismic Response

Deterministic seismic analigs helps to determine the bridge response at the
component level deito inclusion of a lap splic&he Rayleigh damping assumed for all
the models is 5%. The deterministic response is evaluated asimgle ground motion
from Rix and Fernandekeon(2004)ground motionskigure5.2 depicts the acceleration
time history plots of the selected ground motion. This ground motiothkasiaximum
PGA of 036g and duration equal to about 13 secoridss ground motion is chosen to
simulate the effect of expected maximum PGA for Site Class E in Georgia wlagbal

t0 0.35g.
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o™ 02 ¢

=
-

Acceleration
(@]

o o o
w N

10 20 30
Time Period, sec

Figure 5.27 Acceleration-Time Plot for Rix Ground Motion Selected for
Deterministic Bridge Analysis.

5.2.1 Multi-Span Simply Supported Concr&gder Bridge

5.2.1.1 Superstructure
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Multi-span simply supported concrete girder bridge class comprises about 41% of
bridges in the state of Georgkigure5.3 presents the basic geometric layout forrtheti-
span simply supported concrete gireerd,brid
750 a@do6lFong. The d@tokwi adfe tamed hursiedsg ea ni B 60BH<
slab supported by 5 AASHTO Type Ill PSC beam girders on Spans2armlAASHTO
Type Il PSC beam girderson&p3 The gaps present at the ad

at the abutments, the gaps are equal to 26

67-6" | 750" | 67'-6" |
I I =1 1
I

|
| |
[ EXP. FIX | FIX EXP.| EXP. EXP.]

| |

= o

Elevation
i S | 43-11"
h 4
IS IS
51 : Deck
I‘_I_1r L]
Substructure

Figure 5.3 7 Multi-Span Simply Supported Concrete Girder Bridge Layout.

5.2.1.2 Substructure

The substructur e i-eolummaconeretdmefts. Bsqllosttaded 6 wi d

in Figure5.4, the bentbeam hasasqriarosss ect i on wi th an edge | e
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i s supported by 36 by 36 square columns. T|
top and bottom edges and 3 equally spaced #5 bars on the side edges with a minimum clear

concr et e Cc o0 Webars tof tranv@rée reinfotcdment spaced at a maximum

di stance of 120606. The two s up fiocentendistgncec ol u mr
of 23068606 and wuse reinforcement detailing
transverse reinforcee nt b ei ng # 4 .brheragerageheghteoitthe adlumris2 6 6

is 2606 on average and the | ap splice exten

are supported by standard HP 14 x 73 steel H piles.
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Figure 5.47 Cross-Sectional Layout for Bent Beam and Column for MultiSpan
Simply Supported Concrete Girder Bridge.

5.2.1.3 Bearings

Laminated elastomeric bearings are the most commonly used bearings for MSSS
concrete bridge class. These bearings have a@ldosr embedded in the concrete bent
which extends into the bridge girder as showrFigure 5.5. The elastomeric pad is
reinforced using steel plates that are placed in between the layers of elastomer to reduce
bulging and shear strains in the pad. Although the steel layers increasafiressive and

flexural stiffness of the bearing pad, howewbere is no significant change in the shear
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stiffness(Roeder and Stantpii983) The behaviorof these bearings isharacterizedy

sliding of the girder over the elastomeric pad. Initially, there exists a gap between the
girder and dowel bar as illustratedfigure5.5. The friction between the elastomer and
girder provides the initial stiffness for sliding until the movement is enough to fill the gap

between the dowel bar and girder. At this point, the resistance to the sliding motion is

provided by the comhedactionof the elastomeric pad and the dowel bar.

i

Gap between Dowel
and Girder

Bearing Pad

\4

——

——Dowel Bar

Figure 5.57 Typical Layout of Elastomeric Bearing

The initial stiffness provided by the elastomeric pad is modelled as elastic perfectly
plastic materinas shown inFigure 5.6(a). Choi (2002) proposed a formulation for

calculating the initial stiffnes€ of the bearings follows:

Q = (19

where"Ois the shear modulus of the elastonteis the area of the elastomeric pad, &xd
is the height of the bearing pad. The area and height of the elastomeric pad are dependent
on the bearing configuration, and the shear modulus of the elastomer is tdlk&h5s

pounds/sg. in.
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The frictional coefficient between the concrete girder aadtemeric pad governs
the yield force that can be developed in the bearing pad. Experimental tests conducted on
elastomeric bearings have revealed that the coefficient of friction is a function of the normal
stress imposed by the superstructure on thargedased on experimental tessgharge

(1981)proposed an empirical formula to determine the frictional coefii¢i as follows:

™
o8ty —

(19

where, is the normal stress on the bearing pad due to the superstructure.

