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ABSTRACT

EFFECT OF VEHICULAR AND SEISMIC LOADS ON THE
PERFORMANCE OF INTEGRAL BRIDGES

Erhan, Semih
Ph.D., Department of Engineering Sciences

Supervisor: Prof. Dr. Murat Dicleli

September 2011, 423 Pages

Integral bridges (IBs) are defined as a classgifl irame bridges with a single
row of piles at the abutments cast monolithicallthvthe superstructure. In the
last decade, IBs have become very popular in NArtterica and Europe as
they provide many economical and functional advgeda However, standard
design methods for IBs have not been establishederefore, most bridge
engineers depend on the knowledge acquired frofonpeance of previously
constructed IBs and the design codes developedcdorventional jointed
bridges to design these types of bridges. Thisudelhe live load distribution
factors used to account for the effect of truckd@an bridge components in
the design as well as issues related to the seidasggn of such bridges.
Accordingly in this study issues related to livadoeffects as well as seismic

effects on IB components are addressed in two agpparts.



In the first part of this study, live load distriilmn formulae for IB components
are developed and verified. For this purpose, noagethere dimensional and
corresponding two dimensional finite element modEEMS) of IBs are built
and analyzed under live load. The results fromahalyses of two and three
dimensional FEMs are then used to calculate theelbad distribution factors
(LLDFs) for the components of IBs (girders, abuttseand piles) as a function
of some substructure, superstructure and soil ptiege Then, live load
distribution formulae for the determination of LLBRre developed to estimate
to the live load moments and shears in the girgdistments and piles of IBs.
It is observed that the developed formulae yietdasonably good estimate of

live load effects in IB girders, abutments andgile

In the second part of this study, seismic perforreanf IBs in comparison to
that of conventional bridges is studied. In adudiiti the effect of several
structural and geotechnical parameters on the pedgioce of IBs is assessed.
For this purpose, three existing IBs and convemfidoridges with similar
properties are considered. FEMs of these IBs aike touperform nonlinear
time history analyses of these bridges. The anslyssults revealed that I1Bs
have a better overall seismic performance comptoetthat of conventional
bridges. Moreover, IBs with thick, stub abutmesupported by steel H piles
oriented to bend about their strong axis drivetoose to medium dense sand
are observed to have better seismic performancée [€vel of backfill

compaction is found to have no influence on thera@ performance of IBs.

Keywords: Live load distribution, seismic, soil-bridge irdetion, integral

bridge.



Oz

HAREKETLI YUKLERIN VE SISMIK YUKLERIN INTEGRAL
KOPRULERIN PERFORMANSINA ETKILER{

Erhan, Semih
Ph.D., Mihendislik Bilimleri Bolimu

Tez YoOneticisi: Prof. Dr. Murat Dicleli

Eylal 2011, 423 Sayfa

Integral kopriler, uc ayaklari tek sira celik kaarkd desteklenen, rijit
cerceveli kopriler olarak tanimlanabilir. Bu komniilirsaat, bakim ve onarim
masraflari yoninden ekonomik olmalari sebebiylé, gk Glkede son yillarda
yaygin birsekilde irsa edilerek geleneksel gegthee derzli kdprilerin yerini
almaktadirlar. Fakat bu koprilerin tasarimlar ig@niz kapsaml bir teknik
standart mevcut gddir. Bu yuzden bu ulkeler de ga edilen integral kopruler
genelde gecmgie insa edilmi bu tir kdprulerin performanslari dikkate alinarak
ve genlgme derzli koprilere ait standartlar kullanilaralsaidanmaktadir.
Integral koprilerin tasarimlan sirasinda kullanilaareketli yik dailim
katsayilarinin hesabinda ve sismik tasarimlari #sda yapilan kabullerde
geleneksel genyene derzli kopriler icin hazirlangiplan tasarim standartlari

kullaniimaktadir.

Vi



Bu tez cajymasinin ilk bolimuinde, integral képru elemanlam ihareketli
yuk daihm formdlleri gelitirilmistir. Bu amacla, cok sayida integral
képranin iki ve U¢ boyutlu yapisal modelleri kumalla AASHTO hareketli
yukleri etkisi altinda analiz edilitir. Bu analiz sonuclar kullanilarak, integral
kopralerin alt yapi, Ust yapi ve temel zeminine ggitli 6zelliklerinin bir
fonksiyonu olacakekilde hareketli yik dalim katsayilari hesaplangtir. Bu
katsayilar vasitasiyla, integral kopru uc ayak,ikaz Kirisleri icin hareketli

yuk dailim formulleri gelitirilmi stir.

Bu tez camasinin ilk bélumunde, intgeral koprulerin ve gemnle derzli
koprilerin sismik performanslar kaastiriimistir. Buna ilaveten, ¢l
yapisal ve geoteknik parametrelerin, integral kg sismik performansina
etkileri argtirilmistir. Bu amagla, t¢ farkh integral ve bu integraipkilere
benzer yapisal 6zelliklere sahip ¢ farkli gemie derzli kdpru ele alinmtir.
Bu koprilerin yapisal modelleri kurularak, @asal olmayan zaman tanim
analizleri yapilmgtir. Analiz sonuclari dgerlendirildiginde, integral kdprilerin
genlame derzli koprulere oranla daha iyi sismik perfonsiagosterdii
anlgilmistir. Buna ilaveten, geek ve orta kum zeminlerega edilms, kisa ve
kalin u¢ ayaklari kuvvetli donme ekseni yonunddegériimis celik kaziklarla
desteklenen integral koprulerin daha iyi sismik fpenans verdi

anlaimistir.

Anahtar Kelimeler: Hareketli yuk dgilimi, sismik, kopri zemin etki$emi,

integral kopru
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CHAPTER 1

INTRODUCTION

An IB is one in which the continuous deck and tlmitments are cast
monolithically to form a rigid frame structure asosvn in Fig 1.1. The main
difference between a conventional jointed bridgad@®es with expansion
joints) and an IB is at the abutments. In IB s, #teitments are generally
thinner than those of conventional jointed bridgesl are supported on a
single row of steel H-piles to provide the requirkederal flexibility for

accommodating the longitudinal bridge movementstdugaily and seasonal
temperature variations. IBs have many advantagesnwtompared to

conventional jointed bridges. The main advantagéBoare:

I. Deck joints and expansion bearings are expersivauy and install.
The use of integral abutments eliminates the newddeck joints and
expansion bearings. This significantly reduces tanson cost of the

bridges.

il In conventional jointed bridges, generally @igutments are supported
by multiple rows of piles. The single row of pilesed at IB abutments results

in significant cost savings.

iii. Deck joints allow water to leak through anccalerate deterioration to
the bearings and the substructures. Thus, maintenaosts are significantly

expensive in conventional jointed bridges (Woldalefi988a, b; Burke 1988,



1990a; Steiger 1993). The absence of expansiotsjogduces maintenance

costs in IBs.

Iv. Widening or bridge replacement in IB s becoreasier, since simple
design of such bridges lends itself to simple $tmat modification.

V. Elimination of joints increases the stability damlurability of the

bridges. This enhances the life expectancy of thuges.

As mentioned above, IBs have so many economicafiamadional advantages
that they are becoming very popular and consideasdalternative to
conventional jointed bridges in most parts of USZanada and Europe
(Wolde et al. 1988a, b; Burke 1990a, b, 1994; ®olend Kukreti 1992;

Dicleli, 2000). However, standard design methods I#8s have not been
established yet. Most practicing engineers use gitwwisions for regular

jointed bridges in Bridge Design Specificationsisas AASHTO (American

Association State Highway Transportation Offici&®04) to design IBs. This
also includes the live load distribution factoredido calculate the effect of
the truck loading on the girders of slab-on-girtbeidges. Furthermore, no
design specifications currently exist to determline load effects via using
live load distribution factors for the abutmentsdaie piles in IBs. As a
result, the design engineers generally use arpitnagthods to include the
effect of the live load in the design of the abutiseand the piles.
Accordingly, live load distribution factors for treutments and piles of IBs

are presently needed.

In addition, although modern IBs are known to hpeeormed well in recent
earthquakes, a comprehensive research study hagehbteen conducted to
assess and quantify their seismic performanceicBily, the assessment of

the seismic performance of IBs in relation to thigpinted bridges is scarce in



the literature. Moreover, the effects of backfiidment and soil-pile
interactions on the seismic performance of IBsrarteknown. Accordingly, in
addition to the issues related to live load effextdBs, the second aim of the
proposed research study is to enlighten issuetedeta the seismic behavior
and performance of IBs and provide recommendationsidge engineers for
the seismic design of IBs.
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1.1. RESEARCH OBJECTIVES AND SCOPE

This research study is composed of two parts.hénfitst part, the objectives

of the present research study are;

i. To test the applicability of AASHTO's live load dligoution factors for
girders, which are developed for jointed bridgedBs.

ii. To develop live load distribution formulae for IByaments, piles and

girders.

In the second part, the objectives of the pressgarch study are;

iii. To investigate the seismic performance of IBs.

The IBs considered in the present research stuglyassumed to have either
prestressed or steel girders. The abutments at érdls of the bridge are
assumed to be identical. Typical granular backfded in IB construction is
assumed behind the abutments. The research stuadgoidimited to straight
IBs with end-bearing steel H piles driven in safkdrthermore, the IBs

considered in this study are assumed to have ne.ske



1.2. RESEARCH OUTLINE

The first part of the research study, which istelao live load effects on IBs,

is composed of the following seven main phases:

In the first phase of the research study, an ektergerature review is
conducted on the development of the live load ithstion factors for

jointed bridges. Next, a literature review is cocted on finite element
modeling techniques for bridges. The informatiomguaeed from this

literature review will be used to built an accuréitgte element model
(FEM) of IBs to determine the live load effects their components as
precisely as possible. Furthermore, literature esgvion soil-pile and

backfill-abutment interaction is also conductedd&iermine the effect of
the backfill and foundation soil on the distributiof live load effects to
the girders, abutments and piles.

In the second phase of the research, the effexbibbridge interaction on
the magnitude of the internal forces in IB compdsetue to live load
effects is studied. For this purpose, structurablats of typical IBs are
built by including and excluding the effect of bétkand foundation soil.

The analyses of the models are then conducted WAIBHTO live load.

In the analyses, the effects of the backfill andnfdation soil on the
magnitude of the internal forces in IB componemnts studied for various
structural, geometric and geotechnical parametach @s bridge size,
abutment height and thickness, pile size and aiemt, number of spans

and foundation soil stiffness.



Vi.

This phase of the research includes the deterrnmatif geometric,
structural and geotechnical parameters to be iedud FEM analysis of
IBs to obtain live load distribution formulae. Bdsen the determined

parameters, a set of IBs will be configured foitérelement analyses.

. In the fourth phase of the research, three dimeasi(8-D) finite element

models are developed for the bridges which havéerdifit geometric,
structural and geotechnical parameters and analyaddr AASHTO live
load using the finite-element-based software SAB2@omputers and
Structures inc. 2000). From the finite element ysed (FEA) maximum
live load moments and shears at girders, abutment$ piles are

determined for each one of the IB models considered

In this phase of the research, two-dimensional 2&he models are built
for the set of IBs considered for analyses. Thenrttaximum moments
and shears at the girders, abutments and pilesolai@ned from the
analyses of the frames subjected to AASHTO livellaad the maximum
moments and shear forces found in the fourth stepli@ided these values

to calculate live load distribution factors.

This phase of the research includes the assessvhehe effect of the
deck-abutment continuity in IBs on the distributioh live load to the
girders. For this purpose, the live load distribntfactors obtained from
FEA of models including and excluding the monotittabutment-pile
system will be compared. Furthermore, AASHTO liead distribution
factors for girders will be compared with the aisely results to assess
their applicability to IBs.



vii. In this phase of the research, live load distrinutformulae will be

developed for the abutments, piles and if neceskaryhe interior and

exterior girders of IBs.

In the second part of this thesis study, seismidopmance of IBs are
investigated. The main phases of this part ofishetsidy can be summarized

as follows.

In the first phase of this part, a literature rewie conducted to determine
the present state of knowledge on the seismic pedoce of IBs.
Additionally a comprehensive literature review @nducted to determine
the most recent and realistic techniques for madelsoil-bridge

interaction effects.

In the second phase, several existing IBs with ouariproperties are
selected and then designed as conventional joimtieides in compliance
with AASHTO LRFD Bridge Design Specifications.

In this phase of the research project first, moroemvature relationships
of the steel and reinforced concrete members of Ihiedges are
determined. Next, using these moment-curvaturdioekhips, pushover
analyses of the bridges are conducted to deternireer Ilateral

displacement / rotation capacity.

In the fourth phase of this research study, seveargl motions recorded
on rock are selected for the nonlinear time histanalyses. In the
selection of these ground motions, the fault rigptaechanism is assumed
to be one of the most commonly found rupture meisihas namely; strike-
slip, reverse normal or reverse oblique. The mdnmeagnitude of the
earthquakes used in the analyses is assumed targer Ithan 6.0.

Furthermore, the distance of the recording staficom the fault is



Vi.

Vil.

assumed to be between 25 and 50 km so as to exthade ground

motions with negligible shaking level (distancegkr than 50 km) and
those ground motions within the near-fault categdigtance less than 20
km). However, the ground motions are also scalebtate various peak
ground accelerations to study the performance sfdBvarious intensity

levels.

Next, for the soil types considered in this stuthg equivalent dynamic
properties, namely the stiffness and damping rattithe soil profile are
determined using the PROSHAKE software for eachumggomotion as
well as ground shaking intensity (peak ground aegion) considered.
These properties are used for modeling the dynamiicpile interaction

effects via a soil column.

Subsequently, for the foundation soil types considein this study,

appropriate p-y curves are established to incotpottacal soil-pile

interaction effects into the structural model. Tehpsy curves are modeled
as nonlinear springs connected between the sailhtoland the pile. In
addition, to model radiation damping due to thesnattion between the
piles and site soil, dashpots are connected betweempile and the soil
column. The dashpot properties for each soil typedatermined using the

available empirical data in the literature.

In this phase of the research study, a soil columlh be modeled
independently without the bridge in SAP2000 ancketimstory analyses of
the model are conducted using the selected growittmns and the range
of intensities considered in this study. The dispment and acceleration
time histories at the top of the soil columns aidi from SAP2000
analyses are then compared with those obtained RB@SHAKE. This is
basically done to verify the accuracy of the soluenn model that is used
to simulate dynamic soil-pile interaction effects the time history

analyses.



viil.

Xi.

In the eighth phase of the research study, thegrateand conventional
bridges will be modeled together with the soil ¢oiu using the finite
element based software SAP2000. This modeling ialdades a detailed

static or if possible dynamic abutment-backfilleraction simulation.

Next, time history analyses of the bridge modes @nducted using the
selected ground motions with various intensitiepresenting small,

medium and large intensity ground motions.

In this phase of the research study, the seismifonpeance of integral and
conventional bridges are compared and the perfacenarf IBs will be

guantified in relation to that of conventional jmd bridges. The
comparison will first be done by assessing theldtgment ductilities of
the bridge components and displacement capacity @mmand ratios. In
the case of IBs, potential damage due to low cfatigue of steel H piles

are also assessed.

various structural and geotechnical parameters adésign

recommendations will be provided.



1.3. REVIEW OF PREVIOUS STUDIES

1.3.1 PART I: LIVE LOAD EFFECTS ON IBS

1.3.1.1. INTEGRAL BRIDGES

IBs are defined as a class of rigid frame bridgé&homt deck joints. Arch
bridges, rigid-frame bridges and culverts can lassified as IBs (Dicleli
2000). 1Bs were first considered after observing shccessful performance of
older bridges with inoperative joints (Mourad aremb$h 1999). Subsequently,
bridge engineers started to eliminate the deckigoat piers and abutments
after the moment distribution method (cross methads$ first developed by
Cross in early 1930s since this method allowedtlier analysis of statically
indeterminate structures such as rigid frame bedg@éerefore, concrete rigid
frame bridges became very popular and a standg@e ¢y construction for
many transportation departments by the mid of 2éntury. Currently a
number of state departments of transportation gelimited in-house design
guidelines for IBs based on past experience antbnpeance of older IBs.
However, the design of IBs has not been addressddrinal bridge design
specifications such as AASHTO (2007).

Most recent research publications on IBs are rél&tethe effect of thermal
loadings (Dicleli and Albhaisi, 2003, 2004, Dic|ek005) on the performance
of IBs. Only few studies on live load analysis Bklhave been found in the
literature (Mourad and Tabsh 1998, 1999).
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1.3.1.2 LIVE LOAD DISTRIBUTION FACTOR

Structural analysis of highway bridges using coogikd 3-D FEM to
determine live load effects in bridge componentgassible due to the readily
available computational tools in design offices.wewer, building such
complicated 3-D FEM is tedious and time consumiAgcordingly, most
design engineers prefer using simplified 2-D strcadt models of the bridge
and live load distribution factors available inr@nt design codes to determine
live load effects in bridge components. Using ilie load distribution factor,
the maximum moment and shear of an individual lridgember is
determined by multiplying the maximum moment andasthobtained from 2-
D frame analysis of the bridge under truck loadtlgy live load distribution
factor. Currently, live load distribution factorerf moment and shear for
highway bridge girders are determined by using #&&SHTO Standard
Specifications (AASHTO 2002), AASHTO Load and Remige Factor
Design (LRFD) Specifications (AASHTO 2007) or medecspecified by state
departments of transportation.

The AASHTO Standard Specifications for Highway Bed’ simple S/D
formulas have been used as live load distribut@ctors in most common
cases for calculating the live load bending monaetat shear in bridge girder
design; wher&is the girder spacing ariglis a constant which depends on the
type of the bridge superstructure. The AASHTO SsaddSpecifications for
Highway Bridges have contained live load distribatfactors since 1931. The
earlier versions of live load distribution factavgere based on the work done
by Westergaard (1930) and Newmark (1948), but alotofs were modified as
new research results became available (Barr eR08ll). The traditionab/D
formulae are easy to apply, although they can leglpeonservative for some
ranges of span lengths while unconservative foerstiCai, 2005; Huo et al.,
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2005). The applicability of these formulae in theAHTO Standard

Specifications is limited by the fact that they eeleveloped considering only
non-skewed, simply supported bridges. However,Sli2 formulae are also
used by some bridge designers even in bridges suithplicated geometries
such as high skew, curved alignment, as well asraoous and 1Bs (Mourad

and Tabsh 1999) since design guidelines for sudtigbs do not exist.

Therefore, these bridges may either be designeddonservative way which
involves the additional cost or in an unconsenetay which leads to unsafe
bridge designs (Zokaie et al 1991).

The studies on the development of live load distidn factors before 90’s
were based on the determination of nBwvalues in the AASHTO load
distribution formula §D) (Bakth and Moses, 1988; Hays, 1990). Bakth and
Moses (1988) presented a procedure to calculatedhstantD which was
expressed as a function of the span length. The lepgth was found to be an

important parameter in calculating the distributiactor.

After 90’s, additional geometric and structuralrgraeters such as slab
thickness, bridge span, girder stiffness etc., werduded in the new
AASHTO girder live load distribution formulae to tgeore accurate results.
More precise but complex live load distributionttas were developed under
National Cooperative Highway Research Program (NEHRroject 12-26
(Zokaie et al 1991). These new equations have hmdiished in the
AASHTO LRFD Bridge Design Specifications (1994) ihmodified in more
recent editions of AASHTO LRFD Bridge Design Spafions (1998,
2004). The live load distribution factors in AASHTIORFD Bridge Design
Specifications are more accurate than those prdvideAASHTO Standard
Specifications (Mabsout et al. 1997, Cai 2005). Eeer, designers are
concerned mainly about the complexity of the LRFDrilsltion factor
equations. The LRFD procedure includes a diffesentof equations and skew
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correction factors for moment and shear, diffessts of equations for interior
and exterior girders, the use of pile analogy metfar consideration of the
diaphragms as well as limited ranges of applicgbiiue to the bridge
structural and geometric properties imposed on @beations. Therefore,
simpler and less complex live load distributiontéacequations would be
welcomed by the bridge design community. As a tesulhew study under
project NCHRP 12-62 was initiated for this purpas®l is on-going (Cai
2005).

The literature review revealed that the discusselbmsut the determination of
realistic and applicable live load distribution rfarlae are still on-going for
conventional jointed bridges. Furthermore, therditere review revealed that
no study has been conducted to develop live losililbiution formulae for the
components of IBs. These confirm the necessityoatlocting research on live

load distribution factors for IB components.

1.3.1.3. MODELLING

The finite element method is a well-accepted metbbdnalysis. However,
any method of analysis or modeling technique reguisome degree of
approximation when applied to a real structure.rétoge, a realistic finite
element model is required for an accurate detetomaof live load
distribution factors. For this purpose, many reslears have developed FEM
to obtain accurate predictions of live load disitibn factors for bridge
girders. One of the most simple but accurate FEMvi@uate the lateral load
distribution characteristic of simple span bridgeslexure was developed by
(Hays et al. 1986) for the Florida Department chrigportation. In the FEM,

linear elastic behavior was assumed. The concrgle was idealized as
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qguadrilateral shell elements with five degreesreeflom at each node and
steel girders and diaphragms were modeled as sthrfdame elements.
Several bridges covering a wide range of span lhengihd girder spacing were
analyzed using the FEM and the results were cordpaiéh those from
AASHTO Standard specifications. The AASHTO resuitsre found to be

slightly unconservative for short spans and quiteservative for longer spans.

A study was performed on deck slab stresses imgiralteabutment bridges
using a finite element program called ALGOR to dexeithe bridge features
(Mourad and Tabash, 1999). In this program, thekddab and beam web
were modeled with four node rectangular shell el@seflanges and piles
were modeled with two node space beams and thenebtg were modeled
with eigth node brick elements. In this study, theck stresses determined
from the FEA were about 40% less than those cakilasing AASHTO
LRFD equations.

Mounir and Mabsout (1997) conducted extensive reketo compare four
finite element modeling techniques reported inliieeature used in evaluating
the wheel load distribution factors of steel gigléridges. In the first model,
the concrete slab was idealized as quadrilatesdl slements with five degree
of freedom at each node and steel girders werdizddaas space frame
members (Hays et. al. 1986). In the second motiel,concrete slab and
girders were modeled as quadrilateral shell elesertd eccentrically
connected space frame members respectively (ImdnsérNutt 1978), In the
third one, the concrete slab and steel girder welewnodeled as quadrilateral
shell elements and girder flanges were modeledpasesframe elements
(Brockenbrough 1986). In the last one, the concs&ib was modeled using
isotropic eight node brick elements with three degrof freedom at each node
and the steel girder flanges and webs were modededy quadrilateral shell
elements. Although the first model is the simplese, the results from this

14



model were found to be the most realistic compaoethose from field tests
and AASHTO procedure.

Faraji et. al. (2001) used a 3D finite element nhdalsimulate the behavior of
a three-span IB under thermal loading. In this nhatie deck slab is modeled
using bending and stretching plate elements whike steel stingers and
diaphragms are modeled as beam elements. Abutnedlst are modeled as
plate elements. The piers are modeled as beam mienkEhe soil response
behind the abutment walls is modeled using uncauptalinear springs. HP-
Piles are modeled using beam elements. Soil respoest to each pile is
modeled with 15 nonlinear springs. A similar modglitechnique is used to

model substructure members of IBs considered sdtudy.

1.3.1.4. SOIL-BRIDGE INTERACTION

Soil-Bridge interaction is one of the most impottéactors that affect the IB
behavior especially under thermal loading. In teFs for the determination
of live load distribution factors, these effectemseto be negligible. However,
in this study, sensitivity analyses are conductedlétermine the effects of
backfill and foundation soil response on the dsttion of live load. The
sensitivity analyses reveal that backfill and foati@h soil have an important
effect on the live load distribution in the abutrteenAccordingly, more
complex FEMs of the considered bridges including thkffects of the
interaction between abutment and backfill soil adl\as pile and foundation

soil is established.