As the gap between the dowel bar and girder is filled, the dowel bar is engaged in
the bearing sliding motim Thebehaviorof the dowel bars can lmharacterizeds lateral
force acting on a cantil ever. I nitially,
assumed to behave linearly. Under moderate to high lateral loads, the bar follows a
nonlinear patter until the fracturing of the bars which leads to a sudden drop in the
strength. Although the diameter of the dowel bars used for elastomeric bearings in Georgia
is 1 1/466, dowel bar s i r dmdiaeetqy due ® Bmakdf st ud
research done on the response of dowel bars. @b6R)e v al uat ed t he resp
diameter dowel bars using an ABAQUS model. The ss&sén behaviorof the dowé
bar, as shown ifigure5.6(b), used in the present study is taken froiswork with the

same stiffness values
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Figure 5.6 StressStrain Model Used for (a) Elastomeric Pad, and (b) Dowel Bar in
the Elastomeric Bearing.

5.2.1.4 Seismic Response

The effect of lap splice and transverse reinforcement spacing on the main
components of the bridge is analyses through the means of nonlineardiong analysis.
Due to the presence of a lap splice at the base of the column, more demand is imposed on
the bridge columns. The demand is further increased when the lap splice is prattided w
nontseismic column transverse spacing. This phenomenon sratad inFigure 5.7,
which showsabout 32% increase in the curvature demand when the lap splice is provided
with nonseismic transverse reinforcement spacing and about 19% increase in the when the

lap splice igprovided with seismic transverse reinforcement spacing
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Figure 5.7 7 Curvature Demand on Column Base of MSSS Concrete Bridge.

The comparativéorce-displacement curvesr the fixed and expansidaminated
elastomeric bearings in the bridge are showrigure5.8. For the fixed bearings, tlgap
between the dowel bar and elastomeric pad is 0.12 inElgese5.8(a) shows the change
in stiffness of the forcelisplacement curve of the fixed elastomeric bearing due to
engagement of the dowel b&imilarly, for the epansion bearing, the gap is 1.0 inch as
shown inFigure5.8(b). The bearing response for all the three cases is similar because the

chosen ground motion is not of arydigh intensity.

60



40 1 60 r

——No Lap Splice

30+ —6.5 ft Lap Splice (s =12 in.)

40 FI T 6.5 ft Lap Splice (s = 3 in.)
20 1 L
Bl S0 |
= 10 <z |
v )
g o 2 ol
o o
= =4

-10 ¢

—No Lap Splice 201
20 f—65 1t Lap Splice (s =12 in.) \
6.5 ft Lap Splice (s =3 in.)

-30 ‘ — ; -40 ‘ ‘ ‘ ‘ i\ |
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 -1.5 -1 -0.5 0 0.5 1 15
Displacement (in) Displacement (in)
Figure 5.8(a) Figure 5.8(b)

Figure 5.8 7 Force-Displacement Curvedor (a) Fixed (b) Expansion Laminated
Elastomeric Bearings Used in MSSS Concrete Bridge.

5.2.2 Multi-SpanContinuous Steel GirddBridge

5.2.2.1 Superstructure

The next bridge class considered in the study was4spstn continuous type steel
girder bridges. These bridges are about comprise about 11% bridges in Georgia. The basic
geometric configuration for a repesgative bridge from tki bridge class is shown in
Figure59. The Dbridge consitldtbsd oawfi de.s grehres sgprad il
bridge are3d30Thé7deakdi 8¢ a composite steel

steel girders.
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Figure 5.97 Multi-Span ContinuousSteelGirder Bridge Layout.

5.2.2.2 Substructure

Like the previous bridge class, the substructure consistscofunn bents. The
average width of the bents is 436 and the &
are spaced at a distance of 206. Thms | ap s
a | engt h of-se@ional tayoutsTfor the kemt ansl solumn are showsigare
5.10. The benthasasquarecrasse ct i on wi t h e adisreindorcedavithe g u a |
7 #11 bars each at the top and bottom edges and 2 #4 bars on each side. The shear
reinforcement for the bents is provided by
has a square cressect i on wi th t he ehd gobmnl renfogcement e q u al

consists of 12 #12 equally spaced bars and
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Figure 5.1071 Cross-Sectional Layout for Bent Beam and Column for MulttSpan
Continuous SteelGirder Bridge.