In the literature, the interaction between the adauit and backfill soil as well
as pile and foundation soil are considered onlyeanlermal effects (Duncan,
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Arsoy 2003; Dicleli and Albhaisi, 2003, 2004, 200%he backfill pressure
distribution behind the abutment is inherently moedr and depends on depth,
amount and mode of wall displacement (Clough anddan 1991, Faraji et al.
2001, Khodair and Hassiotis 2005). Clough and Dond®#91) obtained the
variation of the backfill pressure coefficient (K$ a function of the abutment
displacement from the experimental data and fieiesment analysis. This
relationship was used recently by Dicleli, (200002, 2004, 2005) to model
abutment-backfill behavior under thermal-inducespticements of IBs. Such
thermal-induced displacements are large and heegeire a fully defined
pressure-distribution versus abutment displacemettionship over a
complete range of active to passive state. Howeleerlive load analysis,
since the lateral displacement of the abutmentiteefiom the deck-abutment
joint rotation, it is anticipated to be very smalAs a result a linear
approximation of abutment-backfill interaction mbg adequate using linear
springs under compression and no springs undeioten$ he linear properties
of these springs may be obtained from the initiaps of abutment-backfill
interaction relationship provided by (Clough andnban 1991, Tseng and
England, 2006)

Generally, the soil pile interaction for a part@ulpoint along the pile is
defined as a nonlinear load (P) — deformation (e, where P is the lateral
soil resistance per unit length of pile and Y is thteral deflection (Faraji et.
al. 2001; Dicleli and Albhaisi 2004) under latelahding. Several nonlinear
models for P-Y curves are available (Clough and dnn1991, Husain and
Bagnariol 1996, Tseng and England, 2006) in tleedture. Load-deformation
relationship can be modelled as elostoplastic @li@dnd Albhaisi 2004) as
well as nonlinear (Faraji et. al. 2001). Howevender live load, the initial
linear portion of the P-Y curve is anticipated t® &dequate due to smaller

lateral displacement of the piles. Accordingly,aaalysis that incorporates the
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linear response of the soil to pile movement maytequate when studying

the live load distribution in IBs.

1.3.2 PART 2: SEISMIC PERFORMANCE OF INTEGRAL
BRIDGES

As stated earlier, the main objective of this redeastudy is to assess and
guantify the seismic performance of IBs in relatimnthat of conventional
jointed bridges. Accordingly, first a comprehensiiterature review needs to
be conducted to obtain the current state of knogdedn the seismic
performance of IBs. This research study also requa detailed non-linear
modeling and analysis of the bridges including #ifect of soil-structure
interaction to accurately calculate the seismic alesls on bridge components.
The AASHTO specifications make specific recommeioaiat with respect to
structural analysis and design of bridges for eprdlke loading. However they
are less specific regarding the soil-structureradeon modeling procedures
for seismic performance assessment of bridges &Bpgr and Loannidis
2003). Nevertheless, bridge response data obtdnoed recent earthquakes
indicate that soil-pile and abutment-backfill irgetions can be an important
consideration in evaluating the seismic responseilefsupported bridges
(Shamsabadi et al. 2007). Accordingly, a compreken#erature review is

conducted on the following topics:
» Seismic performance of IBs

* Modeling integral and conventional bridges for sesanalysis

* Modeling soil-structure interaction for seismic bses
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1. Abutment- backfill interaction

2. Soil-pile interaction

1.3.2.1 STUDIES ON SEISMIC PERFORMANCE OF INTEGRAL
BRIDGES

In the last decade, several studies have been cwulto assess the seismic
performance of IBs. These studies reveal that stnoilcture interaction has
significant effects on the seismic performance Bg | (Wilson 1988; Dehne
and Hassiotis 2003, Spyrakos and Loannidis 2003sdw (1988) conducted
a research study to assess the effects of thees#fof monolithic bridge
abutments on the seismic performance of IBs. i shidy, a simple analytical
model was developed that describes the stiffneshefabutments with six
equivalent discrete springs for three translatiaral three rotational degrees
of freedom. These springs are assigned varioumetges to include the
effects of the abutment wall, pile foundations auil. However, inertial
effects arising from acceleration of the abutmertt backfill mass during the
excitations caused by an earthquake was not coeside this model. In
addition, an accurate simulation of the three disimmal behavior of the
abutment-backfill system including the combinatiof translational and
rotational modes of the abutment under seismiceffis not possible with this
model. More recently, Spyrakos and Loannidis (20088ve conducted a
research study on the seismic behavior of IBsthigstudy, the effect of soil-
structure interaction on the seismic performancéBsefwas evaluated. Linear
elastic half space theory and a two-step approahutilized to simulate the
effect of soil structure interaction. The analyticaodel was also validated
with field measurement. However, the nonlinear @ffeof soil-structure

interaction was neglected and a single direct amaliechnique that models
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the whole system including the superstructure, tsutisire and soil was not
used due to its complexity. In addition, Dehne Hiadsiotis (2003) conducted
a research study on the seismic analysis of IBghénresearch study, p-y
curves were used to simulate soil-pile interacteomd equivalent secant
stiffness was utilized to simulate abutment-batkfiteraction. The inertial

effects of the site soil on the piles were neglgdtethe analyses. Dehne and
Hassiotis (2003) found that dense soil behind thetraent and loose sand

around the piles reduce stresses in the pilesatietearthquake loading.

1.3.2.2 SEISMIC ANALYSIS AND MODELING TECHNIQUES FO R
INTEGRAL AND CONVENTIONAL BRIDGES

The results of previous studies on structural magebf bridges have been
utilized to build an accurate analytical model bé tbridges studied in this
research so as to capture their actual seismicvimehas closely as possible.
Tseng and Penzien (1973) observed that linear seianalysis provides a
reasonable estimate of the maximum displacemepbnsg. However, it was
found that predicting the internal forces in thé&sttucture members may be
highly erroneous if yielding occurs. Kawashima afnzien (1976)
demonstrated that the seismic response of a cumiéde under low intensity
excitation could be predicted with fairly good ay using linear analytical
models. As the bridges considered in this studi/lvélanalyzed under various
ground motion intensities (small to high), usingsianple linear structural
model to predict the seismic response of the badgeaot possible. Eberhard
and Marsh (1997) had conducted an iterative linespponse spectrum analysis
of an existing bridge to successfully account foe honlinear effects as
verified by the load tests performed on the sanagbr However this iterative

solution becomes complicated when the number ofimearities including
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that of the soil increase. In addition, this tydeaa iterative linear analysis
technique is not suitable for realistically captgrithe inertial effects of the
site soil and radiation damping. Thus, a regularinear time history analysis

procedure is preferred in this study.

For the nonlinear time history analyses of bridgewseral choices with varied
complexity are available for modeling the bridgeldeThe most complicated
modeling technique is to model the deck with allitsf components, using
shell and beam elements. This modeling techniquee@ses the degrees of
freedoms in the structural model considerably. €foge, it is beyond the state
of practice (Maleki 2002). Another option is to nebthe superstructure with a
grillage model that eliminates the shell elememd ases beam elements in
two directions (Memory et al. 1995). This type ofnadeling technique,
although more simple than the full shell-beam mpouestill computationally
demanding. The other alternative deck modelincghriepie for seismic
analysis is the equivalent beam model (Alfawakéud Bruneau 2000). In this
modeling technique, the deck is modeled with a betament that has the
same mass and stiffness of the whole superstructtari et al. (1999)
conducted a research study to compare the dynanairacteristics of five
medium span steel bridges that were modeled uséagnbmodels and 3-D
finite element models. The comparison of the arsygsults showed that the
beam element models were able to capture the dgnelmairacteristics of the
bridge as well as the 3-D finite element modelscakdingly, the simplified
beam model for the deck seems to be more suitablé¢hé nonlinear time
history analyses of IBs considering the computatialemand associated with
high degree of nonlinearity and complexity of ssiilucture interaction
modeling. Thus, a similar modeling technique far tleck will be used in this

study to account for the dynamic behavior of thddes.
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The stiffness of the bearings are also modeledgus$ia information available
from the literature (Buckle et al. 2006). Modelitechniques developed to
accurately simulate the interaction between theéderisuperstructure, bearings
and the substructures were used to build a siraglifiut accurate model of the
bridges (Dicleli and Mansour 2003).

Several modeling techniques for the abutments t&ighal and conventional
bridges have been found in the literature. It wasntl that, while studying
thermal and live load effects, modeling of IB abatits using shell elements is
more appropriate due to the relatively less contputal demand required
(Faraji et al. 2001, Dicleli and Erhan 2008). Hoeevbecause of the high
computational demand in nonlinear seismic analysesre simplistic
modeling techniques are generally used for the nabots. Saadeghvaziri
(2000) have used three linear springs to modelatha@ment including its
interaction with the soil. However, this type ofreodeling technique is not
able to capture the three dimensional behaviohefabutment including its
translational and rotational movements due to i@egffects. Hindi and
Dicleli (2006) used a grid of 3-D beam elementsntodel the abutments.
While this modeling technique is computationallgdedlemanding than a 3-D
finite element model using shell elements, it soahble to capture the actual
three dimensional behavior of the abutments undensc inertial forces.
Thus, a similar modeling technique will be usedhis study to model the

abutments of the bridges considered in this study.

In the literature, there are several methods touksite the inelastic cyclic
behavior of reinforced concrete members (Takeda. 1970, Dutta and Das
2002, Chao and Loh 2007) under seismic loads. Tyseresis model
proposed by Takeda et al. (1970) has been usedywadel is available in
many commercially available software including SAPQ. Therefore, the
hysteresis model proposed by Takeda et al (1970pwiused to simulate the
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inelastic cyclic behavior of reinforced concrete nmbers of the bridges
considered in this study. However, the backbone emnotation curve used
to define the hysteresis model will be obtainedhgsihe software COLA
developed by Saatcioglu and Yalcin (2003).

Steel H-piles used in IBs are laterally supportgdhe surrounding soil. Thus,
their lateral-torsional or global buckling instatyilneed not be considered.
Local buckling is the only instability type that yndoe considered when
determining the lateral displacement capacity eklstH-piles (Dicleli and

Albhaisi 2003, Burdette et al. 2004). Therefore, tlgclic behavior of steel H-
piles may be modeled using an elasto-plastic hgstelnehavior. Accordingly,

the Plastic-Wen model will be used to simulate ribalinear behavior of the
piles until their displacement capacity is reactiBetleli 2007). The web-

flange interaction approach presented by Kato (1989 be used to calculate
the local buckling strength and hence the monotdaieral displacement

capacity of steel HP piles used in this study.

Imbsen and Penzien (1986) compared the nonlinedr liear dynamic
analysis results of several multi-span simply sufgabbridges. It was found
that the correlation between elastic and nonliaeatysis results is poor when
impacting of the bridge deck occurs. Therefore, tbe analyses of
conventional bridges conducted in this research, ghssibility of impact
between the bridge deck and abutments is consid8mabral research studies
have been conducted on the impact (pounding) sffeetween the adjacent
decks of multi-span bridges (Ruangrassamee and $tama 2003, Zanardo
et al. 2002, Jankowski et al. 2000, Malhotra 1998nardo et al. (2002) have
used non-linear gap elements to simulate the imetietts in the structural
models. The nonlinear gap elements consist of gatashpot elements with
stiffness and damping properties representing pogneéffect in a single
segment of a multiple span bridge. Jankowski ef28l00) placed gap-friction
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elements at the ends of the deck segments of a@pleutpan bridge to control
the pounding effects between the adjacent supetsteuparts. However, the
energy, which is dissipated as heat during the atpeas not been considered
in the aforementioned study. Ruangrassamee and df@wa (2003) have
installed linear viscous dampersseries with gap elements between adjacent
decks to simulate the energy dissipation duringithpact. Thus, a similar
modeling technique will be used in this study todelothe impact between

adjacent decks of the conventional bridges consdiar this study.

1.3.23 MODELING OF NONLINEAR  SOIL-STRUCTURE
INTERACTION

Previous studies reveal that soil-structure integwachas significant effects on
the seismic performance of bridges (Wilson 1988puSe et al. 1987,
Spyrakos and Loannidis 200&hamsabadi et al. 2007, Kotsoglou and
Pantazopoulou 2007). More recent studies alscatahat abutment-backfill
and soil-pile interactions are nonlinear under nnatdeand strong earthquake
loading (Romo and Shelley 1999, Shamsabadi et0fl72 Accordingly, the
effect of non linear soil-bridge interaction is luded in the analysis of the
bridges considered in this study. For this purpase,extensive literature
review has been conducted on non-linear modelingnigues of abutment-
backfill and soil-pile interaction to select an a@te but a simple modeling
technique for the numerical simulation of the setsrasponse of bridges. The
details of various modeling techniques availabléhimliterature for abutment-

backfill and soil-pile interactions are given iretfollowing subsections.

23



1.3.2.3.1 Nonlinear Abutment-Backfill Interaction

Results from previous studies have revealed thatinadmt-backfill interaction
may have a significant effect on the seismic respoof particularly shorter
bridges and need to be considered when analyzimtp $widges under
earthquake loadings (Dicleli and Mansour 2003, Sadradi et al. 2007).he
backfill pressure distribution behind the abutmisninherently nonlinear and
depends on the depth, amount and mode of wall atispient (Clough and
Duncan 1991, Faraji et al. 2001, Khodair and HaissR005). At rest earth
pressure behind the abutment is assumed when teer®® movement.
However,during a seismic excitation, when the bridge deadves laterally
toward the abutment, the bridge structure appli@seaal compressive force to
the abutment. This force mobilizes the passivestasce in the backfill and
leads to permanent soil displacements. This resaltsoth hysteretic and
radiation damping in the backfill. Then, the bridgewves away from the
abutment, where a gap may form between the abuterahtthe soil. The
assumptions made for the nonlinear stiffness as agelthe hysteretic and
radiation damping of the abutment have been showrave a profound effect
on the global seismic response and performancheobtidge (EI-Gamal and
Siddhartan 1998, Faraji et al. 2001, Shamsabaal. &007). Accordingly an
accurate estimation of these properties is crittoatealistically assess the
seismic response of bridges. Furthermore, propetetimg of the abutment-
backfill system reflecting the behavior describdabve is critical for an
accurate assessment of the seismic performandeedbridges considered in
this study.

In the last decades, many studies have been catoct proper modeling
techniques of abutment-backfill interaction. Croesel. (1987) conducted a
research study to model abutment backfill inteaactin this model, winkler
springs are attached to each node of the abutmadig kv the lateral direction.
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However, the frictional forces between the abutmant backfill were
omitted. Wilson (1988) purposed a similar analyticeodel to describe the
stiffness of non-skew monolithic highway bridge &hents for purposes of
seismic bridge analysis. In this model, the stéghef the abutment backfill
system is simulated by six equivalent discretengprifor three translational
and three rotational degrees of freedom. The sywiifipess for each degree-
of-freedom at the abutment are developed by corisgléhe resistance the
soil provides to statically applied displacements tloe abutment walls.
However, inertial effects arising from the acceliera of the abutment and the
backfill mass during an earthquake are not consdien this model. In
addition, an accurate simulation of the three disimmal behavior of the
abutment-backfill system including the combinatiof translational and
rotational displacement modes of the abutment usdeamic effects is not
possible with this model. Therefore, this modeligghnique will not be
employed in this study. Similarly, EI-Gamal andi@iarthan (1998) presents
a relatively simple and realistic methodology tonglate the nonlinear
translational (longitudinal and transverse) seismesponse of bridge
abutments founded on pile foundation. In their nhodel-Gamal and
Siddharthan (1998) have accounted for many impbffiactors such as the
abutment dimensions, nonlinear pile-soil interactisuperstructure loads, and
difference in soil behavior under active and passignditions. However, the
modeling technique proposed by El-Gamal and Sidbhar(1998) involves
an iterative analysis procedure that is not sugtébt simulating the nonlinear
abutment-backfill behavior via a single time higtanalysis. More recently, a
nonlinear abutment-backfill interaction modelingchirique for seismic
analysis of bridges was purposed by Shamsabadil. e€2@07). In this
modeling technique, a modified hyperbolic soil s¢rstrain behavior (LSH
model) has been defined to estimate the nonlineacef displacement
relationship of the abutment. Although, the hydterand radiation damping

are not considered in this study, comparison ofdédneeloped model and field
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experiments conducted on various typical structuwigs backfill show very
good agreement. Several research studies havecbaduocted to evaluate the
response of retaining walls and backfill soil undgnamic loading (Jain and
Scott, 1989, Veletsos and Younan 1993). In thesdied, the backfill is
modeled as a shear beam and the interaction betiveemall and the backfill
is modeled using Winkler springs and appropriatehdats. In this study, a
mixed modeling technique utilizing those propodsd Shamsabadi et al.
(2007), Jain and Scott (1989) as well as VeletsmsYounan (1993) will be
used for modeling the abutment-backfill interaction

1.3.2.3.2. Nonlinear Soil-Pile Interaction

Earlier research studies reveal that soil-pileratBon has a significant effect
on the seismic response of structures (Boulangalt 999). Design engineers
generally use p-y methods (Faraji et al. 2001, déiichnd Albhaisi 2004,

Dicleli and Erhan 2008) or finite element modelsng&lides and Roesset
1981, Wu and Finn 1997, Cai et al. 2000, Maheshetal. 2004, Khodair

and Hassiotis 2005,) to simulate local soil-pilderaction effects in the

structural model. Although, the p-y methods aresagrably less complex
than finite element modeling of piles and surrongdsoil, a reasonably good
agreement was obtained between the p-y modelinge felement modeling

and the experimental results in previous studieam&handran 2005).
Accordingly, in this study, the p-y method will beed to model local soil-pile
interaction effects.

The analysis and design of the pile next to thendation soil is a typical

example of soil-structure interaction problem. Timteraction is nonlinear in
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nature so that the magnitudes of the soil and tstraic deformations and
stresses are dependent on each other (Novak and-Eba 1978; Faraji et al.

2001). This nonlinear relationship is defined bynanlinear load (p)-

deformation (y) curve. The p-y curves representritiglinear behavior of the
soil by relating the soil reaction and pile deflentat points along the pile
length. The initial deflection of soil is almoshdiar, but at higher load levels
the deformation of soil increases rapidly with dmatrements of the load
(Dicleli and Albhaisi 2004). In the literature, mnmyanp-y criteria are

recommended for different soils. The earlier stsidadout p-y curves were
conducted by Matlock (1970) and Reese et al. (18¥determine realistic p-y

curves for the analysis of laterally loaded piles.

However, these p-y curves were developed undec dtatding. Therefore,
they may not be suitable for use in this studys®e& soil-pile interaction
analyses are generally conducted by using dynamgicyrves. Dynamic p-y
curves are generally obtained by modifying theistaty curves. Such
modifications account for the degradation of sbifreess and the reduction of
strength in some soils due to the effect of regeddading. In addition, a
dashpot is added in parallel to the nonlinear psings in order to account for
the radiation damping (Nogami et al. 1992). In #ddj In the last decades,
numerous research studies are conducted to degatoly applicable dynamic
p-y analyses methods to seismic problems (Nogamnal.ei992, Dou and
Byrne 1996, Boulanger et al. 1999, Romo and Shelg99, El Naggar and
Bentley 2000). Wang et al. (1998) compared sewdyabmic p-y modeling
techniques found in the literature and obtainedilammesults under seismic
loading. In these methods, nonlinear p-y springd dashpots are used to
simulate the behavior of soil-pile interaction undeismic excitations (Fig
1.6). Boulanger et al (1999) tested the validitg agliability of the dynamic p-
y analysis methods experimentally in the case®fifctay ground conditions.

A reasonably good agreement was obtained betweedythamic p-y analyses
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and the experimental results. In the study coretldiy Boulanger et al
(1999), a nonlinear p-y element was developed ¢hat simulate a range of
desired p-y behaviors and was implemented intaitefelement program. The
nonlinear p-y behavior is conceptualized as coingjsif elastic (p-§), plastic
(p-y?) and gap (p-Y) components in series. A similar p-y curve modglin
technique was applied to cohesionless soil (sapd)itson et al. (2000) and
Brandenberg et al. (2001). A reasonably good ageeénwas obtained
between the dynamic p-y analyses and the experahezgults. Consequently,
a modeling technique similar to that used by Wilseinal. (2000) and
Brandenberg et al. (2001) will be used to modelsthiepile interaction effects

in this research study.
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CHAPTER 2

MODELLING OF INTEGRAL BRIDGES UNDER
LIVE LOADS

The live load distribution factors are calculatedthe ratio of the maximum
live load effects obtained from 3-D analyses tosthmbtained from 2-D
analyses. Analytically, the LLDFs for girder momeiiDFy) and shear
(LLDFy) are expressed as follows;

M

LLDF,, =— =20 (2.1)
M2D

LLDF, :\\;ﬂ (2.2)

2D

whereMsp andVsp are respectively the maximum girder live load moteand

shear force obtained from the analyses of the &uztsiral model for the most
unfavorable longitudinal and transverse positiohsnaltiple trucks andMzp

and V,p are respectively the maximum girder live load motmand shear
force obtained from the analysis of the 2-D strradtumodel under a single
truck load placed at the same longitudinal positisrthat of the trucks in the
3-D model. Accordingly, realistic 2-D and 3-D sttw@l models of considered
IBs is needed to calculate LLDFs. In this sectitwe, assumptions of 2-D and

3-D structural models of considered bridges areudised. Details about 2-D
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and 3-D modeling of the superstructures, substrasiuand soil-structure

interaction are presented in the following subsedti

2.1. 3-D MODELS

Several computational procedures such as grillagdogy, finite-strip and
finite element methods have been used to analyR2estab-on-girder bridges
(Hays et al. 1986). In this study, the models sttbpk to truck loading are
analyzed using the finite element method. A realibite element model is
required for an accurate determination of live Id&tribution factors. Details
about modeling of the superstructure, substructared soil-structure

interaction effects are presented in the followsngsections.

2.1.1 SUPERSTRUCTURE MODELLING

2.1.1.1 SELECTION OF THE FINITE ELEMENT MODEL

The results from the comparative study on finiengnt modeling of slab-on-
girder bridges conducted by Mounir et al. (1997)sed to select an accurate
and practical FEM appropriate for this study. Miowet al. (1997) compared
four FEMs of slab-on-girder bridges. The first mbode based on a study
conducted by Hays et al (1986). The concrete slatbeialized as quadrilateral

shell elements with five degrees of freedom (DOFgach node and the steel
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girders are idealized as space frame member withdegree of freedom
system. The center of gravity of the slab coincidéh the girders’ center of
gravity and the girder properties are transfornwethé deck center of gravity

as shown in Fig.2.1. below.

Space frame eleme

Figure 2.1Finite element model conducted by Hays et al (1986)

The second FEM is based on the research condugtddchitisen and Nutt

(1978). The concrete slab is idealized as quadrdaishell elements and the
girders are idealized using eccentrically placedcspframe members. This
model is similar to the first one but, rigid linkse imposed to accommodate
for the eccentricity of the girders with respectthe slab as illustrated in
Fig.2.2.

—_—— — — —

Shell elements Rigid link

Space frame element (bea

Figure 2.2Finite element model conducted by Imbsen and Ni®78)
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The third FEM is based on the research reporte@rogkenbrough (1986).
The concrete slab and the steel girder web are ledde quadrilateral shell
elements; the girder flanges are modeled as spangefelements while the
flange to deck eccentricity is modeled by imposinggid link as shown in
Fig. 2.3.

- Rigid link

__Nodal point

F=&=1— Rigid link

Figure 2.3Finite element model conducted by Brockenbrougi®$)9

The fourth FEM is based on the research study ohimiaand Frederick
(1992). The concrete slab is modeled using isatremht node brick (solid)
elements with three DOF at each node. The sted¢mgflanges and webs are

modeled using quadrilateral shell elements as dstraied in Fig.2.4.
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Brick elements <+—— Shell elements

Figure 2.4.Finite element model conducted by Tarhini and Erett (1992)

A research study similar to that of Monuir et al997) has also been
conducted by Hindi and Yousif (2005). The studasducted by Mabsout et
al. (1997) and Yousif and Hindi (2007) have coneldidhat the model

proposed by Hays et al (1986) although simple, syise@mparable results to
those of the other more complicated three modasite steel slab on girder
bridge analyzed by Mabsout et al. (1997) (bridgegle=56 feet., bridge

width=30 feet, girder spacing=8 feet, slab thicle¥s5 inches and girder
size=W36x160), the maximum girder moments are tated as 5.396, 5.396,
4.968 and 5.206 kip-in, for the models proposedHhys et al. (1986), Imbsen
and Nutt (1978), Brockenbrough (1986) and Tarhimd drederick (1992)

respectively. To further verify the accuracy of thedel used by Hays et al,
three integral bridges and SSBs with 20, 30 andMGpans are modeled
using the modeling techniques proposed by Hayt €1$86) and Imbsen and
Nutt (1978) (using rigid links connecting the slab beam). The analyses
results for the maximum girder moments are presemeTable 2.1. As

observed from the table, there is a reasonably gmwdement between the
maximum moments obtained from the two different elod) techniques.

Thus, a finite element modeling technique simitathtat proposed by Hays et
al. (1986) is used to model the slab-on-girder dddke SSBs and IBs used in
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this study. Accordingly, the bridge slab is modelesing quadrilateral shell
elements with six DOF at each node and the girdiersnodeled as 3-D frame
elements with six DOF’s at each node as shownen3tb structural models
presented in Fig. 2.1. Each girder is divided ltidjnally into equal 0.6 m
long segments. The slab is divided into four el elements with a width
of 0.6 m between the girders. The 0.6 m node sgasi chosen to facilitate
the placement of the truck wheel loads at the nauése transverse direction
of the bridge and to obtain square shell elememtbétter analysis accuracy.
A convergency test is also conducted to assesadidguacy of the 0x6.6 m.
shell element size used in the analyses. Foptingose, two IBs with 20 and
40 m. span length are modeled by using shell elemsiges of 0.80.3 m.,
0.6x0.6 m. and 121.2 m. The bridge models are then analyzed under
AASHTO LRFD truck load. The analyses results arespnted in Table 2.2.
As observed from the table, there is a reasonatbyl @greement between the
abutment and pile moment LLDFs obtained from thalyses of IBs modeled
using different shell element sizes. This is mauhle to the large size of the

bridge compared to the size of the shell elemeses in the analyses.

Table 2.1 Comparison of the analyses results for the maxingirder
moment using the modeling techniques proposed hys téa al. (1986) and
Imbsen and Nutt (1992)

Span  Bridge Moment (KN.m) Moment (KN.m)
Length  Type (Hays et al. 1986) (Imbsen and Nutt 1978)

(m)

20 IB 533.08 530.53
SSB 773.66 770.74

30 1B 1072.16 1070.20
SSB 1315.58 1313.09

40 1B 1567.18 1565.64
SSB 1810.36 1808.25
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Table 2.2 Comparison of maximum moments and moment LLDFsgfater
(M) abutment (M) and pile (M) in the cases of different element sizes for
IBs having type IV girders spaced 2.4 m.

20m 40 m
Element - -
Size Maximum Maximum
Moment LLDF Moment LLDF
(m)
(KN.m) (KN.m)
0.3 672.51 0.74 1376.31 0.62
My 0.6 674.62 0.75 1377.78 0.62
1.2 673.96 0.75 1376.96 0.62
0.3 74.23 0.88 199.25 0.62
Mgz 0.6 76.70 0.90 201.42 0.63
1.2 75.30 0.89 200.53 0.62
0.3 10.83 0.47 39.25 0.48
My 0.6 11.04 0.47 39.50 0.48
1.2 10.98 0.47 39.35 0.48

Full composite action between the slab and theegirds assumed in the
models. For that reason, the moment of inetjapf the girder used in the
FEM is calculated as the moment of inertig,of the composite slab-on-
girder section minus the moment of inertig, of the slab tributary to each
girder (i.e.lg = I¢ - ls.). Furthermore, in order to improve the accuratyhe
analysis results for the bridges with the AASHT@éyprestressed concrete
girders, an exact solution for the torsional comistd the girders is used in the
FEM (Yousif and Hindi 2007, Chen and Aswad 1996)atldition, to model
the rigidity of the deck-abutment joint in the IBsodels, the deck shell
elements located within the joint area are assigaethrge modulus of
elasticity. However, to assess the effect of rigidt assumption between the
superstructure and the abutment on the magnitudieeoflesign moment due
to live load, sensitivity analyses are conductedygcal 1B models with 20
and 40 m span lengths (The other parameters ugedAASHTO Type IV
girders spaced at 2.4 m, slab thickness of 0.20HRm,250x85 piles and
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medium-stiff clay). In the analyses, the rigidstief the girder and the shell
elements within the joint are modified between 1tid@es (N) their original
rigidities and the analyses results for the girdesign live load moment are
presented in Table 2.3.

Table 2.3.Effect of slab and girder rigidity within the supgucture-abutment
joint (joint rigidity) on girder live load moments

Joint Rigidity Design Live Load Moment

(KN.m)
Scale Factor (N) 20 (m) 20 (m)
1 689.01 1315.87
2 684.15 1315.26
4 681.56 1315.12
8 680.23 1315.01
16 679.56 1314.96
20 679.33 1314.94

As observed from the table, the rigidity of thenfodoes not significantly
affect the magnitude of the design girder momefitss is basically due to the
small stiffness of the abutment-pile system retatito that of the

superstructure. For SSBs, the diaphragms at theosigpare modeled using 3-

D frame elements. The nodes of the diaphragmsameected to the slab and
to the girders.

The FEMs of IBs are built and analyzed using thegmm SAP2000 (2006).
To verify the analysis results obtained from SAR20® similar FEM is also
built using the program ANSYS (2007). The analysesults from both
programs for a 20 m and a 40 m long IBs are presdeint Table 4. The table

shows the maximum girder moment and correspondiegical girder
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displacements under AASHTO truck load. As observenh the table, nearly

identical results are obtained from the analysiBB¥s using both programs.

Table 2.4. Maximum girder moment and displacements obtainsthgu
SAP2000 and ANSYS for IBs having type IV girderacgd 2.4 m.

Span FEM Max. Moment Max. Girder
length Program (kN.m) Displacement
(m) ' (m)
20 SAP2000 674.6 0.0033
ANSYS 675.4 0.0033
40 SAP2000 1377.8 0.020
ANSYS 1378.7 0.020

2.1.2 SUBSTRUCTURE MODELING FOR INTEGRAL
BRIDGES

The literature study on the finite element modelgbutments and piles has
revealed that the piles are modeled using 3-D belments (Faraji et al.
2001, Mourad and Tabsh 1999) while the abutmerdsganerally modeled
using either 8-node brick elements (Mourad and Wa®99) or shell elements
(Faraji et al. 2001). Modeling the abutments us@igode brick elements
requires the integration of stresses to calculae ghears and moments.
Accordingly, in this study, the abutments are medelising Mindlin shell
elements (Cook 1995) with six DOF at each nodectuately simulate shear
and bending deformations with minimal computaticef@brt and the piles are
modeled using 3-D beam elements. In addition, talehthe rigidity of the
deck-abutment joint, the abutment shell elemerdatéx within the joint area

are assigned a large modulus of elasticity.
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2.1.3 SOIL-BRIDGE INTERACTION

For modeling the soil-structure interaction in IB&hough the behavior of the
backfill and foundation soil is nonlinear in natueelinear elastic behavior is
assumed due to the small lateral displacementhiefabutments and piles
under live load. The linear soil behavior underliwad has already been
validated in an earlier research study (Dicleli &rdan 2008). The linear soil-

pile and backfill-abutment interaction modelingsisnmarized below.

2.1.3.1 SOIL-PILE INTERACTION

The analysis and design of the pile next to thendlation soil is a typical

example of soil-structure interaction problem. Tim&eraction is nonlinear in
nature such that the magnitudes of the soil anactsiral deformations and
stresses are dependent on each other. This nantelationship is defined by
a nonlinear load (P)-deformation (Y) curve. Theiatideflection of the soil is

almost linear. However, at higher load levels,deéormation of soil increases
rapidly with small increments of the load. Thistilignon-linear behavior can
be simplified and modeled as elasto-plastic. Thigdeh is illustrated in

Fig.2.5.

In this study, elastic portion of this elasto-piashodel is used to simulate the
force-deformation response of the soil due to sthagdiral displacement of the
piles under live load effects. This portion candeéined with a slope equal to

the initial soil modulugs
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The calculation of the initial soil modulls for clay requires the calculation
of the ultimate soil resistance (and the soil strain at 50% of the ultimate
soil resistanceAsp).

Secant slog

Qu_ l ) - T T T - - ===
/

—— Actual behavior
--- Model

0.5Q "y :

Load per unit length, (P)

A50

Pile deflection, (Y)

Figure 2.5.A typical P-Y curve and its elasto-plastic ideatian

2.1.3.1.1. Estimation of Soil Modulus E

Two types of soil behavior are generally consideredstimating the ultimate
soil resistance for laterally loaded piles in cohessoil. The first type of
behavior occurs near the ground surface, whergilbemay push up a soil
wedge by lateral movement, resulting so-called wedgtion (Haliburton,

1971). For this type of behavior, the ultimate sesistance is calculated as
follows,

Q, =y, X, +3[CT, [@, + 05[C, [X, (2.3)
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60d [C

= P 2.4
% yld, +05LC, 24)

where,y is unit weight of soilC, is the undrained shear strength of sdilis
diameter of piles and;¥ the depth from the soil surface where the wedge

action occurs.

The second type of behavior occurs at some deptwbtile ground surface,
where the soil attempts to flow around the pilee Timate soil resistanc@,

is assumed as;

Q, =9[C, [d, p.

It is noteworthy that the wedge action is critit@l piles driven in soil where
the pile top is located at or near the soil surféicehe case of IBs, the backfill
soil behind the abutment and the embankment exgar@éharge pressures on
the foundation soil and may prevent wedge actioccotdingly, the wedge
action is not considered in the determinationQgf Thus, in this study, Eg.

(2.5) is used to evalua€@, at any depth below the ground surface.

Skempton (1951) proposed a method based on labprat data, correlated
with field test to calculate the initial elasticilsmodulusEs. Skempton (1951)
found that about one-half of the ultimate soil seance for a beam resting on

soil is developed at a structure deflectiag,, as follows;

gy = 250E, @, (2.6)

where, &, is the soil strain at 50% of ultimate soil resista.
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Undrained shear strength of the cl&y,and the corresponding values &f,

used in the analyse®

calculate the ultimate soil resistan€®, and the

deflection at half resistancedgy are obtained using a range of suggested
values by Evans (1982) in Table 2.5. If the ultiensoil resistance, and the

deflection at half resistancdgo is computed, then the soil modulus for clay

can be calculated using the following expression:

Table 2.5.Clay Properties.

2.7)

CLAY STIFENESS Gi(KPa) €50
SOFT 20 0.02
MEDIUM 40 0.01
MEDIUM-STIFF 80 0.0065
STIFF 120 0.005

2.1.3.1.2. Structural Model for the Analysis of thePiles

Linear springs are attached at each node alonigetepite to model the linear

force-deformation behavior of the soil, as showrFig.2.6 The lateral soll

reaction is concentrated along the top 5 to 10 dilameters of the pile

(FHWA, 1986). Accordingly, nearly for the top 2m pife, the spacing of the

nodes is set as 10 cm. to accurately model thevimehat the soil. The spacing

of the nodes is then gradually increased in stépsgahe length of the pile.
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The elastic stiffnesss, of the soil surrounding the pile can be obtaitgd
multiplying the initial soil modulusks, by the tributary length, between the

nodes along the pile. Thus;

(h
K= Quh (2.8)
SLE, mp
—AA
L A —
2m —~An N=10cm
—AA
—AA
- N—_—
—AA
-
Am h=20cm
-
Y A
A —
h=30cm
om —AA
—AA

Figure 2.6.Structural Model for Analysis of Piles

2.1.3.2 ABUTMENT-BACKFILL INTERACTION MODELING

For the backfill behind the abutment, at rest egréfsssure is assumed when
there is no abutment movement. In the case ofeiggan IBs, the abutment
always moves towards the backfill under live loffeats (Fig. 2.7). To prove
this fact, the lateral displacements of the leff aght abutments of the small
and large single span IBs are plotted along théhdefthe abutment in Fig.2.8
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for various foundation soil stiffnesses. As obsdrnfeom the figure, the
abutment always moves towards the backfill undee load. Accordingly,
only passive earth pressure develops behind thenalow in the case of single

span IBs due to live load.

Live load

Backfill (Granular) l 1 1 i
i v v v v v

...... Undeformed shape
—— Deformed shape

Soil (Clay)

Figure 2.7.Deformed and undeformed shapes of an IB undeitdiae

The active backfill pressure simply becomes a l@gagssure) behind the
abutment (i.e no stiffness to restrain the moveineniich is already taken
into consideration (either as active or as atdpeskfill pressure depending on
the flexibility of the abutment) regardless of fhesence of the live load to
incorporate the effect of the backfill pressuregeto temperature condition in
the design of the bridge (Dicleli 2000). Furthermothe active backfill

pressure condition behind the abutment does ntoanegurther movement of
the abutment away from the backfill. Thus, it heit affects the lateral and

rotational stiffness of the abutment nor createsrue backfill-abutment
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interaction condition where the resistance createdhe soil depends on the
movement of the structure. Consequently, the acthaekfill pressure
condition is not considered in this study. Howewenen the abutment moves
towards the backfill as a result of the rotatiorthe superstructure-abutment
joint under live load effects, the restraining etfef the backfill creates a true
abutment-backfill interaction condition affectinget lateral and rotational
stiffness of the abutment (i.e. it is not simplipad due to backfill pressure as
in the case of active condition). In this passiaeHiill condition, the intensity
of the backfill pressure depends on the magnitudeth® abutment

displacement towards the backfill.

—L.B. stiff — — L.B. medium
S.B medium

6 5 4 -3 -2 -1 0 1 2 3 4 5 6
Abutment Displacement (mm)
(@)

——L.B. stiff — — L.B. medium
—— S.B. stiff S.B medium

-4 3 -2 -1 0 1 2 3 4
Abutment Displacement (mm)

(b)

Figure 2.8 Abutment displacements vs. the ratio of abutmesytid (Z) to
abutment height (H) for (a) Symmetrical loading ecd®) Unsymmetrical
loading case for small and large bridges for varisail stiffness.
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The actual earth pressure coefficigft,may change between at rdsg, and
passive, K, earth pressure coefficients depending on the atmaf
displacement. Clough and Duncan (1991) modeled/dhi@tion of the lateral
earth pressure coefficienk, as a function of the ratiaj/H, of abutment
movement to abutment height using experimental dawa finite element
analyses. This relationship is presented in Fi§(a}.for granular material

commonly used behind abutments in bridge constmcti

Klso A
‘0 \ [aNaw R
\ T \\ ". H|/
\ ' h v
\N 420 Active Movemen

-5 ;
' —_— — .
Rl id Hfi | 10 Actual Behaviour
s 0.40; 10.5 - — = Linear Simulation
Passive Moveme A
3 0.25

I I I I | I | I I
0.049 0.025 0.009 0.001 0.001 0.009

Abutment Movement / Height @A/H)
(a)

I I
0.025

Rigid wall Flexible behaviour
behaviour of of the pile

the abutmet
______ Undeformed shape

_ Deformed shape

(b)

Figure 2.9 (a) Variation of backfill pressure coefficient as aaétion of the
ratio of the abutment movement to abutment heigidtugl and linear
simulation)(b) rigid wall behavior of abutment
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Assuming small, uniform lateral abutment displacemef the abutment
towards the backfill, the secant slope of the solidve shown in Fig. 2.9 (a)
between4/H=0 and 4/H =0.001 is used to obtain a set of linear spring
constants representing the relationship betweeralbiiément movement and
passive resistance of the backfill soil (The dashed in Fig. 2.9). The
uniform lateral abutment displacement is assumedifaplicity considering
the general behavior of the bridge under combineadihg. A similar
approach is also followed in an official NCHRP domnt (NCHRP 2000) for
the derivation of the force deflection curves behithe abutment, for
cohesionless soil, non-plastic backfill (fine caoriteless than 30%.).
Accordingly, first, the variation of earth pressut®, from at rest4/H =0) to
passive state at A/H =0.001 is formulated for an arbitrary locatias,

measured from the top of the abutment as;
AP =(K, -K,) & (2.9)

The above equation is divided by the displacemémie wall at4/H =0.001
to obtain the coefficient of horizontal subgradaaten modulusks, for the
backfill soil as;

K. -K,)iyliz
Sh=( » = Ko)ly (2.10)
0.001H

The values oK at 4/H =0.001 andK, for the backfill are obtained from Fig.
2.9 as 1.125 and 0.4 respectively. Assuming aweight of 20 kN/nifor the
backfill, the coefficient of horizontal subgradeacéon modulus is computed

as,

_ 14500

ksh H

¥ (2.11)
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The passive pressure modeling developed aboveincilydes the portion of
the passive resistance (that is, the compressifimess of the backfill)
mobilized by the movement of the abutment duewve load effects since the
at-rest (or in some cases active depending onleééility of the abutment)
earth pressure condition is already there at zemwpérature state, which is
included in the design of the bridge regardleshefpresence of the live load.
It is noteworthy that in some instances, a gap foay behind the abutment
as a result of the cyclic thermal movements oftthi@ége. This phenomenon is
not taken into consideration in the modeling of thackfill-abutment
interaction since the formation of a gap is gemgnalore pronounced in the
case of long IBs where the backfill behind the almrit nearly reaches its
plastic state due to the considerable movementhefhridge towards the
backfill.  This is not the case for short IBs calesed in this study.
Furthermore, formation of a gap behind the abutnees place after several
annual thermal cycles over several years and tfectebf the backfill-
abutment interaction without a gap should be taken consideration in
design within this initial stage as well. It is @lswoteworthy that stub
abutments are commonly used in IB construction rateg to the current state
of design practice. For that reason, the deformaticthe abutment under live
load effects may be assumed to be similar to that ogid wall due to the
large flexural stiffness of the abutment. This asggtion is validated in Figs
2.9 (b) and Fig. 2.8ig. 2.9 (b) shows the general deformation of thddge
under live load where the abutment rotates almkstd rigid wall due to its
relatively higher flexural stiffness compared taatthof the piles and the
backfill. Fig. 2.8 shows the lateral displacementttee abutment along the
abutment height under live load effects for the Iarad large bridges and for
various foundation soil stiffnesses. A linear a#idn of the abutment lateral
displacement along the abutment height is observéide figure. This linear

variation proves that the abutment behaves simdathat of a rigid wall.
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Therefore, the derivation of Eq. (2.11) is apprafgly based on this

assumption.

2.1.3.2.1 Implementation of Abutment-Backfill Interaction Behavior in
the Structural Model

The stiffness of the boundary springs connectedhat abutment-backfill
interface nodes along the height of the abutmentalculated by multiplying
ksn by the area tributary to the node in the modele backfill stiffness model
described above considers only the passive resiestahthe backfill to the
movement of the abutment and excludes the at-rgiop of the backfill
pressure which is not directly related to the lagdion the bridge.
Consequently, only the resistance of the backfitlbitized by live load is
taken into consideration in the analyses. Note timaker live loads, since the
movement of the abutment occurs away from the llackbove the
superstructure centroid, no spring is introducettvben the superstructure top

and the superstructure centroid in the model.

2.1.3.3 VERIFICATION OF LINEAR ELASTIC SOIL AND BAC KFILL
BEHAVIOR

In the structural modeling of IBs considered irstbiudy, the foundation soil
and backfill behavior is assumed to be linear &lastanticipation of small
lateral displacement of abutment and piles under load effects. In this

section this assumption is verified.
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Figs. 2.10 (a) and (b) show the variation of thimdte and calculated soil
resistance along the depth of the pile@*x40 and 120 kPa respectively. The
figures are plotted for the HP250x85 pile, smaldl darge bridge with an
abutment height of 3 m. as well as including andwekng the backfill effect.

It is observed that for all the cases consideriee,mhaximum calculated soil
resistance per unit length of pile varies betweg¥% nd 32% of the ultimate
soil resistance. This clearly shows that the assiompof nearly elastic
foundation soil behavior under live load effectgasrect for short to medium

length IBs where thermal effects are assumed twekgible.

Figs. 2.10 (c) and (d) show the variation of thigmate (full passive backfill
pressure withK,=4.0) and the calculated backfill pressure (with theresit
portion of the backfill pressure added) along tleetd of the abutment for 3
and 5 m tall abutments respectively. The figures @otted for HP250x85
pile, C,=40 and 120 kPa and small and large bridges. dbgerved that the
backfill pressure due to live load effects incresasenlinearly as a function of
the depth below the deck surface. This is mainly tb the higher stiffness of
the backfill and increasing deformations of the teimnt due to live load
effects at larger depths below the deck surfacerthErmore, as observed
from Figs. 2.10 (c) and (d), for the 3 m. tall ahent, the calculated passive
backfill pressure under live load effects is refaly larger in spite of the
smaller height of the abutment (compared to the.3ath abutment). This
mainly results from the more efficient compressudrthe backfill due to the
larger bending stiffness of the shorter, 3.m thlitaenent. However, for all the
cases considered, the calculated backfill presdueeto live load effects is
considerably smaller than the ultimate backfill gs@re. This clearly
demonstrates that the assumption of nearly elbati&fill behavior under live
load effects is correct for short to medium lenidgk where thermal effects are
assumed to be negligible. The linear elastic madekssumption for the
backfill and foundation soil is further verifieddluding the additional effects
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of super imposed dead load (SDL) and uniform pesitemperature variation.
For this purpose, the analyses of the large, 48pan IB is repeated under the
effect of SDL and uniform positive temperature &tdn. The SDL is
calculated as 5.2 kN/m per girder assuming a 70timck asphalt and typical
reinforced concrete traffic barriers used in Ndktherica. For the analysis of
the bridge under thermal loading, the°@7maximum uniform positive
temperature specified in AASHTO (2007) for concietielges located in areas
of moderate and cold climates is used. Assuming/pacdl construction
temperature of 1€, the positive uniform temperature variation usedhe
analyses is calculated as°C2 For the analyses under uniform positive
temperature effects, the structural model showikign 3(a) is modified by
adding springs above the superstructure centroiccawectly model the
resistance of the backfill to the horizontal movemef the superstructure
under uniform positive temperature variations. Tdmealyses results are
presented in Figs. 2.10 (e) and (f). Fig. 2.1&@)ws the variation of the
ultimate and calculated soil resistance due to SBinperature variation, live
load and total load (SDL + temperature + live loalbng the depth of the pile.
Fig. 2.10 (f) is similar, but it shows the variati@f the ultimate and the
calculated backfill pressure. In the plots of RAdLO (f), the at rest portion of
the earth pressure is added to the results obtafoedeach load case
considered. The figures clearly show that evemef ¢ffects of the SDL and
uniform positive temperature variation are included the analyses, the
maximum calculated soil resistance per unit lengththe pile and the
calculated backfill pressure are considerably sndtan the ultimate soill
resistance and ultimate backfill pressure respelstiv This further confirms
the assumption of linear elastic soil and backé#havior under live load
effects for short to medium length IBs. Furtherejousing linear elastic
properties for the foundation soil and backfilldescribed here, facilitates the
modeling of soil-bridge interaction behavior foretlanalysis and design of

short to medium length IBs in practice.
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Figure 2.10 Calculated and ultimate soil resistance along ghe for (a)
C=40 kPa, (b)C,=120 kPa, Calculated and ultimate backfill pressure
distribution for an abutment height of (¢) 3 m.) & m. (e) Ultimate and
calculated soil resistance due to SDL, temperativeJoad and total load, (f)
Ultimate and calculated backfill pressure distnbatdue to SDL, temperature,
live load and total load.
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2.2 2-D MODELS

For each 3-D structural model of the SSBs and IBsisiclered, a
corresponding 2-D frame version is also built talda the calculation of
LLDFs. The 2-D structural model of a typical SSBsdalB used in the
analyses is shown in Figs. 2(a) and (b). The madbulilt using 2-D elastic
beam elements considering a single interior girtterthe structural models,
the tributary width of the slab and abutments tsesgial to the spacing of the
girders. For the superstructure, full compositéoacbetween the slab and the
girders is assumed. The stiffness properties ofcthraposite slab-on-girder
deck are expressed in terms of the propertieseo$ldib using the transformed
section method. The stiffness properties of the giement in the 2-D model
of the IB are calculated as the stiffness propgiiea single pile multiplied by
the number of piles per girder. The deck-abutmeint jin the 1B is modeled
using a horizontal and a vertical rigid linear gtaeam element (an elastic
beam element with large modulus of elasticity). Bbé-structure interaction
modeling for the 2-D model is similar to that fdret3-D model except the
spring constants are calculated using a tributapa @&qual to the girder
spacing times the vertical spacing between thesode

The 2-D and 3-D structural models of a typical I1Bed in the analyses is

shown in Fig 2.11.
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.
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Figure 2.112-D and 3-D Structural model of a typical IB
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2.3 LIVE LOAD MODEL

Vehicular live loading on highway bridges as demtrin AASHTO (1994)
LRFD Bridge Design Specifications are designateHia®93. HL-93 live load

consist of a combination of the:

» Design truck or design tandem, and

* Design lane load.

As illustrated in Fig.2.12, the design truck is ad®l such that the front axle is
35 kN, located 4300 mm behind, the drive axle i kM, and the rear trailer
axle is also 145 kN and is positioned at varlBlstatice ranging between
4300mm and 9000mm. The design tandem illustratefigr?.13 consists of
two axles weighing 110 kN each spaced at 1200mne. ddsign lane load
consists of a uniformly distributed load of 9.3 Mdrand is assumed to be

distributed over a width of 3000 mm transversely.

145kN 145kN 35kN
4.31t09.0m 4.3m

[

») <
l «

v v v 9.3 N/mm

Figure 2.12Design Truck and Design Lane Load
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110kN 110kN
1.2m

<

v v 9.3 N/mm

Figure 2.13Design Tandem and Design Lane Load

The finite element analyses are conducted usingARSHTO design live

load. As mentioned earlier, the AASHTO live loadludes a design truck or a
tandem and a lane load. Influence line analysedwtiad on 2-D and 3-D IB
models results have revealed that the tandem load dot govern the design
for the IBs under consideration (Dicleli and Erh2@10). Thus, it is not
included in the analyses. Furthermore, since thegdelane load was not
considered in the development of the live load rihistion factors in

AASHTO (Patrick et al. 2006), the analyses are quaréd using the design

truck alone.