5.2.2.3 Bearings

Low-profile steelbearings ar¢he second mostommonly usedearingsfor steel
bridges in Georgia. A prototype of leprofile bridge bearings is shown kigure5.11.
These bearings are constructed by attaching a masonry plate to the top of the bent or
abutment using anchor bolts and a sole plate underneath the girder. For fixed bearings, a
curved sole g@te and pintles are provided to restrict the translational movements while
maintaining the rotational movement. On the other hand, for expansion bearings, no pintles

are provided so that free translational movement is pieinio dissipate thenergy.

Girder

Pintles

— — Masonry
L1 7 Plate

N

—~Anchor Bolts

Figure 5.1171 Typical Layout of Low-Profile Steel Fixed Bearing

The study on analytical modelling of bridge steel bearings initiated byvlander

et al.(1996) howeverthe test apparatus usedthgmwas not appropriate to simigethe
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field conditions as the test bearings were mounted to steel assemblies to constrain the
damage only to the pintles. This is in contrast with the field conditions where the masonry
plate is attached to the concrete pedestal by the means of anctsorTihols, failure
mechanism of either the anchor bolt or pintle, whichever happens first could lead to the
bearing failure. Based on thiSteelmaret. al.(2013)considered two types of loprofile

steel fixed bearings: weak anchor and weak pintles. They investigated the cydiseesp

of these bearings through an improved test apparatus to formulate more accurate analytical
models. For the representative MSC steel bridge in Georgia, the diameter of the anchor and
pintle is equal td in., however, the effective diameter of the amrcholts is reduced to

4/5" of the original diameter due to the thread adjustment factor. Due to this, the bearings
used in Georgia are considered to be weak anchor bearings and the failure is governed by

the rupturing of the anchor bolts.

The fuse capaty @  for steel bearings can be calculated as per the following

equation(IDOT, 2009)
W %ot 00

where%.is the strength reduction fact@qual to unity)¢ is the number of shear transfer
elements (equal to 2 as there are two anch@s3, the ultimate tensile strength of the

material,0 is the effective crossectional area of the shear element.

Along with the fusing action, théearing interface provides resistance to the
translational movement through frictional force. Like elastomeric bearings, frictional
resistance is modeled as elastic perfectly plastic and is coupled with the ankthor bo

backbone curve in parallel.
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Accordingto the latest AASTHO Specificatiof2014) the use of steel bearings is
recommended only as fixed bearings whereas expansion steel bdaegdbecome
obsolete. However, as the representative bridge is an old bridge, steel bearings have been
used as expansion bearings too. The only difference between fixed and expansion bearing

is that there are no pintles to restrict the translational maveiméhe latter.

5.2.2.4 Seismic Response

Figure5.12 shows the effect of th@-ft. lap splice and transverse reinforcement
spacing on the curvature demand imposed on the MSC steel girder bridge cadutine.
ground motion is of mediurRGA intensity, the column response mostly remains in the
linear rangeA decrease in the moment cagg@nd increase in the curvature demand on
the columrcan be observed from the figure when the lap splice is present at the base of the
column.The increase in curvature is approximate?dy12%when norseismic transverse

spacing is provided ar?i93%whenseismic reinforcement spacing is provided.

1.5¢

—_
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o
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Moment (kips-in)
o
a1 o
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—9 ft. Lap Splice (s =12 in.)
9 ft. Lap Splice (s =3 in.)

-1.5 : : :
-1.5 -1 -0.5 0 0.5 1 1.5

Curvature (1/in) x10

Figure 5.127 Curvature Demand on Column Base of MSCSteel Girder Bridge.

The force-displacement responder the fixed and expansion steel bearifigs

MSC steelgirder bridge is shown ifrigure 5.13(a) andFigure 5.13(b), respectively
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Similar to the previous bridge class, the bearirgpoases are very similar. The force
displacement response for both types of bearings stays in the linear range wiceatesndi

that there was no ruptune either pintles or anchors.
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Figure 5.13(a) Figure 5.13(b)

Figure 5.1371 Force Force-Displacement Curves for (a) Fixed (b) Expansioisteel
Bearings Used in MSC Steel Girder Bridge.