The maximum load effect on a bridge is based ompds#ion of the truck both
in the longitudinal and transverse direction, thenber of loaded design lanes
and the probability of the presence of multiplediea@ design lanes (presence
of multiple trucks along the transverse directioh the bridge). The
probability of the presence of multiple loaded dasianes is taken into
consideration in AASHTO by using a multiple-presenfactor. In the
following sections, the calculation of the numbédesign lanes as well as the

multiple-presence factor is described.
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2.3.1. DESIGN LANES

To calculate the live load effects on bridges,ribeber of lanes a bridge may
accommodate must be first determined. The bridgeslaare classified into

two categories;

+ Traffic lane

* Design lane

The traffic lane is planned by the traffic engireeand is typically taken as
3600mm However the number of design lanes is determined by takineg
integer part of the ratigV/360Q whereW is the clear roadway width in mm
between curbs and/or barriets. cases where the traffic lanes are less than
3600mmuwide, the number of design lanes shall be equal tontimaber of
traffic lanes, and the width of the design landaken as the width of the
traffic lane. Roadway widths ranging from 6000mm7@00mmmust have

two design lanes, each equal to one-half the rogavidth.

2.3.2 MULTIPLE PRESENCE OF LIVE LOAD

The maximum live load effects are determined bysmering each possible
combination of number of loaded lanes multipliedabgorresponding multiple
presence factor to account for the probability imultaneous lane
occupations by the full HL93 design live load. (AABO 2004). The

multiple presence factor for various number of ddesign lanes is given in

the table below.
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Table 2.8ultiple presence factors

Number of | Multiple
loaded presence
lanes factor(m)
1 1.20
2 1.00
3 0.85
>3 0.65

2.3.3 POSITION OF THE TRUCK ON THE BRIGDE

The longitudinal spacing and weights of the axleblio-93 design truck must
be specified as defined earlier. The transverseirspaf the wheels should be
taken as 1800 mm. The design truck should be paositi transversely such
that the center of any wheel load is not closentB@0 mm from the face of
the curb or railing for the design of the deck dngrg and 600 mm from the
edge of the design lane for the design of all ottmenponents as illustrated in
Fig.2.14(AASHTO, 2007).

600mm in general, H
300 mm deck
overhang | |

o] |
1800

Design Lane

Figure 2.14transverse position of truck
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2.3.4 POSITION OF THE TRUCK ON BRIDGE FOR
MAXIMUM LIVE LOAD EFFECTS

The maximum load effect on a bridge is based ompdsiion of the truck both

in the longitudinal and transverse direction, thenber of loaded design lanes
and the probability of the presence of multipleded design lanes. To
calculate the maximum live load effects on the de&l under consideration,
the position of the truck in the longitudinal diienn as well as both the
position and the number of trucks in the transvelisection are considered.
The AASHTO spacing limitations used in the analykesthe transversely

positioned trucks is shown in Fig. 2.15.

Figure 2.15 Typical slab-on-girder bridge cross-section and imum
clearances for design truck loading.

Influence line analyses conducted for IBs have akace a truck longitudinal
position for maximum girder moment ¢Msimilar to that of simple supported
brdiges due to the small stiffness of the abutnpdietsystem relative to that of

the superstructure as shown in Table 2.7.
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Table 2.7 Longitudinal position of the design truck (m) toogduce the
maximum girder moment for SSBs and for IBs withieas foundation soil
properties.

L Longitudinal Position of the Design
(m) Truck’s Middle Axle from the
Centerline of Left Support (m)
IB SSB

Cs=20 G=40 G=80 G=120
20 10.5 10.5 10.5 10.4 10.7
40 204 20.4 20.4 20.4 20.7

In the table, the location of the AASHTO designcks center axle from the
centerline of the left support is given for 20 nda® m span IBs with various
foundation soil properties as well as for SSBse Trlack longitudinal position
for a typical IB is shown in Fig. 2.16 (b). To olstdahe maximum shear force
in the girder (\), the design truck is positioned such that the KMSear axle
of the truck is placed near the support for SSBd ainthe deck abutment
interface for the IB as illustrated in Figs. 2.5 &nd (b). In the estimation of
live load effects, the probability of the preserafemultiple loaded design
lanes is taken into consideration by using the ipleHpresence factors defined
in AASHTO (2007). The analyses are conducted ferdase where one and
two or more design lanes are loaded. The transveeskng case producing
the maximum girder live load effect after multiplgi by the multiple presence
factor is used to obtain the LLDFs. A sample of4aval three-lanes transverse
truck loading cases to produce the maximum girdement is shown in Fig.
2.16 (c). In the figure, the hatched girder repméseahe girder where the
maximum live load moment is calculated. Note thia arrangement of
transverse truck position to produce the maximuwe load effect changes
based on the number of girders, girder spacingtlamavidth of the bridge and

is shown in Figure 2.16 (c) for a specific caseyonFor this specific case (for
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the bridge with seven girders), a sample of trarsg/adirection analyses
results to obtain the maximum girder moment is shawTable 2.8. In the
table, the girder moments are reported as a fumctiaghe position of the truck
from the first girder for various numbers of loadesign lanes and
corresponding multiple presence factors of AASHNOte that similar girder
moments are obtained for the truck position beyd@m due to symmetry.
Therefore calculated girder moments are not givaingiven in the table. As
observed from the table for the truck positionsdmely4.8 m. the maximum
interior girder moment occurs in girder # 3 (91RBM.m) for the three design
lanes loaded case and for a transverse truck positiat 1.2 m from the
centerline of the first girder (the position of thest of the three transversely
placed trucks is 1.2 m from the centerline of tingt Qirder from left as shown
in Fig. 2.16 (c)).
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(c)
Figure 2.16 Location of calculated maximum girder sheag)(¥nd moment
(My) for (a) SSBs, (b) IB and (c) A sample of transeeposition of design
trucks to produce maximum moment in the hatchedeg# for the cases where
two or more design lane loaded.
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Table 2.8. A sample of transverse direction analyses resoltehtain the
maximum interior girder moment

Truck  Number Girder Moment (kN.m)

Position of Multiple

from Loaded

the First  Design Presence

Beam Lanes Factor 1 2 3 4 5 6 7
2 1 628.39 875.95 760.78 447.34 280.48 246.48 227.2

0.6 3 0.85 621.60 881.02 906.98 810.54 551.73 365.740.528
4 0.65 548.63 752.30 786.79 784.75 740.06 565.189.082
2 1 502.50 834.38 818.29 527.28 304.50 248.85 324.6

1.2 3 0.85 515.94 831.73 9104 858.67 625.81 394.36 283.40
4 0.65 468.72 71450 782.48 795.65 761.95 623.639.285
2 1 401.89 777.43 859.09 612.70 338.72 25455 321.7

1.8 3 0.85 432,23 774.36 908.30 886.02 701.33 434.133.4P8
4 0.65 405.65 670.80 778.60 756.50 778.58 670.805.350
2 1 32798 710.59 867.73 696.79 385.53 264.85 D18.6

2.4 3 0.85 371.30 711.36 892.31 905.04 761.57 489.351.089
4 0.65 359.20 623.63 761.95 795.65 782.48 714.508.726
2 1 279.03 623.02 858.22 759.36 449.66 281.44 B15.6

3.0 3 0.85 331.49 633.68 864.96 905.99 817.05 557.746.080
4 0.65 329.06 565.18 740.06 784.75 786.79 752.308.634
2 1 247.30 535.27 817.82 812.14 528.14 306.29 B813.7

3.6 3 0.85 306.05 557.74 817.05 905.99 864.96 633.681.493
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 227.61 452.61 757.87 844.74 609.93 340.01 8135

4.2 3 0.85 291.05 489.35 761.57 905.04 892.31 711.361.387
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 218.30 398.38 698.97 859.34 698.97 389.38 DP18.3

4.8 3 0.85 283.40 434.13 701.33 886.02 908.30 774.362.233
4 0.65 N/A N/A N/A N/A N/A N/A N/A

*. Maximum response, N/A: Not Applicable

The design truck is positioned according to infleeetine analyses results to
produce the maximum abutment and pile moments aedrs (Dicleli and
Erhan 2008). The maximum abutment and pile momemd shears is
obtained from the position of the truck where maximngirder moment is
obtained in longitudinal direction (Dicleli and Er 2008). In addition, the
probability of the presence of multiple loaded dasianes is taken into
consideration by multiplying the maximum momentd ahears obtained from
3-D models under various number of transverselytipogd trucks by the
multiple-presence factor defined in AASHTO LRFD.sAmple of transverse

truck loading cases to produce the maximum abutraadtpile moment as
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well as shear is shown in Fig. 2.17. Note thatdhr@angement of transverse
truck position to produce the maximum live loadeetfchanges based on the
number of girders, girder spacing and the widtkhefbridge. For this specific
case (for the bridge with seven girders), a sangbléransverse direction
analyses results to obtain the maximum abutmenpdaanoment is shown in
Tables 2.9 and 2.10. In the tables, the abutmehpde moments are reported
as a function of the position of the truck from thest girder for various
numbers of loaded design lanes and correspondirtipfeupresence factors
of AASHTO LRFD. As observed from the table, thexmaum abutment and
pile moments are calculated respectivelyla3.74 (within the abutment width
tributary to the girder) and 18.%N.m, for the three design lanes loaded case and
for a transverse truck position at 1.2 m from tkaterline of the first girder
(the position of the first of the three transveysglaced trucks is 1.2 m from
the centerline of the first girder from left as smoin Fig. 2.17).

12m18mil12ml18m1l12m1l1.8m

pppy
L XK )

Y DR DA

24 m 24 m 24 m 24 m 24m 24m

----A-

Figure 2.17 A sample of transverse position of design truaksptoduce
maximum moment in the pile and abutment for thes calsere three-lanes are
loaded.

63



Table 2.9 A sample of transverse direction analyses resoltehtain the

maximum abutment moment

Abutment Moment (KN.m)

Truck Number
P?rf)l;[rllon LogLed Multiple Girder (Pile) #
) . Presence
the First  Design Factor
Girder Lanes 1 2 3 4 S 6
2 1 37.22 49,58  38.89 4255 103.16 117.64 101.57
0.6 3 0.85 51.65 4722 47.71 97.70 12250 11891 76.48
4 0.65 37.60 49.16 82.73 94.48 95.48 86.82 54.59
2 1 38.37 4190 45.38 89.31 118.97 89.04 65.56
1.2 3 0.85 52.68 38.01 61.76 107.65123.74 105.04 46.67
4 0.65 32.22 59.87 88.21 95.66 9434 78.94 32.28
2 1 39.70 36.26 49.16 101.32 115.64 71.06 36.08
1.8 3 0.85 51.93 27.24 76.24 114.73 123.49 93.06 23.23
4 0.65 24.32 70.26 92.22 96.11 92.15 70.04 24.49
2 1 40.98 37.27 62.73 110.07 109.35 57.67 18.84
2.4 3 0.85 48.94 36.35 89.30 11956 117.65 79.48 28.56
4 0.65 32.28 78.94 94.34 95.66 88.21 59.87 32.22
2 1 41.59 42.22 76.45 114.67 99.03 50.20 26.08
3.0 3 0.85 44.84 50.29 100.27 12191 110.39 65.28 38.65
4 0.65 54.59 86.82 95.48 94.48 82.73  49.16 37.60
2 1 43.56 4593 89.52 69.22 122.31 46.12 34.32
3.6 3 0.85 38.65 65.28 110.39 12191 100.27 50.29 44.84
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 42.30 50.49 100.98 111.85 73.21 41.18 39.86
4.2 3 0.85 28.56 79.48 117.65 11956 89.30 36.35 48.94
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 42.77 31.14 91.56 122.00 91.04 31.61 43.43
4.8 3 0.85 23.23 93.06 124.49 11473 76.24 27.24 51.93
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 39.86 41.18 73.21 111.85 100.98 50.49 42.30
5.4 3 0.85 46.67 105.04 123.74 107.65 61.76 38.01 52.68
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 34.42 46.12 122.31 69.22 89.52 4593 43.56
6.0 3 0.85 76.48 11891 12250 97.70 4771  47.22 51.65
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 26.08 50.20 99.03 114.67 76.45 42.22 41.59
6.6 3 0.85 N/A N/A N/A N/A N/A N/A N/A
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 18.84 57.67 109.35 110.07 62.73 37.27 40.98
7.2 3 0.85 N/A N/A N/A N/A N/A N/A N/A
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 36.08 71.06 115.64 101.32 49.16 36.26 39.70
7.8 3 0.85 N/A N/A N/A N/A N/A N/A N/A
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 65.56 89.04 118.97 89.31 4538  41.90 38.37
8.4 3 0.85 N/A N/A N/A N/A N/A N/A N/A
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 101.57 117.64 103.16 42.55 38.89 49.58 37.22
9.0 3 0.85 N/A N/A N/A N/A N/A N/A N/A
4 0.65 N/A N/A N/A N/A N/A N/A N/A
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Table 2.10 A sample of transverse direction analyses regaltebtain the
maximum pile moment

Pile Moment (kN.m)

Truck Number
Position of . i i
. - Presence
the First  Design Factor
Girder Lanes 1 2 3 4 5 6
2 1 13.60 13.74 13.95 14.23 14.53 14.74 14.82
0.6 3 0.85 17.56 17.73 17.96 18.22 18.43 18.45 18.54
4 0.65 18.19 18.22 18.25 18.27 18.34 18.46 18.51
2 1 13.64 13.78 13.99 14.26 14.51 14.67 14.71
1.2 3 0.85 17.65 17.81 18.02 18.23 18.3918.55 18.43
4 0.65 18.01 18.12 18.21 18.28 18.31 18.29 18.23
2 1 13.71 13.84 14.04 14.29 14.50 14.60 14.60
1.8 3 0.85 17.74 17.90 18.08 18.25 18.35 18.36 18.30
4 0.65 18.12 18.21 18.27 18.29 18.27 18.20 18.11
2 1 13.77 13.91 14.10 14.31 14.47 14.52 14.49
2.4 3 0.85 17.84 17.98 18.14 18.27 18.30 18.27 18.18
4 0.65 18.23 18.29 18.31 18.28 18.21 18.12 18.01
2 1 13.84 13.97 14.15 14.34 14.44 14.45 14.39
3.0 3 0.85 17.94 18.07 18.20 18.27 18.25 18.17 18.06
4 0.65 18.51 18.46 18.34 18.27 18.25 18.22 18.19
2 1 13.92 14.05 14.21 14.35 14.41 14.37 14.29
3.6 3 0.85 18.06 18.17 18.25 18.27 18.20 18.07 17.94
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 14.00 14.13 14.26 14.36 14.36 14.29 14.19
4.2 3 0.85 18.18 18.27 18.30 18.27 18.14 17.98 17.84
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 14.10 14.20 14.32 14.37 14.32 14.21 14.10
4.8 3 0.85 18.30 18.36 18.35 18.25 18.08 17.90 17.74
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 14.19 14.29 14.36 14.36 14.26 14.13 14.00
5.4 3 0.85 18.43 18.55 18.39 18.23 18.02 17.81 17.65
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 14.29 14.37 14.41 14.35 14.21 14.05 13.92
6.0 3 0.85 18.54 18.45 18.43 18.22 17.96 17.73 17.56
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 14.39 14.45 14.44 14.34 14.15 13.97 13.84
6.6 3 0.85 N/A N/A N/A N/A N/A N/A N/A
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 14.49 14.52 14.47 14.31 14.10 13.91 13.77
7.2 3 0.85 N/A N/A N/A N/A N/A N/A N/A
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 14.60 14.60 14.50 14.29 14.04 13.84 13.71
7.8 3 0.85 N/A N/A N/A N/A N/A N/A N/A
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 14.71 14.67 14.51 14.26 13.99 13.78 13.64
8.4 3 0.85 N/A N/A N/A N/A N/A N/A N/A
4 0.65 N/A N/A N/A N/A N/A N/A N/A
2 1 14.82 14.74 14.53 14.23 13.95 13.74 13.60
9.0 3 0.85 N/A N/A N/A N/A N/A N/A N/A
4 0.65 N/A N/A N/A N/A N/A N/A N/A
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CHAPTER 3

EFFECT OF SOIL-BRIDGE INTERACTION ON
THE MAGNITUDE OF INTERNAL FORCES IN
INTEGRAL BRIDGE COMPONENTS DUE TO LIVE
LOAD EFFECTS

In bridge design, most design engineers prefer gussmmplified two
dimensional (2-D) structural models and live lo@stribution factors available
in current design codes to determine live loadat$féen bridge components. In
the case of IBs, the design engineers generallyauad® structural model of
the bridge where the effect of the backfill is reagéd and the piles are simply
modeled as equivalent cantilevers neglecting tfecebf the foundation soil
stiffness. Accordingly, in this part of the thestsidy, an extensive parametric
study is conducted to investigate the effect oftibekfill and foundation soil
stiffness as a function of various geometric amdcstiral parameters on the
distribution of internal forces due to live loadests among IB components.
The results from such an extensive parametric sisidged to present design
recommendations to the engineering community agelafor building
simplified 2-D structural models of IBs for estinmgf live load effects in IB
components using distribution factors. Furthermdne, information acquired
from these 2-D studies is used to determine thaildebf 2-D structural
models of IBs which are used together with 3-D n®aé the same IBs for
determining live load distribution factors for IBrmponents. For this purpose,
several 2-D structural models of IBs are built uiathg and excluding the

effect of backfill and considering a range of foatidn soil stiffness values for
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the piles. In the 2-D structural models studiedyesal geometric and
structural parameters are varied to cover a wideggaof possible 1B

configurations.

The 2-D sensitivity analyses are limited to symigatriBs with no skew. The
abutments are assumed as supported by end-betgaigHspiles. A moment
connection is assumed between the piles and abtiaseamell as between the
superstructure and abutment. Granular uncompactadrial typically used
for 1B construction is assumed for the backfill mehthe abutments while
cohesive soail (clay) is assumed for the pile foults. The water behind the
abutment is assumed to be properly drained throlgtyranular material and
perforated pipes wrapped with geotextile typicallged at the abutment
bottom in bridge construction. Moreover, the scopehis research study is
limited to short to medium length IBs where the exipposed dead load
(SDL) and thermal effects are assumed to be Igssfisant compared to live
load effects. Consequently, yielding of the pilesot anticipated under total
load effects and the behavior of the backfill andrfdation soil is assumed to
be within the linear elastic range since small ridtelisplacements of the
abutments and piles are expected under live Idadtsf This also ensures that
potential formation of a gap behind the abutmen¢ do cyclic thermal

movements is negligible.

To reach the above stated objective, 2-D structomadlels of IBs are built
including and excluding the effect of backfill afaindation soil. In the 2-D
structural models studied, several geometric, &irat and geotechnical
parameters are varied to cover a wide range oflged8 configurations. This
resulted in 200 different IB structural models. eT8tructural models are then
analyzed under current AASHTO LRFD Bridge Desigre@&fications (2007)
live loads using the finite element based prograa®Z00. Furthermore, to
verify the assumption of linear elastic behaviartfee backfill and foundation
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soil, a typical IB is analyzed under thermal, SDiddive load effects and the
results from each individual load case and themlzioation are compared
with the ultimate soil resistance. The resultsnfrthese analyses are then
summarized and the conclusions are outlined. Thailslgpertaining to the
parameters considered, structural modeling inclydinil-bridge interaction

effects and analyses results are presented irllog/ing sections.

3.1. PARAMETERS CONSIDERED IN THE STUDY

A parametric study is conducted to investigate éfffects of backfill and
foundation soil on the magnitude of internal fore@dB components due to
live loads for various geometric, structural andtgehnical properties of IBs.
In the parametric study, the stiffness of the fatmh soil (clay) is anticipated
to affect the magnitude of the internal forces Bhdomponents due to live
loads. Thus, an equivalent pile length neglectimg effect of the foundation
soil and four values of clay stiffness are con®dern the analyses.
Furthermore, to cover a wide range of possible dBfigurations, the bridge
size, number of span, abutment height as well lasspie and orientation are
varied. Details of the parameters consideredenatialysis are given in Table
1. The pile sizes presented in Table 3.1 are chtseover a wide range of
steel H-pile sizes used by many departments ofsp@mation in North
America and Europe. The vertical capacity of the earing piles is 3270 kN
for HP250x85 and 4770 kN for HP310x125. The ldteapacity of the piles
varies between 167 kN and 552 kN depending on ileesjze and undrained
shear strength of the foundation soil.
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Table 3.1.Parameters considered in the analyses.

Parameter Description
Bridge size or stiffness Small and Large bridge
Number of Spans 1, 2 and 3 (for small bridge only)
Backfill Including and excluding backfill effect
Soil Stiffness Excluding soil effect (Equv. piknigth) and

soft, medium, medium-stiff, stiff clay

Pile Size HP 250x85, HP 310x125
Pile Orientation Weak and Strong axis bending
Abutment Height 3m, 5m.

3.2. PROPERTIES OF INTEGRAL BRIDGES USED
IN THIS STUDY

Two different existing IBs are considered to inigete the effect of the

backfill and foundation soil on the magnitude otfemmal forces in IB

components due to live loads. The bridges areerhasich that the study
covers a wide range of superstructure and abutsigfmess properties found
in practice. The first bridge is referred to as sneall bridge with 20m. span
length and 2.4 m. girder spacing. It representsdharidges with relatively

smaller superstructure and abutment stiffness. Giege superstructure is
composed of a 190 mm thick reinforced concrete slgdported by W760x173
steel girders. The abutment thickness is 1m. Therskbridge is referred to as
the large bridge with 40 m. span length and 2.4inder spacing. It represents
those bridges with relatively larger superstructame abutment stiffness. The
superstructure is composed of a 225 mm. thick oeteid concrete slab

supported by AASHTO Type VI prestressed concretdegs. The abutment
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thickness is 1.5 m. Please note that the pile simesl in this study are
adequate for both the small and large IBs, evemvithe number of piles per
girder is taken as one for both bridges. Additibnahe pile sizes are already
varied as a parameter. This variation results noua pile stiffness values per
girder and covers a wide range of design scenarios.

For the 2- and 3-span versions of the small IBstelaeric bearings are
assumed at the intermediate supports. The propeofighe 2- and-3 span
bridges are assumed to be identical to those ofsthall bridge. General
details of the 2- and 3- span bridges are illustranh Fig. 3.1 (c) and (d).
Moreover, the properties of all the bridges aresented in Table 3.2.

It is noteworthy that in the construction of IBeetgirders are first placed on
the supports and then the slab is cast integrah wie girders and the
abutments. Thus, each span acts as simply suppontddthe slab hardens.
Accordingly, the effect of the dead load of thedgir and that of the slab is
calculated using a simply supported span while dbwtinuity is taken into
consideration only in the calculation of the efeof the superimposed dead
loads (such as asphalt) and live load. Therefdre,eixtrapolation of single
span bridge to the multiple span bridges is nobgaoo introduce a large error
as far as the superstructure design is concerrmdeff@@ample, for an IB with a
prestressed concrete girder, the girder size wilreaduce from AASHTO type
IV to AASHTO type Il just because of the effect afontinuity.).
Consequently, it is believed that the effect of thssumption on the outcome
of this research study (especially when studyiriglgdhe effect of continuity
on the distribution of internal live load forces @mg the IB components) is
practically negligible.
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abutment,(c) Two-span version of the small bridge used in thalyses(d)
Three-span version of the small bridge used irattayses
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Table 3.2Properties of the IBs used in the analyses

. Small Bridge Large Bridge

Properties (1-, 2-, 3-Span) (Single Span)
Span length (m) 20 40
Superstructure type Slab-on-girder Slab-on-girder
Girder spacing (mm) 2400 2400
Girder type Steel Prestressed Concrete
Girder size W760x173 AASHTO VI
Slab thickness (mm) 190 225
Composite girder, A (mf) 0.661x16 1.174x16
Composite girder, | (mfi) 54300x16 646000x10
Abutment thickness (mm) 1000 1500
Abutment ,A (per girder), (mfh 2.400x16 3.600x16
Abutment, | (per girder), (mf 200000x16 675000x16
Concrete strength (girder) (MPa) N/A 50
Concrete strength (other) (MPa) 30 30
e e QTP O Elasomerc | a
Number of piles per girder 1 1

3.3. INFLUENCE LINES VERSUS SOIL STIFFNESS

Influence lines are used for the IBs considerethis study to determine the

location of the design truck on the bridge prodgcihe maximum internal

forces in IB components (Figs 3.2-3.4). To investigwhether the shape of

the influence lines and hence the position of thekt on the bridge is affected

by the stiffness of the foundation soil, the inflae line analyses of the large

IB for various foundation soil stiffness values amnducted. The location of
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the internal forces for which influence lines atetied, are shown in Fig. 3.2
(a). These locations are chosen to generate thermaxinternal forces in the
superstructure, abutment and piles. The location the maximum span
(positive) moment (M) is chosen under one of the truck axels whenakiat
is as far from one support as the center of grafiigll the axles on the bridge
is from the other support (Barker and Puckett 200Xlthough this approach
seems to be suitable for only simply supporteddasd influence line analyses
conducted for IBs have revealed a truck longitudpasition for maximum
girder moment (M") similar to that of a SSB as shown in Table 3.BisTis
mainly due to the small base length of the trut¢ktiee to the total span length
and the symmetrical composition of the bridges. plas of the influence
lines for various soil stiffness ranges are comganeFigs 3.2(b)-(g). Figs.
3.2 ((b) and (c)), ((d) and (e)) and ((f) and (ghpw the influence line plots
respectively for the superstructure, abutment aitel ending moment and
shear. As observed from the figures, althoughnth&mum amplitude of the
influence lines change as a function of the soiffnglss, the shapes of the
influence lines remain similar and the influencee$ for the superstructure
shear overlap for all the soil stiffness rangessaered. In other words, if the
influence lines are normalized with respect tortimeaximum amplitude and
plotted, those obtained for various foundation stiffness values will all
overlap. This clearly demonstrates that the pasitibthe design truck along
the bridge to produce the maximum live load effedt not change as a
function of the soil stiffness. Thus, for the rend®r of the study, the
positions of the truck to produce the maximum liead effects in IB
components are fixed for all the foundation saiifrstss values used in the

analyses.

Influence line plots for the 2 and 3 span IBs aspectively shown iffrigs.
3.3and3.4for medium clay (Cu =40 kPa). The AASHTO truck'ddie axle

(145 kN middle axle) will be placed on the maximpwint of the influence
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line plots to obtain the maximum girder, abutmerd gile moment as well as
maximum pile and abutment shear. Nevertheless,btairo the maximum
girder shear, the rear axle (145 kN rear axle) khde placed on the
maximum point of the influence line plots (near support).

Table 3.3 Longitudinal position of the design truck (m) tooduce the
maximum girder moment for SSBs and for IBs withieas foundation soil
properties.

Longitudinal Position of the Design
Truck’s Middle Axle from the
Centerline of Left Support (m)

IB SSB
C=20 C,=40 G=80 G=120

1 (Small Bridge) 105 105 105 104 10.7

Number
of Spans

1 (Large Bridge) 20.4 204 204 204  20.7

2 104 104 104 104 107

S(Truckisin 404 904 104 104 107
mid-span)

S(Truckisin 404 104 104 104 107
side-span)
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2-D structural models of the IBs considered in #tisdy are built using the
modeling technique given in Chapter 2. and analymadg the finite element
based software SAP2000. In the 2-D structural nsod#ldied, several
geometric, structural and geotechnical parameters/aried to cover a wide
range of possible IB configurations. This resulte@00 different IB structural
models. The analyses results are then used tosagmesffects of the backfill
and foundation soil on the magnitude of the intefaeces in IB components
for various structural, geometric and geotechnpaiameters such as bridge
size, abutment height and thickness, pile sizecaigthtation, number of spans.
The analyses results are summarized in the follgwettions.

3.4 EFFECT OF FOUNDATION SOIL STIFFNESS
ON INTERNAL FORCES

The effects of the foundation soil stiffness on thagnitude of the internal
forces in the components of IBs due to live loaslibwstrated in Figs.3.5-3.14
for different pile sizes and orientations as wedl abutment heights and
number of spans. The analyses results are distuisseahe following
subsections.
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3.4.1 EFFECT OF FOUNDATION SOIL STIFFNESS ON
INTERNAL FORCES FOR VARIOUS PILE SIZES AND
ORIENTATIONS

Internal forces in IB components due to live loael @lotted in Figs. 3.5-3.8 as
a function of the undrained shear strendih, of clay for various pile sizes
and orientations as well as for the small and Iaiggle span IBs considered
in the analyses. The figures are plotted for artrabat height of 5 m. Since
the clay stiffness is directly proportional to itedrained shear strength, the
figures also demonstrate the relationship betwéeniriternal forces and the
foundation soil stiffness. The location of theemmal forces plotted in Figs.
3.5-3.8 (for the superstructure, abutment and mpitenents and shears) are

shown in Fig. 3.2(a).

Fig. 3.5 displays the internal forces in the sujpecsure as a function . It

is observed that the stiffness of the foundatiahtss a remarkable effect on
the positive (M) and negative () superstructure moments in single span
IBs regardless of the pile size. The figure revdhht larger clay stiffness
values produce smaller positive, but larger negasiuperstructure moments.
This is mainly due to the increasing stiffness lo¢ fpile-soil system that
produces larger rotational resistance at the ehdlseobridge superstructure.
For instance, in a large IB with HP310x125 piles) %all abutment and
considering the effect of the backfill,fMis 3290 kN.m for soft clay whereas,
it is 2734 kN.m for stiff clay. Similar differenceme also observed for the
negative superstructure moment. For instanggjsvl236 kN.m for soft clay,
whereas, it is 1793 kN.m for stiff clay. Howevéretvariation of the positive
(Mq") and negative (M) superstructure moments as a function of the
foundation soil stiffness is not as much in theecakthe small IB when the

backfill effect is included in the structural moderhis results from the large
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stiffness of the backfill relative to the stiffnesisthe small bridge that imposes
a rotational restraint on the superstructure-abotn@nt and hence reduces
the effect of the foundation soil stiffness on tesponse of the IB to live
loads. As expected, the effect of the foundatioih fiffness on the positive
(Mg¢") and negative (M) superstructure moments of IBs becomes more
pronounced when the effect of the backfill is edeld from the structural
model. However, the foundation soil stiffness hasffect on the maximum
superstructure shear as observed from Fig. 3.5¢ the calculation of the
maximum live load superstructure shear, the desigek is placed near the
abutment. This particular position of the desigockr produces smaller
deformations in the abutment and the piles. Camsatty, soil bridge
interaction effects become insignificant in thecoddtions of the maximum

superstructure shear.

Fig. 3.6 displays the internal forces in the sultrres (abutment and piles)
as a function oC,. It is observed that the stiffness of the fourmasoil has a
remarkable effect on the bending moment and simetirei abutment (Mand
V3, and piles (M and \j) in single span IBs regardless of the pile siZ&e
figure reveals that larger clay stiffness valuesegally produce larger internal
forces in the substructure components with onlgwa éxceptions in the case
of the small IB. For instance, in a large IB wiP250x85 piles, 5m tall
abutment and considering the effect of the backill is 1158 kN.m for soft
clay whereas, it is 1647 kN.m for stiff clay. Siarildifferences are also
observed for the pile moment. For instance, iM79 kN.m for soft clay,
whereas, it is 165 kN.m for stiff clay. The rotatiand displacement at the pile
top are respectively 0.00180 radian and 0.0072®%msdft clay and 0.00164
radian and 0.0066 m. for stiff clay. Note that taculated pile moments are
much smaller than the 267 kN.m plastic moment agpatthe pile including
the axial load effect (1051 kN) due to dead plwue lioads. This difference
becomes even larger for the larger pile size antorthe small bridge.
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Furthermore, the calculated pile moments and mitatdisplacements are for
a full truck load. In reality, a part of the trutdad is also distributed to other
piles supporting the abutments. In live load asedy this is taken into
consideration by using a live load distributiontéacwhich is smaller than 1
(usually varying between 0.5 and 0.8 dependinghenhbiridge configuration
and number of piles). Hence the actual live loifelces are much smaller than

those calculated by 2-D analyses.

Fig. 3.7 displays the internal forces in the supecsure as a function @, for

HP 250x85 pile oriented to bend about its strond)\@aak axes as well as for
the small and large single span IBs consideredh& dnalyses. Fig. 3.8
displays similar information but, for the internfairces in the substructure
components. It is observed from the figures thatfoundation soil stiffness
has a remarkable effect on the magnitude of intefoes (except the
maximum superstructure shear) in IB components rdégss of the pile

orientation.

3.4.2 EFFECT OF FOUNDATION SOIL STIFFNESS ON
INTERNAL FORCES FOR VARIOUS ABUTMENT
HEIGHTS

Fig. 3.9 displays the internal forces in the supecsure as a function @, for

HP 250x85 pile oriented to bend about its strongsafor abutment heights of
3 m. and 5 m. and for the small and large singendBs considered in the
analyses. Fig. 3.10 displays similar information, Bar the internal forces in
the substructure components. It is observed frowm figures that the

foundation soil stiffness has a remarkable effecttee magnitude of internal
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forces in IB components regardless of the abutnmeight except the

maximum superstructure shear.

3.4.3 EFFECT OF FOUNDATION SOIL STIFFNESS ON
INTERNAL FORCES FOR VARIOUS NUMBERS OF SPANS

Fig. 3.11 displays the internal forces in the ssfpacture of the two and three
span versions of the small bridge considered inatiedyses with HP 250x85
piles oriented to bend about their strong axisamdbutment height of 3 m, as
a function ofC,. Fig. 19 displays similar information but, forethinternal

forces in the substructure components.

It is observed from Fig. 3.11 that the effect af foundation soil stiffness on
the maximum positive (W) and negative (\) (at the intermediate support)
superstructure moments loses its importance ircéise of multiple-span IBs.
This mainly results from the much larger rotationgidity provided at the

superstructure ends over the inner supports dubeceffect of continuity,

negating the effect of the pile-soil system. Simitathe single span IB cases,
the foundation soll stiffness does not affect treximum superstructure shear
force due to the reasons stated earlier. Howewugr, 312 reveals that the
stiffness of the foundation soil has a consideraflect on the abutment and

pile moments as well as shear forces regardlefgeafumber of spans.
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3.4.4 EQUIVALENT PILE LENGTH VERSUS
FOUNDATION SOIL STIFFNESS

In the analysis of IBs under live load effects, fike-soil system is usually
modeled as an equivalent pile with a length eqoaken times the pile
diameter and the effect of the foundation soil @agdkfill is neglected. To
investigate the effect of this simplifying assuroption the magnitude of the
internal forces in IB components, the IBs considerethis study are analyzed
using the equivalent pile length concept excludimg backfill effect and the
analyses results are compared with the cases wheefeundation solil is taken
into consideration and the backfill is included aextluded. The analyses
results are presented in Figs. 3.13 and 3.14 fer itlternal forces in
superstructure and substructure components of thall sbridge with
HP250x85 and HP310x15 piles respectively.

It is found that the analyses performed using thewalent pile length concept
inconsistently yield either conservative or unceomsgve estimates of the
internal forces in the components of IBs excepttii@ superstructure shear
where the results of the equivalent pile length eh@dincide with those of the
models including soil-bridge interaction effectheldiscrepancy between the
analyses results of structural models built using equivalent pile length
concept and more complicated soil-bridge interactmodeling techniques
increases for stiff foundation soil conditions dadjer pile sizes. Thus, in live
load analyses of IBs, the equivalent pile concéywiull be used cautiously
especially in the cases of stiff soil conditionstla bridge site. However,
generally in stiff soil conditions, pre-drilled ag&ze holes filled with loose
sand is provided along the top portion of the fmleeduce the resistance of the

surrounding stiff soil to lateral movements of flike. Thus, in such cases the
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equivalent pile length concept may yield more reabte estimates of the

internal forces in IB components due to live lofdas.

3.5. EFFECT OF BACKFILL ON INTERNAL
FORCES

The effects of the backfill on the magnitude of tinéernal forces in the
components of IBs due to live loads are illustratedFigs. 3.5-3.12 for
different pile sizes and orientations as well astiadent heights and number of
spans. The figures display the analysis casesd=yimgy and neglecting the
effect of the backfill. The analyses results arscdssed in the following

subsections.

3.5.1 EFFECT OF BACKFILL ON INTERNAL FORCES
FOR VARIOUS PILE SIZES AND ORIENTATIONS

Internal forces in IB components due to live loael @lotted in Figs. 3.5-3.8 as
a function ofC,, for various pile sizes and orientations as wela the small
and large single span IBs considered in the analf@ethe cases where the

effect of the backfill is included in and excludedm the structural model
As observed from the figures, all the internal &wan the bridge components,

except the superstructure shear force show significifferences when the

presence of the backfill is taken into consideraiio the structural model of
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single span IBs regardless of the pile size anehtation. Including the effect
of the backfill in the structural model producesaier positive (M") and
larger negative (M) superstructure moments for all the cases coresider
(Figs. 3.5 and 3.7). This is mainly due to the éargtiffness of the abutment
with the presence of the backfill that producegédarrotational resistance at
the ends of the bridge superstructure. For instdiocea small bridge with 5m
abutment height and HP310x125 pile driven in skay @and oriented to bend
about its strong axis, the positive superstructamment, M" is 772 kN.m
when the presence of the backfill is included i thodel however, it is 1050
kN.m when the backfill is excluded from the modgimilarly, the negative
superstructure moment, yvis calculated as 813 kN.m in the structural model
with the backfill but it is calculated as 527 kN.im the structural model
without the backfill. Moreover, it is observed thatluding the effect of the
backfill in the analyses, reduces the sensitivitythee internal forces in IB
components to the stiffness of the foundation seglardless of the pile size

and orientation.

Figs. 3.6 and 3.8 display the internal forces mdbbstructures (abutment and
piles) as a function of, for various pile sizes and orientations for theesa
where the effect of the backfill is included in aextluded from the structural
model. It is observed that in the substructutes abutment moment @Wand
shear force (Y becomes larger and the pile momeng)&hd shear force (Y
becomes smaller when the presence of the backfiltansidered in the

structural model regardless of the pile size amnehtation.

85



3.5.2 EFFECT OF BACKFILL ON INTERNAL FORCES
FOR VARIOUS ABUTMENT HEIGHTS

Fig. 16 displays the internal forces in the supacstire as a function @, for

abutment heights of 3 m. and 5 m. and for the cadese the effect of the
backfill is included in and excluded from the stwral model. Fig. 3.10
displays similar information but, for the internfairces in the substructure
components. It is observed from the figures that internal forces in the
bridge components, except the superstructure sloeee show significant
differences when the presence of the backfill kemainto consideration in the
structural model of single span IBs regardless g abutment height.
Nevertheless, the effect of the backfill becomegemmronounced for taller

abutments.

3.5.3 EFFECT OF BACKFILL ON INTERNAL FORCES
FOR VARIOUS NUMBER OF SPANS

Fig. 3.11 displays the internal forces in the sapacture as a function @,
for two and three span versions of the small briclyesidered in the analyses
considering and neglecting the effect of the bdickfithe structural model.
Fig. 3.12 displays similar information but, for theternal forces in the

substructure components.
As observed from the figures, the presence of tlaekfill does not

significantly affect the superstructure momentsha case of multiple-span

IBs. This mainly results from the much larger tiotaal rigidity provided at
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the superstructure ends over the inner supportdalthee effect of continuity,
negating the effect of the abutment-backfill systekhlowever, in the
substructures, the abutment moment)(&hd shear force (¥becomes larger
and the pile moment (M and shear force (Y becomes smaller when the
presence of the backfill is considered in the $tnat model for multiple-span
IBs

3.6. SUMMARY

In this chapter, a parametric study is conducted\estigate the effects of the
backfill and foundation soil on the magnitude otfemmal forces in IB
components due to live loads for various geometstuctural and
geotechnical properties of IBs. For this purp@®, structural models of IBs
including and excluding the effect of the back@é well as including and
excluding the effect of the foundation soil by @gsen actual pile-soil model
with four values of clay stiffness and an equivaleite model neglecting the
effect of the foundation soil are built and anatyzEurthermore, the effect of
foundation soil stiffness on the shape of the mfice lines for live load
analysis is investigated and the assumption ofliretastic modeling of soil-

bridge interaction behavior is verified. Followingse the conclusions:

1. For live load analysis of IBs, linear backfill afmundation soil behavior
may be assumed in the structural model for shorhédium length IBs.
Such an assumption is anticipated to facilitatenttoeleling of soil-bridge
interaction behavior for the analysis and desigslafrt to medium length
IBs in practice. This will lead to more accurastimations of live load

effects in the design of IBs.
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. The foundation soil stiffness is found to have ffea on the shape of the

influence lines for live load analyses.

. The analyses results revealed that including thkebsdge interaction

behavior in the structural model for live load aséd has a significant
effect on the magnitude of the live load momentthansuperstructure and
the substructures (abutments and piles) and thenitndg of the shear
force in the piles and abutments of single span HBsvever, soil-bridge
interaction is found to have only a negligible etfen the live load shear

force in the superstructure of IBs.

Including the effect of the backfill behind the #fents in the structural
model is generally found to result in larger suparcture support and

abutment moments and smaller superstructure sghpilEnmoments.

. The difference between the internal forces duevi Ibad effects for the

cases with and without soil-bridge interaction effeis found to be a
function of the foundation soil stiffness. More sifieally, it is observed

that generally larger foundation soil stiffness ues produce smaller
positive, but larger negative superstructure momand larger pile shear
forces.

. For multiple span IBs, the effect of the backfilhdafoundation soil
stiffnress on the internal forces in the superstmectbecomes less

significant.
. Furthermore, it is found that the analyses perfarmsing the equivalent

pile length concept inconsistently vyield either servative or
unconservative estimates of the internal forcehh@ncomponents of IBs
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except for the superstructure shear where thetsestithe equivalent pile
length model coincide with those of the models udolg soil-bridge
interaction effects. Thus, in live load analysedRd, the equivalent pile
length concept should be used cautiously espedialthe cases of stiff
soil conditions at the bridge site.

. Based on the findings of this research study, iy i@ recommended to
include the abutment-backfill and soil-pile intdran behavior in the

structural model of short to medium length IBstloe purpose of live load
analyses. The linear soil-bridge interaction madgbechniques presented

in this paper may be used for this purpose.
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CHAPTER 4

EFFECT OF SOIL AND SUBSTRUCTURE
PROPERTIES ON LIVE LOAD DISTRIBUTION IN
INTEGRAL BRIDGES

In this part of thesis study, the effect of soristure interaction and
substructure properties at the abutments on thebdison of live load effects
in IB components is studied. For this purpose, mooethree dimensional (3-
D) and corresponding two dimensional (2-D) struaitumodels of typical IBs
are built and analyzed under AASHTO (2007) livediol the analyses, the
effect of various geotechnical and substructurg@rties such as foundation
soil stiffness, considering and neglecting the affef backfill, backfill
compaction level, considering and neglecting théeocef of wingwalls,
abutment height and thickness as well as sizentatien and number of piles
are considered. This resulted in over 260 differ2m and 3-D structural
models and analysis cases. The results from 2-D3andanalyses of IBs are
then used to calculate the LLDFs for the componeht®s as a function of
the above mentioned properties. The results frbim tesearch study are
intended to evaluate some of the previously mertiaamcertainties regarding
the distribution of live load effects in IB compang and to form a basis for

the development of live load distribution formufae IB components.
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4.1 INTEGRAL ABUTMENT BRIDGES AND
PARAMETERS CONSIDERED

Two different existing IBs are considered to inygste the effect of soil-
structure interaction and substructure propertiegsha abutments on the
distribution of live load effects in IB componentsihe bridges are chosen
such that the study covers a wide range of decksadtructure stiffness
properties found in practice. The first bridge eferred to as the flexible
bridge (FB) with 19.8 m. span length. It represetiisse bridges with
relatively smaller deck and substructure stiffne$he second bridge is
referred to as the stiff bridge (SB) with 39.6 mas length. It represents those
bridges with relatively larger deck and substruetstiffness. The deck cross-
section for both bridges and the side view of tBea% shown in Fig. 4.1. The
properties of the IBs are presented in Table 4dk. Both IBs, a range of
various geotechnical and substructure propertiestioreed earlier are
considered to investigate the effect of soil-suet interaction and
substructure properties at the abutments on thebdison of live load effects
in IB components. The details of these parameterpr@sented in Table 4.2.

4.2 ESTIMATION OF LIVE LOAD DISTRIBUTION
FACTORS

Numerous 3-D and corresponding 2-D structural nea#ltypical IBs are
built using the modeling technique given in Chafleand analyzed under
AASHTO live load. In the structural models, sevegabmetric, structural and
geotechnical parameters are varied to cover a wéage of possible 1B

configurations.
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LLDFs are calculated for the composite interiordgns, abutment and piles
using the analyses results of 3-D and 2-D modeids.tire composite interior
girders, the maximum live load effects (moment ahédar) from 3-D analyses
are calculated as the summation of the maximuncwsfi@ the girder element
and within the tributary width of the slab (equalthe girder spacing) at the
same location along the bridge. For the abutmdm, maximum live load

effects from 3-D analyses are calculated as thargtian of the forces within

the tributary width of the abutment set equal te tfirder spacing. The
maximum live load effects for the piles from 3-Dalyses are directly
obtained as the related effect (shear or momeriheatiop of the pile. The live
load distribution factors are then calculated asr#tio of the maximum live
load effects obtained from 3-D analyses to thodainbd from 2-D analyses

under a single truck load.

The calculated LLDFs are then used to assess thetebf the backfill and
foundation soil on the LLDFs in IB components foarious structural,
geometric and geotechnical parameters. The analgsedis are summarized

in the following sections.
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Table 4.1.Properties of the IBs used in the analyses

Flexible Bridge

Stiff Bridge (SB)

Properties (FB)
Span length (m) 19.8 39.6
Width (m) 9.6 9.6
Net width excluding barriers (m 8.6 8.6
Deck type Slab-on-girder Slab-on-girder
Girder spacing (mm) 2400 2400
. Prestressed
Girder type Steel Concrete
Girder size W760x173 AASHTO VI
Slab thickness (mm) 190 225
Composite girder, A (mf) 0.661x16 1.174x16
Composite girder, | (mfi) 54300x16 646000x16
Abutment thickness (mm) 1000 1500
Abutment, A (per girder), (mfh 2.400x16 3.600x16
Abutment, | (per girder), (mf 200000x16 675000x16
Concrete strength (girder) (MPa N/A 50
Concrete strength (other) (MPa 30 30
Number of piles per girder 1 1
Pile length (m) 12 12
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Table 4.2. Geotechnical and substructure properties considenedhe
analyses.

Parameter Description

Backfill Including (WB) and excluding backfill efte
NB

Backfill Compaction fSimszated using unit weights of 18, 20, 22

Level kN/m? for the backfill

Soil Stiffness soft, medium, medium-stiff, stifayg

Pile Size HP 250x85 (SP), HP 310x125 (LP)

Pile Orientation Weak axis (WA) and Strong axi8)S
bending

Number of Piles 4,6 piles (1 and 1.5 piles peday)

Abutment Height (m) 3.0,5.0

Abutment Thickness (m)] 1.0, 1.5

Wingwall Including and excluding the wingwalls

NB: No backfill, WB: With Backfill ,SP: Small Pile ,R: Large pile, WA: Weak axis, SA: Strong axis

4.3 EFFECT OF SOIL STRUCTURE INTERACTION
ON LLDFs FOR IB COMPONENTS

The analyses results for the effect of foundatmihstiffness, considering and
neglecting the effect of backfill as well as battidompaction level on LLDFs

for IB components are summarized in the followingsections.

4.3.1. FOUNDATION SOIL STIFFNESS

The effect of the foundation soil stiffness on LLDter girder, abutment and
pile moments (M, Ma, M) and shears (Y Va V) for the stiff (SB) and
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flexible (FB) bridges are illustrated in Figs. 4 2% for different pile sizes (SP:
HP250x85, LP: HP310x125) , pile orientations (WAe&K Axis, SA: Strong
Axis) and abutment thicknesses (1 m, 1.5 m) respdygt In the figures, the
variations of LLDFs are plotted as a function a# imdrained shear strength,
C,, of clay. Since large€, values correspond to larger clay stiffness values,
the figures also display the variation of LLDFsaafinction of the stiffness of
the foundation soil. The figures also include thses where the effect of the
backfill is considered (WB) and neglected (NB) e tanalyses. Fig. 4.9
display similar information for the stiff bridge lgnand for various abutment
heights (3 m., 5 m.).