5.2.3 Multi-Span Simply Support&teel GirdeBridge

5.2.3.1 Superstructure

The next bridge class considered in the study was MSSS steel girder. The general
layout for the representative bridge in this bridge class is showigure5.14. Compared
to the previous two bridge classes, this bridge has a wider deck. The deck <p&né &2 i n
the transverse direction and is supported by 9 steel girders. The side spans of the bridge are

37620606 | ong whereas the main span is 670630
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Figure 5.141 Multi -Span Simply SupportedSteelGirder Bridge Layout.

5.2.3.2 Substructure

The substructure for this bridge is supported by tveolBmn bents. Due to a wider
deck, the width of the deck is 5906 and the
crosssection is a rectangular cressction witwi dt h equal to 36 and d
The bent is reinforced with 14 #11 bars on the top and bottom edges and 2 #6 bars on the
side edges. The shear reinforcemeaorcreteompr i
c oV er Figure5.P5ddpicts the column crossection which is a square with the edge
|l ength equal to 36. The column section 1is
#4 Dbars providing the shear reinforcement

lengthinhe plans for this bridge is equal to 4
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Figure 5.1571 Cross-Sectional Layout for Bent Beam and Column for MultiSpan

Simply Supported Steel Girder Bridge.

5.2.3.3 Bearings

As stated in Sectioh.2.2.3 the commonly uselgearing for steel bridges in Georgia

y

GDOT

is low profile steel bearings. This bridge class uses the same type of bearing, as well.

Currently, GDOT does not use

5.2.3.4 Seismic Response
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Figure 5.161 Curvature Demand on Column Base of MSSSteel Girder Bridge.
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Forthe MSSS steel bridge, there is more displacement demand imposed compared
to the MSC steel bridge. This could be due to the more inertial masssngeestructure
of the MSSS steel bridgddue to this, the anchdoolt of the fixed bearindgails at
displacement approximately equal to 0.4 incleesall the three casess shown irFigure
5.17(a). After therupture of the anchor bothe bearing response is governed by the friction
betweenthe bent and masonry platds shown inFigure 5.17(b), the displa@ment
responséor the expansion steel bearinggjoverneday friction only as there is no anchor

balt contributing to the stiffness
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607 —— 6.5 ft Lap Splice (s = 12 in.) 401 6.5 ft Lap Splice (s=121n.)
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Figure 5.17(a) Figure 5.17(b)

Figure 5.17 - Force-DisplacementCurves for (a) Fixed (b) Expansion Steel Bearings
Used in MSSS Steel Girder Bridge.
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CHAPTER 6. SITE-SPECIFIC FRAGIL ITY CURVES

With the objective of assessing demands imposed on different bridge components,
this chapter presents PSDMs for milighway bridge classes in Georgia. These curves
are generated based on nonlinear dynamic analysesaindenber of ground motioras
a function of peak ground acceleration (PGA) and seismic detailing requirements.
Furthermore, fragility curves at componemnd systenievel for these bridges are
presented in the next subsection. Based on these curvespesiic seismic damage risk

is evaluated forSeismic Classes A, B, C, D and E.

6.1 PSDMs for Multi-Span Highway Bridges

As discussed in Sectioh3, Probabilistic Seismic Demand ModéBSDMs)are
gengatedfor columnsbased orthe maximum curvature ductilitgemands on thenf
suite of 48 ground motions ansedto assess the demand quantity of intef@SDMs for
various classes of bridges are plotte#igure6.17 Probabilistic Seismic Demand Models
(PSDMSs) for Column Curvature Ductility Demand for (a) MSSS Concrete Bridge, (b)
MSC Steel Girder Bridge, and (c) MSSS Steel Girder BriB§OMs arglotted on a log
log scale with the demand variable on thaxys and intensity measure on thexs. The
PSDMs reveal the deficiency seismicperformancdor all the three bridge classes when

the logarithm of PGA igreaterthan-2.
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Figure 6.1 (a) Figure 6.1 (b)

Figure 6.1 (c)
Figure 6.17 Probabilistic Seismic Demand Models (PSDMs) for Column Curvature

Ductility Demand for (&) MSSS Concrete Bridge, (b) MSC Steel Girder Bridge, and
(c) MSSS Steel Girder Bridge

6.2 Seismic Fragility Curves and Site Specific RisEstimates

The following subse@ns present the column seismic fragility curves for the four
limit states considered in this study. These curves are presented for three cases for
transverse spacing and lap splice: 1) no lap splice, 2) lap splice at the bottom of the column
with a nonseismic transverse spacing (12 in. spacing), and 3) lap splice at the bottom of

the column with a neseismic transverse spacing (3 in. spacing).
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