It is observed from the figures that the effecthe foundation soil stiffness on
the LLDFs for the girder moment and shear is négkgregardless of the
bridge size, pile size and orientation, abutmeitktiess and height as well as
considering and neglecting the backfill effect. Fastance, for the stiff IB
with HP250x85 piles and considering the effecthad backfill (Fig. 4.2 and
4.3), the LLDFs for the interior girder positive ment (My") are found as
0.577, 0.576, 0.576 and 0.576 for soft, medium, iomaektiff and stiff clay
(Cu= 20, 40, 80 and 120 kPa) respectively. Similafty, the same IB, the
LLDFs for the girder shear @¥ are found as 0.782, 0.782, 0.782and 0.781 for
soft, medium, medium-stiff and stiff clay respeetiu

Nevertheless, the stiffness of the foundation isdibund to have a significant
effect on the LLDFs for the abutment moment,)(lsls observed from the same
figures. For instance, for the stiff IB with HP2%®piles and considering the
effect of the backfill (Fig. 4.2), the LLDFs for éhabutment moment are
calculated as 0.881, 0.799, 0.723 and 0.685 far soédium, medium-stiff

and stiff clay respectively. The stiffness of tlarfidation soil is also found to
affect the LLDFs for the abutment sheag)(\Fig. 4.3), but to a lesser extent
compared to that of the moment. For instance,Hfersame IB, the LLDFs for
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the abutment shear are found as 0.698, 0.654, Ot 0.612 for soft,

medium, mediume-stiff and stiff clay respectivelyhel difference between the
LLDFs for the cases corresponding to stiff and gmihdation soils is 30% for
the moment and 14% for the shear. It is also olesefnom the figures that the
distribution of live load moment and shear in theitanent improves (LLDF

becomes smaller) as the stiffness of the foundasimih increases. This is
because larger foundation soil stiffness providaggdr translational and
rotational restraint at the bottom of the abutmditis, in turn, produces a
more uniform distribution of the translational amdational effects across the
width of the abutment.

It is also found that the stiffness of the foundatsoil has only a minor effect
on the LLDFs for the pile moment (Mand shear (. For instance, for the
stiff IB with HP250x85 piles and considering théeet of the backfill, (Fig.
4.2 and 4.3) the LLDFs for the pile moment are waled as 0.588, 0.575,
0.555, and 0,565 for soft, medium, medium-stiff atidf clay respectively.
Similarly, for the same IB, the LLDFs for the p#hear are found as 0.595,
0.578, 0.560, and 0,574 for soft, medium, mediuifh-stnd stiff clay

respectively.

In summary, the effect of the foundation soil si#$s on the LLDFs for the
girder and pile moments and shear is negligiblevéie@r, the foundation soll
stiffness is found to have a significant effecttbe LLDFs for the abutment
moment and to a lesser extent on those for theramitshear. Therefore, the
foundation soil stiffness must be considered innesing the distribution of

live load effects within the abutments of IBs.
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4.3.2 CONSIDERING AND NEGLECTING THE
BACKFILL EFFECT

In this section, the effect of including and exchgdthe effect of the backfill
on LLDFs for IB components is investigated. Figs2-4.7, display the
LLDFs for various IB components as a functionGgfconsidering (WB) and
neglecting (NB) the effect of the backfill for vauds pile sizes (SP, LP), pile
orientations (WA, SA) and abutment thicknesses (110 m.) respectively.
The figures reveal that the effect of the backfii the LLDFs for girder
moment (M") and shear (¥ is negligible regardless of the bridge size, pile
size and orientation, abutment thickness as wellthas stiffness of the
foundation soil. For instance, for an IB with HP2BB pile (SP), 1m thick
abutment and soft clayC( =20 kPa), the LLDFs for the girder moment
considering and neglecting the effect of the bdickafe found to be identical
(0.577). Similarly, for the same IB, the LLDFs ftine girder shear are
calculated as 0.782 and 0.781 for the cases imgudind excluding the

backfill effect respectively.

However, it is found that the backfill has a coesable effect on the LLDFs
for the abutment moment (Mand to a lesser extent on those for the abutment
shear (\) for all the cases considered. For instance, lfier gtiff IB with
HP250x85 piles (SP), 1m thick abutment and softdéation clay, the LLDFs

for the abutment moment considering and negledhegeffect of the backfill

are found as 0.881 and 1.011 respectively. Simgijlddr the same IB, the
LLDFs for the abutment shear are found as 0.698 @fd2 for the cases
including and excluding the backfill effect respeely. It is also observed that
the distribution of live load moment and shear asrdhe width of the
abutment improves (i.e. LLDFs become smaller) wilea effect of the

backfill is included in the structural model. This due to the fact that
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including the backfill effect in the structural medgroduces a larger rotational
and translational resistance and a more uniformrildiigion of the rotational

and translational live load effects across the hvaftthe abutment.

For the piles, it is found that the backfill hadyoa negligible effect on the
LLDFs for the moment () and shear (). For instance, for the stiff IB with
HP250x85 piles, 1m thick abutment and soft fourmhatilay, the LLDFs for
the pile moment considering and neglecting thecefié the backfill are found
as 0.588 and 0.585 respectively. Similarly, for $hene IB, the LLDFs for the
pile shear are found as 0.595 and 0.584 for thesca€luding and excluding

the backfill effect respectively.

In summary, the effect of the backfill on the LLDfés the girder and pile
moments and shears is negligible. However, the fillak found to have a
notable effect on the LLDFs for the abutment moneerd shear. Therefore,
the backfill must be considered in estimating th&tribution of live load

effects within the abutments of IBs.

4.3.3 BACKFILL COMPACTION LEVEL

In the construction of IBs, the compaction levednbe the unit weight of the
backfill behind the abutment can be different. #us reason, the effect of the
backfill compaction level on the distribution of/di load effects for various
components of IBs is investigated considering thdigerent unit weight of

the backfill (18, 20 and 22 kNfh corresponding to different compaction
levels. The analyses results are shown in Fig. At figure displays the
LLDFs for the girder, abutment and pile moments giheéars as a function of

the backfill unit weight used in the structural reted The figure is obtained
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for the stiff IB with 3 m tall abutment supportedh dour HP250x85 piles
oriented to bend about their strong axis and drimemedium clay. The figure
reveals that the effect of the backfill compactiewel on the LLDFs for the
girder, abutment and pile moment and shear is gibtgi For the cases where
the backfill unit weight is 18, 20 and 22 kNinthe LLDFs are found to be
nearly identical and equal to 0.575 for the girdewment, 0.798, 0.792 and
0.791 for the abutment moment and 0.582, 0.578 @b8&2 for the pile
moment. Similarly, for the cases where the backiilit weight is 18, 20 and
22 kN/nt, the LLDFs are calculated as 0.784, 0.782 and10f@Bthe girder
shear, 0.651, 0.655 and 0.665 for the abutmentr siveh 0.592, 0.591 and
0.590 for the pile shear.

4.4. EFFECT OF SUBSTRUCTURE PROPERTIES
ON LLDFs FOR IB COMPONENTS

4.4.1 ABUTMENT THICKNESS AND HEIGHT

The effects of abutment thickness and height ondik&ibution of live load
effects for various IB components are illustratedFigs. 4.6, 4.7 and 4.9
respectively. Fig. 4.6 and 4.7 displays the LLB#isthe girder, abutment and
pile moments and shears as a functio@pfor abutment thicknesses of 1.0 m
and 1.5 m. The figure is obtained for the stiff {$Bd flexible (FB) bridges
with 3.0 m tall abutments supported on four HP2%xfles. Fig. 10 is
similar but displays the same information for abeminheights of 3 m. and 5

m for the stiff bridge only and for small (SP) atatge (LP) pile sizes
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(HP250x85 and HP310x125). The effect of the bdcldilconsidered in Fig.
4.9.

It is observed from Fig. 4.6 and 4.7 that the eftdthe abutment thickness on
the LLDFs for the girder, abutment and pile momamdl shear is negligible.
For instance, for the stiff IB supported on soéiychnd considering the effect
of the backfill, the LLDFs for abutment thickness#sl m. and 1.5 m. are
obtained as 0.577 and 0.576 for the girder mont@81 and 0.799 for the
girder shear, 0.881 and 0.863 for the abutment mgn®e698 and 0.691 for
the abutment shear, 0.588 and 0.586 for the pilmemd, and 0.595 and 0.593
for the pile shear. Therefore the abutment thiskneeed not be considered as

a parameter for estimating the LLDFs for IB comptse

The analyses results presented in Fig. 4.9 retaakie effect of the abutment
height on the LLDFs for the girder moment and shisanegligible. For
instance, for the stiff IB with HP250x85 piles (S&#jven in soft clay, the
LLDFs for the girder moment are calculated as 0.&@@ 0.585 for the cases
of 3 m. and 5 m. tall abutments respectively. Sanyl for the same IB, the
LLDFs for the girder shear are calculated as 0at820.775 for the cases of 3

m. and 5 m. tall abutments respectively.

However, it is found that the abutment height hasotable effect on the
LLDFs for the abutment moment and shear and tsseteextent on those for
the pile moment and shear. For instance, for tiffelBtwith HP250x85 piles
(SP) driven in medium clay, the LLDFs for the casés88 m. and 5 m. tall
abutments are calculated as 0.799 and 0.665 foabbément moment and
0.657 and 0.575 for the pile moment. Similarly, foe same IB, the LLDFs
for the cases of 3 m. and 5 m. tall abutments al®iated as 0.654 and 0.602
for the abutment shear and 0.578 and 0.611 forpilee shear. It is also
observed that the effect of abutment height onlthBFs for the abutment
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moment and shear becomes more pronounced for skitedation soil.
Moreover, it is observed that the distribution ieelload moment and shear
across the width of the abutment improves for la@gutment heights (i.e.
LLDFs becomes smaller). However the oppositeus for the piles. That is,
the effect of abutment height on the LLDFs for thile moment and shear
becomes less pronounced for softer foundationasalithe distribution of live

load moment and shear to the piles improves fortehabutment heights.

In summary, the effect of the abutment height om thDFs for the girder
moments and shears is negligible. However, thenadxit height is found to
have a notable effect on the LLDFs for the abutnamt pile moment and
shear. Therefore, the abutment height must be dered in estimating the live

load effects in the abutments and piles of IBs.

4.4.2. CONSIDERING AND NEGLECTING THE
WINGWALLS

In regular jointed bridges, the superstructureegasated from the substructure
via joints and bearings. Therefore, the wingwalls dot influence the
distribution of live load effects to bridge compote However, in the case of
IBs, due to the monolithic construction of the dewith the abutments, the
wingwalls may influence the distribution of live dd effects to the
components of IB s. This is investigated in thaston. For this purpose, the
live load analyses of the stiff IB is conductedibgluding and excluding the
wingwalls from the 3-D structural models. The asaly results for the cases
with and without the wingwalls are then comparedr Ehe IBs with and

without the wingwalls, the abutment height is talesn5 m. The bridges are
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assumed to be supported by four HP250x85 pilesitadketo bend about their
strong axis. For the IB with wingwalls, two (trapédal), 0.43 m thick and 3.5
m. long wingwalls with vertical dimensions of 3 mdal.25 m respectively at
the abutment interface and at the wingwall endcaresidered at each end of
the bridge. The wingwalls are modeled using quagral and triangular shell
elements with six DOFs at each node. Backfill-admrit interaction effects
are also considered in the analyses. The anatgsafis are displayed in Fig.
4.10. The figure displays the LLDFs for the girdahutment and pile
moments and shears as a functioilCgfor the cases including and excluding
the wingwalls in the 3-D structural model.

The analyses results presented in Fig. 4.10 retrestl the effect of the
wingwall on the LLDFs for the girder, abutment gk moments and shears
is negligible. For the cases where the effect efitingwalls is included in and
excluded from the analyses, the LLDFs are founthé¢cequal to 0.583 and
0.577 for the girder moment, 0.875 and 0.881 fer abutment moment and
0.590 and 0.588 for the pile moment. Similarly, floe cases where the effect
of the wingwalls is included in and excluded frame aanalyses, the LLDFs are
calculated as 0.794 and 0.781 for the girder sh@&Q1 and 0.689 for the
abutment shear and 0.606 and 0.595 for the pilarshe

In summary, the effect of the wingwalls on the LLDi#6r the components of

IBs is negligible. Thus, the wingwalls need notcbhesidered in estimating the

live load effects in IB components.
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4.4.3. SIZE, ORIENTATION AND NUMBER OF PILES

In this section the effect of the size, orientataowd number of piles on the
distribution of live load effects in IBs is studiedhe analyses results are
presented in Figs. 4.4-4.7. Figs. 4.4-4.7 showliheFs as a function o€,
respectively for various pile sizes (HP250x85 (8R) HP310x125 (LP) piles)
oriented to bend about their strong axis and catesris (HP250x85 pile
oriented to bend about weak axis (WA) and strong ¢XA)) for the stiff (SB)
and flexible (FB) bridges with 3 m. tall abutmerBath figures are obtained
for the cases where the effect of the backfilhisluded in and excluded from
the analyses. Fig. 4.11 displays the LLDFs foraasinumbers of piles (4 and
6) supporting the abutments. The figure is obthifoe the stiff IB with 3 m
tall abutments supported on HP250x85 piles orieritedbend about their

strong axis and driven in medium clay.

Figs. 4.4-4.7 reveal that the size and orientatibthe piles has a negligible
effect on the girder, abutment and pile momentssirehrs. For instance, for
the flexible 1B supported on medium clay and coesity the effect of the

backfill, the LLDFs for the HP250x85 (SP) and HP81®5 (LP) piles are

obtained as 0.612 and 0.612 for the girder mon@@09 and 0.711 for the
girder shear, 0.623 and 0.625 for the abutment mgn®e484 and 0.489 for
the abutment shear, 0.492 and 0.520 for the pilmemd, and 0.498 and 0.528
for the pile shear. Similarly for the same IB, theDFs for the strong and

weak axis orientation of the piles are obtained0#&12 and 0.608 for the
girder moment, 0.709 and 0.708 for the girder she&20 and 0.646 for the
abutment moment, 0.484 and 0.485 for the abutntezdrs 0.492 and 0.503
for the pile moment and 0.498 and 0.507 for the giiear.
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The analyses results presented in Fig. 4.11 realiatithe effect of the number
of the piles on the LLDFs for the girder moment atear, abutment shear
and pile moment is negligible. For instance, théEk for the cases of 4 and
6 piles are calculated as 0.580 and 0.590 for trdeigmoment, 0.781 and

0.781 for the girder shear, 0.570 and 0.560 foraimtment shear and 0.581
and 0.575 for the pile moment. However, it is obedrthat the number of

piles has a considerable effect on the LLDFs far dabutment moment and
pile shear. The LLDFs for the cases of 4 and 6spalee calculated as 0.711
and 0.598 for the abutment moment and 0.584 ar#Bd@ the pile shear. It

is also observed that a better distribution of lvad effects for the abutment

moment and pile shear is obtained with increasinglyer of piles.

In summary, while the effect of the pile size amemtation on the distribution
of live load effects among the components of IBs ¢t& neglected, the
number (or spacing) of piles supporting the abutsi@eed to be considered
in estimating the distribution of live load effectgithin the substructure

components of IBs.

4.5 SUMMARY

In this chapter, the effect of soil-structure iafdfon and substructure
properties at the abutments on the distributionli# load effects in IB
components is investigated.  Followings are thiectusions deduced from
this research study.
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1. The effect of the foundation soil stiffness on thédFs for the girder and
pile moments and shear is found to be negligibewéier, the foundation
soil stiffness is found to have a significant effean the LLDFs for the
abutment moment and to a lesser extent on thosthnéoabutment shear.
Therefore, the foundation soil stiffness must basttered in estimating

the distribution of the live load effects withiretlabutments of IBs.

2. The effect of the backfill on the LLDFs for the dgr and pile moments
and shears is found to be negligible. However pthekfill is found to have
a notable effect on the LLDFs for the abutment mumand shear.
Therefore, the backfill must be considered in eatiny the distribution of
live load effects within the abutments of IBs. Neheless, the distribution
of live load effects in IBs is found to be insenatto the compaction level
of the backfill.

3. Furthermore, the distribution of live load effecdis IBs is found to be
insensitive to the size and orientation of thegikbutment thickness and
the wingwalls. However, the abutment height and Inemof piles is found
to affect the distribution of live load effectstime piles and abutments. It is
observed that while taller abutments enhance teeilalition of live load
effects within the abutment, using shorter abutmenimore suited for
better distribution of live load effects to thegsl Moreover, increasing
the number of piles is found to improve the disttibn of live load effects

among the piles.

4. LLDFs for IB abutments and piles are still neededestimate live load
effects in these components for design purposd®e fihdings from this
research study can be used as a starting poimtraufate the LLDFs for

the abutment and piles of IBs.
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Figure 4.2LLDFs for girder, abutment and pile momentsy(Wl,, Mp) versus
C, for the stiff (SB) and flexible (FB) bridges witB m. tall abutments
supported on HP250x85 (SP) and HP310x125 (LP)» mleented to bend
about their strong axes and considering (WB) arglecéing (NB) the backfill
effect.
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Figure 4.4LLDFs for girder, abutment and pile momentsy(Ml,, Mp) versus
C, for the stiff (SB) and flexible (FB) bridges witB m. tall abutments
supported on HP250x85 piles oriented to bend abwit strong (SA) and
weak (WA) axes and considering (WB) and neglectiNg) the backfill
effect.
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Figure 4.6 LLDFs for girder, abutment and pile momentsy(Ml,, Mp) versus
Cu for the stiff (SB) and flexible (FB) bridges wi8 m. tall and 1.0 and 1.5 m.
thick abutments supported on HP250x85 piles oriemtebend about their
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Figure 4.7 LLDFs for girder, abutment and pile momentsy(Wl,, Mp) versus
Cu for the stiff (SB) and flexible (FB) bridges wi8 m. tall and 1.0 and 1.5 m.
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considering the backfill effect for the cases vatid without wingwalls.
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CHAPTER 5

EFFECT OF SUPERSTRUCTURE-ABUTMENT
CONTINUITY ON LIVE LOAD DISTRIBUTION IN
INTEGRAL ABUTMENT BRIDGE GIRDERS

This part of the thesis study is aimed at invesiga the effect of
superstructure-abutment continuity on the distrdoudf live load effects in IB
girders. For this purpose, two (2-D) and three j3nensional finite element
models of several single-span, symmetrical integialitment and regular
jointed SSBs are built and analyzed under AASHM® load. In the analyses,
the effect of various superstructure propertiehag span length, number of
design lanes, girder size and spacing as wellas thickness is considered.
The results from the analyses of 2-D and 3-D fieliment models are then
used to calculate the LLDFs for the girders of &l SSBs as a function of
the above mentioned parameters. LLDFs for the ggréee also calculated
using the AASHTO formulae developed for SSBs (AASH2007). The
girder LLDFs for IBs are then compared with tho§&8Bs and AASHTO to
assess the effect of superstructure-abutment aotytion the distribution of

live load effects among the girders of IBs.
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5.1. BRIDGES AND PARAMETERS CONSIDERED
IN THE ANALYSES

To investigate the effect of superstructure-abutmeontinuity on the
distribution of live load effects among the girdefsIBs, comparative live
load analyses of both SSBs and IBs with varioupgmies are conducted. For
the SSBs, the diaphragms at the supports are adsinteave a 0.4 m wide
rectangular cross-section. The depth of the dagrhs is varied based on the
type of AASHTO prestressed concrete girders usedhé analyses. The
abutments of the IBs considered in this study asei@ed to be 3 m. tall (same
as the height of the backfill) and supported bym.2long end-bearing steel
HP250x85 piles. The number of piles is set equéthéonumber of girders (i.e.
one pile is assumed underneath each girder).nibteworthy that in an earlier
research study conducted by Dicleli and Erhan (208 number of piles per
girder was found to have only a negligible effecttbe LLDFs for IB girders.
The strength of the concrete used for the prestdes®ncrete girders are
assumed to be 50 MPa while those of the slab, chgpis (for SSBs) and the
abutments (for IBs) are assumed to be 30 MPa. gfaweular backfill behind
the abutments is assumed to have a unit weigh® &N\En?. The foundation
soil surrounding the piles is assumed to be meditifh-clay with an
undrained shear strength Gf=40 kPa. The assumed clay stiffness is typical
for 1B construction as in stiffer soils; pre-drileoversize holes filled with
loose sand is generally provided along the topigorf the pile to reduce the
resistance of the surrounding stiff soil to theetat movements of the pile. A
parametric study is conducted to cover a broadeanfgbridge properties
found in practice. Nevertheless, the parameterkidied in this study are
limited to superstructure properties since in anliera research study
conducted by Dicleli and Erhan (2008), the vamiasi in substructure
(abutments and piles), backfill and foundation podperties are found to have
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negligible effects on the distribution of live loatbment and shear among the
girders of IBs. The superstructure properties amred in the analyses include
the span length (10, 15, 20, 25, 30, 35, 40, 45 mumber of design lanes (1,
2, 3, 4 design lanes), girder size (Girder typk, IlIl, 1V, V, VI) and spacing
(1.2, 2.4, 3.6, 4.8 m.) as well as slab thickn®sks, 0.20, 0.25, 0.30 m.). This
resulted in a total of 324 different 3-D and cop@sding 2-D structural
models of SSBs and IBs and more than 2000 analyasss. The 2000
analyses cases include the analyses of both 2-CBdhdnodels, the analyses
for various longitudinal positions of the truck fshear and moment and the
analyses for various transverse positions of twmore trucks in the analyses
of 3-D models. Note that the combination of variqpeameters presented
above may not always be realistic (e.g. the contimnaf girder type VI and
a span length of 15 m). Although such unrealistimbinations may result in
biased interpretations of analysis results for LsRiie to the combination of
unrealistic girder sizes with various span lengthis, was done deliberately to
solely study the effect of a certain parameter twn distribution of live load
moment and shear among the girders by keepingtkie® parameters constant
and to have adequate data covering the full rafigmssible variation of the
parameters to incorporate all possible cases ofasites. A similar approach

was also used in the development of AASHTO LLDFs.

5.2 ESTIMATION OF LIVE LOAD DISTRIBUTION
FACTORS

LLDFs are calculated for the composite interioidgis of the SSBs and IBs.
For this purpose, first the maximum live load effegnoment and shear) from
the analyses of the 3-D FEM models (for SSBs tie =M model in Figure
5.1 (a) and for IBs the 3-D FEM model in Figure §) for the composite
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interior girders are calculated as the summatioth@fmaximum effects in the
girder element and within the tributary width oetklab (equal to the girder
spacing) at the same location along the bridge. livedoad effects (moment
and shear) due to a single truck loading at theedangitudinal location as the
position of the trucks in the 3-D model is alsocoédted using the 2-D models
presented for SSBs and IBs respectively in Figs.(&) and 5.2 (b). The live
load distribution factors are then calculated asrttio of the maximum live
load effects obtained from 3-D analyses to thogaioned from 2-D analyses.
Analytically, the LLDFs for girder moment(DFy;) and shearl{LDF\) are
expressed as follows;

LLDF,, = Mo (5.1)
MZD
LLDF, ~ Vi (5.2)

2D
whereMsp andVsp are respectively the maximum girder live load motand
shear force obtained from the analyses of the 3HM$ for the most
unfavorable longitudinal and transverse positiohsoltiple trucks (i.e based
on the number of design lanes, several analysesoadicted for two or more
trucks placed at the same longitudinal locationngldhe bridge and the
maximum effect is picked after multiplying each uksby the multiple
presence factors of AASHTO (2007) to take into aderstion the reduced
probability of the presence of a number of truckshe same longitudinal
location) and Myp and V,p are respectively the maximum girder live load
moment and shear force obtained from the analysiseo2-D FEMs under a
single truck load placed at the same longitudirtditpon as that of the trucks
in the 3-D model.
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Figure 5.13-D and 2-D Structural models of (a) SSB, (b) IB.
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5.3 CONTINUITY EFFECT: LONG-NARROW
VERSUS SHORT-WIDE BRIDGES

In this section, preliminary comparative sensiyivdinalyses are conducted to
investigate whether the superstructure-abutmentiragty in I1Bs influences
the distribution of live load shear and moment aghtre girders. A long-
and-narrow and a short-and-wide SSB and IB areidered in the analyses to
cover a broad range of possibilities. For thisppse, 45 m long SSB and 1B
with four girders spaced at 2.4 m (long and nartmiglges) and 15 m long
SSB and IB with seven girders spaced at 2.4 m (st wide bridges) are
considered. The overhang and the total width eflthidges are respectively
1.2 m and 9.6 m for the long and narrow bridge @:dm and 15.6 m for the
short and wide bridge. For the long and narrowdes] AASHTO prestressed
concrete girder types (GT) Il and VI and for theorshand wide bridges
AASHTO prestressed concrete girder types (GT) | Bhére considered to
examine the impact of the variation of girder siz® the effect of
superstructure-abutment continuity on live loadribstion among the girders.
This resulted in eight analyses cases. The desigiks are transversely
located on the bridge to produce the maximum iotegirder moment and
shear for the long and narrow bridge with four gisdland for the short and
wide bridge with seven girders. For the long andrava bridge only two
trucks are required to produce the maximum livedleffects in one of the
girders while for the short and wide bridge thregks are required as shown
in the figure. The live load shear/moment in eaictiey is then calculated and
divided by the corresponding shear/moment obtaireed 2-D analyses under
a single truck load to normalize the live load effie each girder with respect
to a single truck load. The analyses results egsgmted in Figs. 5.2 (a) and
(b) for long and narrow and short and wide bridgespectively. The figures
display the distribution of live load moment gVand shear (y (LLDF) to
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each girder, (for certain truck transverse posgi@noducing the maximum
interior girder shear and moment) which are preskoin the horizontal axis
and depicted on the picture representing supetateicross-section placed on
the graph.

1,2 1 —IAB, GT=Il 7 ——1AB, GT=I
oM T - sse Ms TTTTTTT
104 ° —---SSB,GT=ll | 9 ---- SSB, GT=I
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D 0,6 7 T /,: ///// “»‘\\
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Figure 5.2 Effect of superstructure-abutment continuity oa thstribution of
live load moment and shear among the girders ofo@ and narrow bridges
(b) short and wide bridges.

It is observed from the figures that the superstmecabutment continuity in
IBs improves the distribution of live load momemang the girders. That is,

the plots for IBs are relatively more uniform aral/é smaller peaks compared
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to those of the SSB. The figures reveal that ttece of superstructure-
abutment continuity on live load moment distribnt@among the girders of IBs
is more pronounced for short span bridges. Thiebdistribution of live load
moment in IBs may be mainly due to the torsiongtional rigidity provided
by the monolithic abutments to the girders and skeb, which is more
predominant for shorter span bridges. Furthermbeepverhanging portion of
the slab, which is free over the supports in SS8dixed to the abutments
(cast monolithically) in the case of IBs. This majso enhance the
distribution of live load moment among the girdefsiBs. However, the
effect of superstructure-abutment continuity on th&ribution of live load
shear among the girders is found to be less sogmifi In fact, the live load
shear distribution in the girders of IBs is fourdbe slightly poorer than that
in the girders of SSBs. The location of the calted live load shear, which is
at the face of the abutment in I1Bs rather thanrtiraediate vicinity of the end
supports underneath the girders in SSBs, may bm#ie reason for this type
of a behavior. It is also observed that while $emajirder sizes enhances the
distribution of live load effects among the girdefsSSBs, the effect of girder
size on the distribution of live load among thedgits of IBs is less significant.
Accordingly, the effect of continuity is more pramxed for larger girder

sizes.

In summary, the preliminary sensitivity analysedicated that superstructure-
abutment continuity affects the distribution ofdifoad moment among the
girders. However, continuity does not have a sigaift effect on the

distribution of live load shear. The continuity exft is found to be a function
of the span length and girder size. Accordinghg éffect of superstructure-
abutment continuity as a function of the above noeet parameters as well
as the girder spacing, number of design lanes d#addl thickness will be

investigated in detail in the following sections.
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5.4. CONTINUITY EFFECT VERSUS SPAN
LENGTH

The effects of the superstructure-abutment cortiinon the distribution of
girder live load moment and shear are illustrated=igs. 5.3 and 5.4 as a
function of span length (10, 15, 20, 25, 30, 35a40 45 m.) for various girder
spacings (1.2 m, 2.4 m, 3.6 m) and girder typesi\ill VI) respectively. The
data presented in the figures are obtained forgbsdwith two lanes, slab
thickness of 0.2 m, deck widths of 9.6 m for 1.2g(itlers) and 2.4 m ( 4
girders) girder spacing and 13.2 m for 3.6 m (4lgis) girder spacing and
overhang width of 1.2 m. In the figures, the LLDélstained for IBs, SSBs
and those calculated from the AASHTO formulae fug tnterior girders of
slab-on-girder bridges are compared. The AASHTQO{2 LLDF for the
composite interior girder moments (LLR&asnto) and shears (LLDF

aasHTo) Of slab-on-girder jointed bridges with two or reatesign lanes loaded

IS given as;
S 06 S 02 K 01
LLDF,,_ =0075+| — | |= g 5.3
mnero=0075+ (o) (2] | 28 53
S S 20
LLDF, =02+~ | 2 5.4
VoAASHTO 3600 [10700) 4

whereSis the girder spacing, is the span lengths is the slab thickness and
Kqis a parameter representing the longitudinal stgof the composite slab-

on-girder section of the bridge expressed as (AASHUD07);

Kyg =n(| +Ae§) (5.5)
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In the above equatiom,is the ratio of the modulus of elasticity of the girde
material to that of the slab materibis the moment of inertia of the girde,
is the cross-sectional area of the girder apds the distance between the

centers of gravity of the girder and the slab.
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Figure 5.3 Distribution factor vs. span length for (a) Girdesmpe II, (b) Girder
Type IV, (c) Girder Type VI (For all the graphsrdgr spacing = 2.4 m and
slab thickness = 0.2 m).
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Figure 5.4 Distribution factor vs. span length for (a) 1.2gimder spacing, (b)
2.4 m girder spacing, (c) 3.6 m girder spacing @bthe graphs; girder type =
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It is observed from the figures that the effectitod superstructure-abutment
continuity on the LLDFs for the girder moment igrsficant especially in the
case of short span bridges. For instance, for aan® SSB with 10 m span
length, 0.2 m thick slab and AASHTO Typé girders spaced at 2.4 m, the
LLDFs for the interior girder moment (Ylare calculated as 0.636 and 0.845
respectively. The LLDF calculated from the AASHT@rhulae is 0.973. The
difference between the LLDFs of the IB and SSB al as that calculated
using AASHTO formulae are 33%. and 53% respectivdliiis clearly
demonstrates that using AASHTO formulae for shpensiBs will produce
conservative estimates of live load moment in thidegs. However, for the
same IB and SSB, but with 45 m span length, the Ed.[dr the interior girder
moment (M) are calculated as 0.596 and 0.586 respectiveiye ILDF
calculated from the AASHTO formulae is 0.640. Thiéedence between the
LLDFs of the IB and the SSB as well as that cakealausing AASHTO
formulae are 1.7%. and 7.4% respectively. Thiscatis that the effect of
superstructure-abutment continuity ceases for losgan bridges. It is also
observed that AASHTO LLDFs produces reasonablenaséis of the live load
moments in the girders of IBs with longer spangti@rmore, Figs. 5.3 and
5.4 reveal that for IBs, the variation of the LLDfes the girder moment is
less sensitive to the span length due to supetstatabutment continuity. The
plots in Figs. 5.3 (a), (b), (c) and 5.4 (a), (fY) reveal that the above
observations are valid regardless of the girdee gpd spacing.

For the girder shear, the superstructure-abutmemtirwity is found to have
negligible effects on live load distribution for@h span bridges, but such
effects become slightly more noticeable as the dpagth increases. For
instance, for the IB and SSB with 10 m span leng&hSHTO girder type IV
and girder spacing of 2.4 m, the LLDFs for the rigtegirder shear () are
found as 0.769 and 0.781 respectively. HowevertHersame IB and SSB, but
with a 40 m span length, the LLDFs for the intergrder shear () are
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obtained as 0.783 and 0.714 respectively. For #meesbridges, the LLDF
calculated from AASHTO formulae is 0.816 for thenga of span lengths
considered (AASHTO formula for LLDFs for girder stnes not a function of
span length). As observed from the figures, fos, |IBhe LLDFs for girder
shear are in close agreement with those calcufabed AASHTO formulae.

Thus, for the range of span lengths considered, ARS LLDFs for girder

shear may be used for the design of IB girdersrdégss of the girder type.
However, AASHTO LLDFs for girder shear seem to lverty conservative
for SSBs.

5.5 CONTINUITY EFFECT VERSUS GIRDER
SPACING

The effects of the superstructure-abutment cortiinon the distribution of
girder live load moment and shear are illustrated=igs. 5.5 and 5.6 as a
function of girder spacing (1.2, 2.4, 3.6 and 4.8 for various span lengths
(15 m, 30 m, 40 m) and girder types (ll, 1V, VI)spectively. The data
presented in the figures are obtained for bridgéls four lanes, slab thickness
of 0.2 m, deck width of 15.6 m and overhang widtl0D®& m. In the figures,
LLDFs obtained for IBs, SSBs and those calculatexinfthe AASHTO

formulae for slab-on-girder bridges are compared.
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Figure 5.5 Distribution factor vs. girder spacing for (a) 15sman length, (b)
30 m span length, (c) 40 m span length, (For &lgraphs; girder type = IV
and slab thickness = 0.2 m).
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It is observed from the figures that the superstmecabutment continuity
affects the distribution of live load moment amahg girders regardless of
the girder spacing. The continuity effect is somaivmore noticeable for
shorter span bridges (Fig. 5.5) and larger girda¥ss(Figs. 5.6) for the range
of girder spacings considered. However, the coitfineffect generally

becomes more noticeable at larger girder spacisgscally for shorter span
bridges. It is also found that, the LLDFs calcutafeom AASHTO formulae

yield conservative estimates of LLDF for girder mearhespecially for larger
girder spacings and for shorter span bridges. &tfext diminishes for smaller
girder sizes and larger span lengths. The diffsrdretween the LLDFs for
the girder moment of IBs and SSBs considered irs.Flg§5 and 5.6 is
estimated to range between 0% and 54.4% while ifferehce between the
LLDFs for the girder moment of IB and those caltedafrom AASHTO

formulae is estimated to range between 0.8% and. @3%s, designing the
girders of IB using the AASHTO formulae for girdeoments expected to be
uneconomical especially for short span bridgegHerrange of girder spacings

considered.

However, in the case of LLDFs for girder shear,ist found that the
superstructure-abutment continuity effect is lesticeable compared to that of
the LLDFs for girder moment for the range of girdpacings considered. The
continuity effect for the girder shear is obsertedbecome slightly more
noticeable only for longer span bridges and smaligder sizes. The
difference between the LLDFs for the girder shddBe and SSBs considered
in Figs. 5.5 and 5.6 is estimated to range betvi28¥% and 22.9% while the
difference between the LLDFs for the girder shdaiBoand those calculated
from AASHTO formulae is estimated to range betw@&%%.and 8.9%. Since
the difference between the IB and AASHTO LLDFs ginder shear is small,
using the AASHTO formulae will produce reasonaldéneates of live load
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shear in the girders of IBs regardless of the girdpacing. However,
AASHTO LLDFs for girder shear seem to be overlysenvative for SSBs.

5.6. CONTINUITY EFFECT VERSUS GIRDER
TYPE (SIZE)

The effects of the superstructure-abutment cortiinon the distribution of
girder live load moment and shear are illustrated-igs. 5.7 and 5.8 as a
function of the girder type (I, Il, 1ll, IV, V, )dr various span lengths (15, 30,
45 m) and girder spacings (1.2 m, 2.4 m, 3.6 mpeesvely. The data
presented in the figures are obtained for bridgéis two lanes, slab thickness
of 0.2 m, deck widths of 9.6 m for 1.2 (7 girdeas)d 2.4 m ( 4 girders) girder
spacing and 13.2 m for 3.6 m (4 girders) girdecsmgpand overhang width of
1.2 m. In the figures, LLDFs obtained for IBs, SSB&l those calculated from
the AASHTO formulae for slab-on-girder bridges epenpared.

It is observed from the figures that the superstimecabutment continuity
affects the distribution of live load moment amahg girders regardless of
the girder type (size). However, the continuityeetfis noticeable only in the
case of short span bridges or bridges with largeteg sizes. However, the
girder size effect is less noticeable comparech& bf the other parameters
studied. For instance, for 30 m long IB and SSBhwvit2 m thick slab and
AASHTO Type lll girders spaced at 2.4 m, the LLDBs the interior girder
moment are calculated as 0.607 and 0.626 respbctiMee LLDF calculated
from the AASHTO formulae is 0.628. The differencetvibeen the LLDFs of
the IB and SSB as well as that calculated using AAS formulae are 3.1%.
and 3.5% respectively. However, for the same 1B 888, but with AASHTO
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Type VI girders, the LLDFs for the interior girderoment are calculated as
0.624 and 0.684 respectively. The LLDF calculateomf the AASHTO
formulae is 0.713. The difference between the LLDFshe IB and SSB as
well as that calculated using AASHTO formulae ar8%8 and 12.5%
respectively. These differences become even ldgeshorter span bridges.
Accordingly, the continuity effect should be inckelin the estimation of live
load moments in the girders of IBs. FurthermoigsF5.7 and 5.8 reveal that
for IBs, the variation of the LLDFs for the girderoment is less sensitive to
the girder size due to the effect of continuityttees LLDF vs. girder type plots
for IBs have very small gradients compared to tHos¢he SSBs.

It is also found that the effect of superstructabetment continuity on the
LLDFs for girder shear is more noticeable than tfat girder moment
especially for bridges with, longer spans and senalirder sizes. However,
the shear LLDFs for IB girders are found to belwse agreement with those
calculated using the AASHTO formulae. The differeretween the LLDFs
for the girder shear of IB and those calculatednfrAASHTO formulae is
estimated to range between 0.65% and 8.9%. Siecditference between the
IB and AASHTO LLDFs for girder shear is small, ugithe AASHTO
formulae will produce reasonable estimates of loal shear in the girders of
IBs regardless of the girder size. However, AASHIOIFs for girder shear

seem to be overly conservative for SSBs.
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Figure 5.7 Distribution factor vs. girder type for (a) 15 masplength, (b) 30
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m and slab thickness = 0.2 m).
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5.7. CONTINUITY EFFECT VERSUS SLAB
THICKNESS

The effects of the superstructure-abutment cortiinon the distribution of
girder live load moment and shear are illustratedrigs. 5.9 and 5.10 as a
function of the slab thickness (0.15, 0.20, 0.2800m.) for various span
lengths (15, 30, 45 m) and girder spacings (1.2./m, 3.6 m) respectively.
The data presented in the figures are obtainedofimiges with two lanes,
girder type IV, deck widths of 9.6 m for 1.2 (7dgrs) and 2.4 m ( 4 girders)
girder spacing and 13.2 m for 3.6 m (4 girdersiigjirspacing and overhang
width of 1.2 m. In the figures, LLDFs obtained ftBs, SSBs and those
calculated from the AASHTO formulae for slab-onegr bridges are

compared.

It is observed from the figures that the superstimecabutment continuity
affects the distribution of live load moment amadhg girders regardless of
the slab thickness. However, the variation of théE as a function of the
slab thickness is modest (compared to the variaifdche LLDF as a function
of other parameters considered so far), for botaiB SSB. Furthermore, the
continuity effect becomes more noticeable only he tase of short span
bridges and smaller slab thicknesses. For instdoc&0 m long IB and SSB
with 0.2 m thick slab and AASHTO Type IV girdersaspd at 2.4 m, the
LLDFs for the interior girder moment are calculatad 0.612 and 0.643
respectively. The LLDF calculated from the AASHT@rhulae is 0.666. The
difference between the LLDFs of the IB and SSB al as that calculated
using AASHTO formulae are 5% and 8.8% respectivejowever, for the
same IB and SSB, but with a 0.3 m thick slab, th®FEs for the interior
girder moment are calculated as 0.585 and 0.60%ec#sely. The LLDF
calculated from the AASHTO formulae is 0.603. Thiéedence between the
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LLDFs of the IB and the SSB as well as that cakealausing AASHTO
formulae are 3.9% and 3.0% respectively. This iaidis that the effect of
superstructure-abutment continuity decreases fafges with thicker slab.
Figs. 5.9 and 5.10 also reveal that for IBs, theatian of the LLDFs for the
girder moment is less sensitive to the slab thiskndue to the effect of

continuity.

It is also found that the effect of superstructabetment continuity on the
LLDFs for girder shear is more noticeable than tloatgirder moment for
bridges with longer spans However, the shear LLI0F4B girders are found
to be in close agreement with those calculatedguie AASHTO formulae
regardless of the slab thickness. Furthermoreyénation of the LLDF for
girder shear as a function of the slab thicknesaadest for SSBs and nearly

negligible for IBs.
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5.8. CONTINUITY EFFECT VERSUS NUMBER OF
DESIGN LANES

The effects of the superstructure-abutment cortiinon the distribution of
girder live load moment and shear are illustratedrigs. 5.11 and 5.12 as a
function of the number of design lanes (1, 2, 3 4mtksign lanes) for various
span lengths (15, 30, 40 m) and girder types Vllahd VI) respectively. The
data presented in the figures are obtained foigksdvith slab thickness of 0.2
m, girder spacing of 2.4 m, overhang width of 0.@ma deck widths of 6, 8.4,
10.8 and 13.2 m. respectively for 1, 2, 3 and 4gekanes. In the figures,
LLDFs obtained for IBs, SSBs and those calculatexinfthe AASHTO

formulae for slab-on-girder bridges are compared.

It is observed from the figures that the superstimecabutment continuity
affects the distribution of live load moment amahg girders regardless of
the number of design lanes. However, the continefityct generally becomes
slightly more noticeable in the case of short dpatiges and larger number of
design lanes. (only in Fig. 5.11(b)) The differermetween the LLDFs for
girder moment of single-lane and multiple-lane IBdess than that of SSBs

due to the continuity effect.

Figs 5.11 and 5.12 reveal that the superstructougszent continuity affects
the distribution of live load shear among the gisdegardless of the number
of design lanes. Although, the continuity effect fbe girder shear generally
becomes more noticeable for smaller girder sizestrend of the shear LLDF
plots in the figures for IB, SSB and AASHTO are #&m Nevertheless, the
shear LLDFs for IB girders are found to be in cl@eggeement with those
calculated using the AASHTO formulae regardlesshef number of design

lanes.
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5.9. SUMMARY

In this chapter, a parametric study is conductethvestigate the effects of
superstructure-abutment continuity on the distrdubf live load shear and
moment among the girders of IBs. The LLDFs obtaif@d IBs are also
compared with those calculated using AASHTO forraula assess the
applicability of AASHTO procedure to the designlIBfgirders. Followings

are the conclusions deduced from this study.

1. The superstructure-abutment continuity in IBs inveothe distribution of
live load moment among the girders. The betteritigion of live load
moment in IBs may be mainly due to the torsionahtional rigidity
provided by the monolithic abutments to the girdemsd the slab.
Furthermore, the overhanging portion of the slabictv is free over the
supports in SSBs, is fixed to the abutments (camtatithically) in the
case of IBs. This may also enhance the distributiblive load moment

among the girders of IBs.

2. The lack of superstructure-abutment continuity i8BS improves the

distribution of live load shear among the girders.

3. The effect of the superstructure-abutment contynimtIBs in relation to
SSBs on the LLDFs for the girder moment is obsetedak significant for
bridges with shorter spans (10-20 m) or largeregirsizes, It is observed
that the difference between the LLDFs for the girdeoment due to
continuity effect in IBs may be as much as 54.4%hgared to SSBs.
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4. However, the effect of the superstructure-abutmesntinuity on the
LLDFs for the girder shear is observed to becomeemwticeable for
smaller girder sizes. The difference between th®RE4 for the girder
shear due to continuity effect in IBs in relatian§SBs. may be as much
as 22%.

5. Itis also observed that the variation of the LLD&isthe girder moment is
less sensitive to the span length, girder sizespagding, slab thickness and
number of design lanes in IBs. This is the maasoa for the differences
between the LLDFs of IB and SSBs as in the cas®S#8s, LLDFs for the
girder moment vary greatly as a function of the va&banmentioned

parameters.

6. LLDFs for the girder moment and shear are alsoutated using the
AASHTO formulae developed for regular jointed bedg Comparison of
the AASHTO LLDFs for the girder moment with thosetained for IBs
revealed that, for short span IBs (10-20m), AASHT@mulae will
produce very conservative estimates of live loadnent in the girders.
The difference between the LLDFs for girder momehiBs and those
calculated using the AASHTO formulae range betwe&%. and 63%.
These differences become smaller when realisticbanetions of girder
size and span length are considered. Since theHIASLLDF formulae
for moment are developed for SSBs, they are ndalslel for IB girder
design. Thus, live load distribution formulae fdBsl are needed for
reasonable estimation of live load moments in IRigis especially for
short span bridges. However, for IBs, the LLDFsifderior girder shear
are in close agreement with those calculated froRSIATO formulae for
the range of superstructure properties considefduls, AASHTO LLDFs
for the interior girder shear may be used for tlsigh of IB girders.
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Furthermore, AASHTO LLDFs for girder shear seem ke overly

conservative for SSBs and need to be reevaluated.
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CHAPTER 6

INVESTIGATION OF THE APPLICABILITY OF
AASHTO LRFD LIVE LOAD DISTRIBUTION
EQUATIONS FOR INTEGRAL BRIDGE
SUBSTRUCTURES

In the design of IBs, design engineers generallyutaie the live load effects
in the abutments and piles of IBs by using the LkDd&eveloped for the
interior girders of jointed bridges. This approasibased on the assumption
that the same rotations about a transverse axipepéicular to the
longitudinal direction of the bridge occur bothtive abutments and the girders
under live load due to the monolithic constructioh the superstructure-
abutment joint in IBs. However, it is anticipatddht the concentrated rigidity
of a particular girder combined with those of tldgaaent girders connected to
the abutment having a smeared rigidity, may produdige load distribution
within the abutment and piles different than thalcalated using the LLDES
developed for the girders of jointed bridges. Thaes using AASHTO LRFD
LLDEs may results in either conservative or uncoveseve estimates of the
live load effects in the piles and abutments of IBXonsequently, in this part
of the thesis study, a research study on the sliiyatf the current AASHTO
LRFD LLDEs for the abutment and piles is condudieéddress the above-
mentioned uncertainties. For this purpose, 2-D Zu4ldlfinite element models
(FEMs) of numerous IBs are built and analyzed urieSHTO LRFD live

load. In the analyses, the effect of various supetire properties such as
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span length, girder size and spacing as well ab #teckness (i.e. the
parameters, which the AASHTO LRFD LLDEs are baseflare considered
to broadly investigate the applicability of the AMBO LRFD’s girder LLDEs
to the abutments and piles of IBs. The results ftbenanalyses of 2-D and 3-
D FEMs are then used to calculate the live loattidigion factors (LLDFs)
for the piles and abutments of IBs as a functionthef above mentioned
parameters. LLDFs for the girders are also caledlaising the AASHTO
LRFD LLDEs developed for conventional bridges. THeDFs for the IB
abutments and piles obtained from the analysetharecompared with those
calculated using AASHTO LRFD LLDEs to assess thtabiity of AASHTO
LRFD LLDFs for the design of abutments and pile$Bs.

6.1 INTEGRAL BRIDGE PARAMETERS
CONSIDERED IN THE ANALYSES

A parametric study is conducted to cover a broadjesof bridge properties
found in practice. The superstructure propertiessiciered in the analyses
include the span length.), girder type GT) (or size), girder spacing) and
slab thicknesstd). The range of valuesonsidered for each parameter is given
in Table 6.1. Four sets of analyses are considgseshown in the first column
of Table 6.1. In each analysis set one of therpaters is considered to be
dominant. For instance, the first row of the tabidere the span length is
taken as the dominant parameter, indicates thdegiypes I, IV and VI, a
slab thickness of 0.2 m, and girder spacings of 2.2 and 3.6 m. are
considered with span lengths of 10, 15, 20, 2535040 and 45 m, while in
the second row where the girder type is taken asltiminant parameter, the

span lengths of 15, 30 and 45 m, a slab thickne®s2am and girder spacing
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of 1.2, 2.4 and 3.6 m are considered with girdpesyl, II, 111, IV, V and VI.
This leads to nearly 200 different 3-D and corresjiog 2-D structural
models of IBs. In these models, the abutmentseiBs are assumed to be 3
m. tall and supported by 12 m. long end-bearinglstéP250x85 piles
typically used in IB construction. The number ofepiis set equal to the
number of girders (i.e. one pile is assumed undgneach girder). The
granular backfill behind the abutments is assurodaaive a unit weight of 20
kN/m? (sensitivity analyses are conducted using 18 @nkNInT unit weight
as well). The foundation soil surrounding the piesssumed to be medium
and medium-stiff clay with an undrained shear gterof C,=40 and 80 kPa

(80 kPa is used only in sensitivity analyses).

Table 6.1.Superstructure parameters considered in the asalys

PARAMETER  Span Length Girder Type Slab Thickness Girder
(m) (m) Spacing (m)
Span Length 10, 15, 20, 25,
(m) 30, 35, 40, 45 I, 1V, VI 0.20 1.2,2.4,3.6
Girder Type 15,30,45 ”'V'”\'/:V’ 0.20 1.2,2.4,3.6
i 1.2,2.4,3.6
Slab T(:T‘]';:k”ess 15, 30, 45 IV 0.15, 0.20, 0.25, 0.30
Girder Spacing 15. 30, 40 I, IV, VI 0.20 1.2,2.4, 3.6,
(m) 4.8

6.2 BEHAVIOUR OF ABUTMENTS AND PILES OF
IBs UNDER LIVE LOAD EFFECTS

In this section, the distribution of live load effs within the abutment and

piles of IBs is studied in detail. For this purpoaeshort and a long 1B, with
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span lengths of 15 m and 45 m, are consideredver @broad range of deck
stiffness properties found in practice. Both brelgeave seven AASHTO
LRFD Type IV girders spaced at 2.4 m. Although AASHLRFD Type IV
girders may not be suitable for both the 15 m ahdndlong IBs, this average
girder size is deliberately considered to assessdibtribution of live load
effects for very short, stiff and very long, fle}edB superstructures. The slab
is assumed to be 0.2 m thick. For both bridgesr then tall and 1 m thick
abutments are supported by seven HP250x85 pileth Badges are then
subjected to AASHTO LRFD truck loading. The anay®sults are depicted
in Figs. 6.1 and 6.2. Figs. 6.1 (a) and (b) digphe LLDF for abutment and
pile momentgdM) and shear¢V) across the width of the 15 m and 45 m long
IBs respectively. In the horizontal axis, the girdembers (note that the piles
are also aligned with the girder locations and kehe girder number refers to
the position of each pile as well) are used tordatee the position across the
width of the bridge. Such an illustration will ematihe reader to assess the
concentrated effects transferred from specificegsdo the abutment. For both
bridges, the influence line analyses revealed etposition in the vicinity of
the mid-span to produce the maximum moment and stiéan the abutment
and piles. Consequently, in the case of the losgan IB, the larger distance
of the truck axles to the abutment produces adlamore uniform distribution
of live load moment across to width of the abutmdifite live load flexural
stress distribution within the abutment shown ig.f&.2 (a) also confirms this
statement. However, in the case of the shortan #pabecause of the shorter
distance of the truck axles to the abutment, ttstridution of the live load
effects are relatively more concentrated. This obsty results in larger
LLDFs for the abutments of shorter IBs as obsefvaa the live load flexural
stress distribution within the abutment shown ig.f.2 (b). For instance, for
the 15 m long IB, the LLDF for the abutment mom@wt) obtained from
FEAs is 0. 95. However, for the longer, 45 m spBnthe LLDF for the
abutment moment is obtained as 0.61. Also, noteababserved from Figs.
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6.2 (a) and (b) the flexural live load distributigstresses) become more
uniform away from the girder tips, closer to thdtbm of the abutment. This

leads to a more uniform distribution of the livadbeffects among the piles as
observed from Figs. 6.1 (a) and (b). In the cash@®fabutment shear, the live
load distribution is also more uniform than that tob moment. This is

because, the shear effects within the abutmentaagely produced by the

horizontal resistance of the piles supporting thet@ment which also have a
more uniform distribution of live load effects redeess of the span length.
The finding about a more uniform live load sheatribution regardless of the
span length is also in agreement with AASHTO LRHieas LLDE for

girders, which is independent of the span lenigth,
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Figure 6.1 Distribution of live load effects among the pil@sd abutment for
the IBs with span lengths of (&) 15 m (b) 45 m
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Figure 6.2 Flexural stresses distribution due to live loade@s in the
abutment(a) flexible superstructure- abutment ca¥g rigid superstructure-
abutment case

6.3. APPLICABILITY OF AASHTO LRFD LLDEs
VERSUS SPAN LENGTH

In this section, the effect of the span length loa distribution of live load

moment and shear within the 1B abutment and pdestudied. In addition, the
suitability of the AASHTO LRFD girder LLDFs to trebutments and piles of
IBs is investigated. For this purpose, IBs with 18, 20, 25, 30, 35, 40 and 45
m spans are considered. The FEAs of these bridgesoaducted to calculate
the LLDFs for the abutments and piles. The analgsesepeated for IBs with
various girder spacings (1.2 m, 2.4 m, 3.6 m) andeg types (Il, 1V, VI) to

extend the range of applicability of the findings ¥arious bridge properties.
This resulted in 72 FEMs and more than 1400 anslyseses for various

transverse truck positions and number of transixedaced trucks. Some of
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these analyses results are illustrated in Figs.(@)3and (b). The figures
display the LLDF for abutment momefM,) and shea(V,) as well as for pile
moment(M,) and shear(Vp) as a function of span length. In the figures,
LLDFs obtained for the abutments and piles of B¥] those calculated from
the AASHTO LRFD LLDEs are compared.

The analyses results presented in Figs. 6.3 (a)(lBnceveal that AASHTO
LRFD girder LLDEs may generally lead to unconseamaestimates of live
load moments particularly in the abutments of skpén IBs. For instance, for
an 1B with 10 m span length, 0.2 m thick slab arASANTO LRFD Type IV
girders spaced at 2.4 m, the LLDF for the abutnmeament M,) obtained
from FEAs is 1.230. The LLDF calculated from the & ATO LRFD LLDE is
0.897. The difference between the LLDFs obtainednfthe FEA of the IB
and that calculated using the associated AASHTORREDE is 37%. This
clearly demonstrates that using AASHTO LRFD LLDBs $hort span IBs
will produce unconservative estimates of flexunak |load effects in the
abutments for the range of superstructure and mudbste parameters
considered .However, for the same IB, but with 4Span length, the LLDFs
for the abutment momentM() obtained from FEAs is 0.610. The LLDF
calculated from the AASHTO LRFD LLDE is 0.598. Td#ference between
the LLDFs obtained from the FEA of the IB and thlaticulated using
AASHTO LRFD LLDE are 2%. This indicates that AASHTIGRFD LLDEs
are more suited for longer span IBs for the cataaof flexural live load

effects in the abutments.

The analyses results also reveal that using AASHRED LLDEs may lead
to quite conservative estimates of live load sl{¥grin the abutments as well
as moments M) and shears\g) in the piles of IBs for the range of
superstructure and substructure parameters coadideor instance, for the 15
m. long 1B, the LLDFs for the abutment she¥s)( pile moment ) and pile
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shear Y,) obtained from FEAs are 0.47, 0.49 and 0.50 resmdg. The
LLDF calculated from the AASHTO LRFD girder LLDESea0.816, 0.897
and 0.816 respectively. The difference betweerLtligFs obtained from the
FEA of the IB and those calculated using AASHTO IIRELDEs are 74%,
91% and 61% for the abutment shear as well as rpienent and shear
respectively. Similar results are also observedBgrwith other span lengths.
This obviously indicates that using AASHTO LRFD LEB for IBs may lead
to exceedingly conservative estimates of live Ishdar in the abutments as

well as live load moment and shear in the piles.
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Figure 6.3LLDFs vs. span length for (a) Girder spacing of & 4girder type
IV and slab thickness of 0.2 m. (b) Girder spacfi@.4 m, girder type VI
and slab thickness of 0.2 m.
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6.4 APPLICABILITY OF AASHTO LRFD LLDEs
VERSUS GIRDER SPACING

In this section, the effect of the girder spacimgtiee distribution of live load
moment and shear within the IB abutment and p#efudied. In addition, the
suitability of the AASHTO LRFD girder LLDFs to thebutments and piles of
IBs is investigated for various girder spacings: this purpose, IBs with 1.2,
2.4, 3.6 and 4,8 m girder spacings are considdred.FEA of these bridges
are conducted to calculate the LLDFs for the abutmeand piles. The
analyses are repeated for IBs with various spagthefil5, 30, 45 m) and
girder types (ll, 1V, VI) to extend the range ofpdipability of the findings for
various bridge properties. This resulted in 36 FEMsl more than 700
analyses cases for various transverse truck positiand number of
transversely placed trucks. Some of these analyesadts are illustrated in
Figs. 6.4 (a) and (b). The figures display the LLIDFabutment momer{iM,)
and shea(V,) as well as for pile momeiri,) and shea(V,) as a function of
girder spacing. In the figures, LLDFs obtained tloe abutments and piles of
IBs, and those calculated from the AASHTO LRFD LL&e compared.

It is observed from the figures that AASHTO LRFDrdgr LLDES may
generally lead to unconservative estimates oflbael moments particularly in
the abutments of IBs having wider girder spacirg. iRstance, for 30 m long
IB with 0.2 m thick slab and AASHTO LRFD Type IVrders spaced at 4.8
m, the LLDF for the abutment momemdy) obtained from FEAs is 1.46. The
LLDF calculated from the AASHTO LRFD LLDE is 1.1.h& difference
between the LLDFs obtained from the FEA of the 8l #hat calculated using
AASHTO LRFD LLDE is 33%. This clearly demonstratéisat using
AASHTO LRFD LLDEs for IBs having wider girder spagi will produce

unconservative estimates of flexural live load efan the abutments for the
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range of superstructure and substructure parametessdered. However, for
the same IB, but with 1.2 m girder spacing, the ELIbr the abutment
moment M,) obtained from FEAs is 0.67. The LLDF calculatedni the
AASHTO LRFD LLDE is 0.70. The difference betweere thLDFs obtained
from the FEA of the IB and that calculated using@¥TO LRFD LLDE is
4%. This indicates that AASHTO LRFD LLDEs are mawatable for IBs
with shorter girder spacing for the calculation Ive load effects in the

abutments.

It is also observed from the Figs. 6.4 (a) anditip} AASHTO LRFD LLDEs
may lead to fairly conservative estimates of livead shear \(;) in the
abutments as well as momeni4,] and shears\) in the piles of IBs for the
range of superstructure and substructure paramed@sdered. For instance,
for a 30 m long IB with 2.4 m girder spacing, theOlFs for the abutment
shear Va), pile moment ;) and pile sheaiM,) obtained from FEAs are 0.37,
0.44 and 0.44 respectively. The LLDF calculatednfrthe AASHTO LRFD
LLDEs are 0.816, 0.670 and 0.816 respectively. difference between the
LLDFs obtained from the FEA of the IB and thosecaidted using AASHTO
LRFD LLDEs are 105%, 52% and 85%. Similar resutts @so observed for
IBs with other girder spacings. This obviously rates that using AASHTO
LRFD LLDEs for IBs may result in extremely consdiva estimates of live
load shear in the abutments as well as live loachemh and shear in the piles.
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Figure 6.4 LLDFs vs. girder spacing fqia) Span length of 30 m, girder type
IV and Slab thickness of 0.2 n{b) Span length of 40 m, girder type IV and
slab thickness of 0.2 m.
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6.5 APPLICABILITY OF AASHTO LRFD LLDEs
VERSUS GIRDER TYPE (STIFFNESS)

In this section, the effect of the girder typef{s@iss) on the distribution of

live load moment and shear within the IB abutmend piles is studied. In

addition, the suitability of the AASHTO LRFD girdet.DFs to the abutments

and piles of IBs is investigated for various girtigres. For this purpose, IBs
with AASHTO LRFD Type I, II, 1ll, IV, V and VI gir@rs are considered. The
FEA of these bridges are conducted to calculatd ti&Fs for the abutments

and piles. The analyses are repeated for IBs vatious girder spacing (1.2,
2.4, 3.6 m) and span length (15, 30, 45 m) to ektbe range of applicability

of the findings for various bridge properties. Thesulted in 54 FEMs and
more than 1000 analyses cases for various tramsveusk positions and

number of transversely placed trucks. Some of thessyses results are
illustrated in Figs. 6.5 (a) and (b). The figurespthy the LLDF for abutment

moment(M,) and shea(V,) as well as for pile momeiii,) and sheafV,) as

a function of girder type. In the figures, LLDFstained for the abutments and
piles of IBs, and those calculated from the AASHTQFD LLDEs are

compared.

It is observed from the figures that AASHTO LRFDrdgr LLDEs may
generally lead to unconservative estimates oflbael moments particularly in
the abutments of IBs supported by stiffer gird€. instance, for a 30 m long
IB with 0.2 m thick slab and AASHTO LRFD Type Virder spaced at 2.4 m,
the LLDF for the abutment momenty) obtained from FEAs is 1.17. The
LLDF calculated from the AASHTO LRFD LLDE is 0.713he difference
between the LLDFs obtained from the FEAs of theall that calculated
using AASHTO LRFD LLDE is 64%. This clearly demarages that using
AASHTO LRFD LLDEs for IBs supported by stiffer gets will produce
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unconservative estimates of flexural live load effen the abutments for the
range of superstructure and substructure parametdessdered. However, for
the same IB, but with AASHTO LRFD Type | girder,ethLDFs for the
abutment momentM,) obtained from FEAs is 0.58. The LLDF calculated
from the AASHTO LRFD LLDE is 0.55. The differencetiwveen the LLDFs
obtained from the FEA of the IB and that calculatsthg AASHTO LRFD
LLDE is 5.5%. This demonstrates that AASHTO LRFDDEs are more
suitable for IBs having smaller size girders foe ttalculation of flexural live

load effects in the abutments.
It is also found that AASHTO LRFD LLDEs may leadfeorly conservative

estimates of abutment live load shear as well &slpie load moment and

shear as observed from Figs. 6.5 (a) and (b).
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Figure 6.5 LLDFs vs. girder type fofa) Span length of 30 m, girder spacing
of 2.4 m and slab thickness of 0.2 ifn) Span length of 45 m, girder spacing
of 2.4 m and slab thickness of 0.2 m.
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6.6 APPLICABILITY OF AASHTO LRFD LLDEs
VERSUS SLAB THICKNESS

In this section, the effect of the slab thicknessttze distribution of live load
moment and shear within the IB abutment and p#efudied. In addition, the
suitability of the AASHTO LRFD girder LLDES to trebutments and piles of
IBs is investigated for various slab thicknessésr this purpose, IBs with
0.15, 0.20, 0.25 and 0.30 m slab thicknesses ar®id®red. The FEA of these
bridges are conducted to calculate the LLDFs ferabutments and piles. The
analyses are repeated for IBs with various girgacsg (1.2, 2.4, 3.6 m) and
span length (15, 30, 45 m) to extend the rangegpliability of the findings
for various bridge properties. This resulted in B6M and more than 700
analyses cases for various transverse truck positiand number of
transversely placed trucks. Some of these analyesadts are illustrated in
Figs. 6.6 (a) and (b). The figures display the LLIDFabutment momer{iV,)
and shea(V,) as well as for pile momeiri,) and shea(V,) as a function of
girder type. In the figures, LLDFs obtained for #imutments and piles of IBs,
and those calculated from the AASHTO LRFD LLDESs emenpared.

The analyses results reveal that AASHTO LRFD gilddDEs may generally
lead to unconservative estimates of live load mdmearticularly in the
abutments of IBs with thicker slabs. For instarfoea 30 m long IB with 0.3
m thick slab and AASHTO LRFD Type IV girder spacd.4 m, the LLDF
for the abutment moment (M obtained from FEAs is 0.73. The LLDF
calculated from the AASHTO LRFD LLDE is 0.60. Théference between
the LLDFs obtained from the FEA of the IB and thlaticulated using
AASHTO LRFD LLDE is 22%. This clearly demonstratésat using
AASHTO LRFD LLDEs for IBs having larger slab thicss will produce
unconservative estimates of flexural live load effen the abutments for the
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range of superstructure and substructure parametessdered. However, for
the same IB, with 0.15 m slab thickness, the LLDFthe abutment moment
(My) obtained from FEAs is 0.74. The LLDF calculatedni the AASHTO
LRFD LLDE is 0.72. The difference between the LLDéigtained from the
FEA of the IB and that calculated using AASHTO LREDDE is only 3%.
This demonstrates that AASHTO LRFD LLDEs are mougable for IBs
having smaller slab thickness for the calculatibAexural live load effects in

the abutments.

The analyses results also reveal that comparedE# fesults, AASHTO
LRFD LLDEs produce very conservative estimates lofitaent live load
shear as well as pile live load moment and sheabssrved from the Figs. 6.6
(a) and (b).
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Figure 6.6 LLDFs vs. slab thickness fofa) span length of 30 m, girder
spacing of 2.4 m and girder type I\(b) Span length of 45 m, girder spacing
of 2.4 m and girder type IV.
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6.7. APPLICABILITY OF THE ABOVE FINDINGS
FOR VARIOS SUBSTRUCTURE AND SOIL
PROPERTIES

In the previous sections (Sections 6.3-6.6) the load analyses of IBs are
conducted assuming an abutment heigh} ¢f 3 m, a pile sizeRS of
HP250x85, backfill unit weight of 20 kNfand a soil strength &,=40 kPa.

In this section, the findings of Sections 6.3—6:é assessed for substructure
and soil properties different than those used erarior this purpose, two IBs
with span lengths of 20 m with AASHTO LRFD Typegitders spaced at 2.4
m. and 40 m with AASHTO LRFD Type VI girders spacad2.4 m. are
considered. The IBs are assumed to have 3 m and tallmabutments
supported by seven HP250x85 and HP310x125 piles. drtdrained shear
strength of the foundation sofC() of the IBs is assumed as 40 kPa and 80 kPa
respectively. In addition, to study the effect loé backfill stiffness on LLDFs,
the 20 m span IB model is also built by assumingkblh unit weights of 18
and 22 kN/m (this corresponds to a 10% decrease and increabadkfill
stiffness compared tp=20 kN/nT). The IB models mentioned above are then
analyzed under AASHTO LRFD truck loading. The &s& results are
illustrated in Figs. 6.7-6.9. The figures displaye tLLDFs for abutment
moment(M,) and shea(V,) as well as for pile momeiii,) and sheafV,) as
functions of abutment heighHJ, undrained shear strength of foundation soil
(Cu), backfill unit weight ¢) and pile sizeRS. In the figures, LLDFs obtained
for the abutments and piles of IBs, and those tatled from the AASHTO
LRFD LLDEs are compared.

The analyses results reveal that the findings ofiGes 6.3—6.6 are generally

valid for substructure and soil properties diffdréran those used earlier with

the exception that taller abutments produce a tbéiséribution of flexural live
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load effects within the abutment. Consequentlymay be stated that the
AASHTO LRFD girder LLDEs are generally not applitalbo 1B abutments

and piles regardless of the substructure and swilggties.
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Figure 6.7 LLDFs in the abutment vs. various substructure erogs for(a)
20 m 1B (b) 40 m IB. (H= abutment height, & undrained shear strength of
foundation soil, PS= pile size)
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Figure 6.8 LLDFs in the pile vs. various substructure promsrtior &) 20 m
IB (b) 40 m IB (H= abutment height, & undrained shear strength of
foundation soil, PS= pile size)
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6.8 SUMMARY

In this chapter, a parametric study is conductedestigate the applicability
of the AASHTO LRFD LLDEs for IBs abutments and gileFor this purpose,
The LLDFs obtained for IBs are compared with thasgculated using
AASHTO LRFD LLDEs to assess the applicability of SATO LRFD

LLDEs to the design of IB abutments and piles unkie load effects.

Followings are the conclusions deduced from thid\st

1. The parametric study reveals that AASHTO LRFD girdeDEs are
generally not applicable to the abutments and mfe8s. AASHTO
LRFD LLDEs lead to extremely conservative estimatethe live load
shear in the abutments and live load moment andrshethe piles.
However, the AASHTO LRFD LLDEs generally lead to

unconservative estimates of live load moment inathgtments.

2. The analyses results revealed that the live loachemb and shear in
the piles and the live load shear in the abutmewet generally
independent of the span length, girder type anll ti&ckness. The
girder spacing is found to be the only parametett thffects the
distribution of live load moment and shear to thlegpand live load

shear to the abutment.

3. In addition, it is found that the distribution déxural live load effects
is highly dependent on the superstructure propedighe bridge. The
distribution of the flexural live load effects imiproved for longer IBs
with flexible superstructures. Moreover, it is alémund that the
distribution of flexural live load effects withirhé abutment is better
predicted by AASHTO LRFD girder LLDESs for IBs witbnger spans,

smaller girder size and spacing as well as thisladss.
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4. The above conclusions are also confirmed for IBshwarious
substructure properties with the exception thatertalabutments

produce a better distribution of flexural live loaffects within the
abutment.
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CHAPTER 7

LIVE LOAD DISTRIBUTION FORMULAE FOR
INTEGRAL BRIDGE GIRDERS

In this study, live load distribution formulae ftive girders of single-span IBs
are developed. For this purpose, two and three ribioral finite element
models (FEMs) of several IBs are built and analyZedthe analyses, the
effects of various superstructure properties swuls@an length, number of
design lanes, prestressed concrete girder sizespading as well as slab
thickness are considered. The results from theyaseal of two and three
dimensional FEMs are then used to calculate treelbad distribution factors
(LLDFs) for the girders of IBs as a function of tlaove mentioned
parameters. LLDFs for the girders are also caledlaising the AASHTO
formulae developed for simply supported bridgesB§SComparison of the
analyses results revealed that LLDFs for girder s and exterior girder
shear of IBs are generally smaller than those tatledi for SSBs using
AASHTO formulae especially for short spans. HoweVASHTO LLDFs
for interior girder shear are found to be in gogdeament with those obtained
for IBs. Consequently, direct live load distributidormulae and correction
factors to the current AASHTO live load distributiequations are developed
to estimate the girder live load moments and estagirder live load shear for

IBs with prestressed concrete girders.
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To obtain LLDEs for IB girders, two and three dimmmal finite element
models (FEMs) of several IBs are built and analyZedthe analyses, the
effects of various structural properties are cogr@d. The results from the
analyses of two and three dimensional FEMs are tised to calculate the live
load distribution factors (LLDFs) for the girder§ I8s as a function of the
structural properties considered in the analysés. dnalyses results revealed
that AASHTO LLDFs for interior girder shear are good agreement with
those obtained from finite element analyses (FER®leli and Erhan 2010).
However, for girder moment, and exterior girderash®ASHTO LLDFs are
generally much more conservative (larger) thandhastained from FEAs for
IBs especially for short spans (more than 80% éones cases). Consequently,
using linear and nonlinear regression analysisnigcies and the available
analysis results, LLDEs are developed to estimae d¢irder live load
moments and exterior girder live load shears inWBh prestressed concrete
girders. Two sets of equations are developed utak the LLDFs for the IB
girders considering two truck loading cases wheig one lane is loaded and
two or more lanes are loaded (similar to AASHTNeTirst set of equations
are developed in the form of correction factorschhare used to multiply the
LLDEs present in AASHTO (2007) for slab-on-girdeyinted bridges to
accurately calculate the LLDFs for the girder motreerd exterior girder shear
of IBs. This is particularly done to propose a noelitlogy completely
compatible with AASHTO (2007) for calculating liviead effects in the
girders of IBs. Such an approach will facilitatee tapplication of these
research findings to IB design by practicing engisemore effectively since
design engineers are already familiar with usingDEls available in
AASHTO. The second set of equations is developeditectly obtain the
LLDFs for the girder moment and exterior girderahef IBs independent of
AASHTO. However, this second set of equations @iostsmaller number of
parameters for the estimation of interior girdernmeots compared to those
present in AASHTO (2007).
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7.1 BRIDGES AND PARAMETERS CONSIDERED
IN THE ANALYSES

To develop LLDFs for prestressed concrete IB gsdéve load analyses of
IBs with various properties are conducted. The meats of the IBs
considered in this study are assumed to be 3 inandl supported by 12 m.
long end-bearing steel HP250x85 piles oftesed in IB construction. The
number of piles is set equal to the number of ggdee. one pile is assumed
underneath each girder). The strength of the ctmerged for the prestressed
concrete girders is assumed to be 50 MPa whileethafsthe slab and
abutments are assumed to be 30 MPa. The granat#filb behind the
abutments is assumed to have a unit weight of 2@n&NThe foundation soil
surrounding the piles is assumed to be medium-glgfy with an undrained
shear strength o€,=40 kPa. The assumed clay stiffness is typical IBr
construction as in stiffer soils; pre-drilled oveesholes filled with loose sand
is generally provided along the top portion of gike to reduce the resistance
of the surrounding stiff soil to the lateral movertweof the pile. A parametric
study is conducted to cover a broad range of brigdggerties found in
practice. Nevertheless, the parameters includethig study are limited to
superstructure properties used in AASHTO (2007) EkDsince as stated
earlier, the variations in substructure (abutmesmsl piles), backfill and
foundation soil properties are found to have négkg effects on the
distribution of live load effects among the girdefsIBs. The superstructure
properties considered in the analyses include pla@ $ength I(), girder type
(GT) (or girder stiffness) and spacing),(slab thicknesstd), cantilever length
measured from the centroid of the exterior girdeta the face of the barrier
wall (de) as well as number of loaded design lai&3.( The parameted, is
solely used when calculating the live load effeéntshe exterior girders. The

range of values considered for each parametevengn Table 7.1. Five sets
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of analyses are considered as shown in the filstoo of Table 7.1. In each
analysis set one of the parameters is considerbé tbbominant. For instance,
in Analysis Set 1 while the span length is the nm@arameter, in Analysis Set
2 the girder type is the main parameter. Forrttan parameter, the full
range of values considered is included in the aeslywhile the remaining
parameters assume more limited range of values.r€kulted in a total of 248
different 3-D and corresponding 2-D structural med& IBs and more than
1500 analyses cases for various longitudinal (iodey shear and moment)
and transverse positions of the design trucksll lthe@ IB models, the number
of girders is assumed to be at least equal to peurAASHTO (2007). For
studying the effect of the parametérSGT, ts andde, the width of the bridges
between the exterior girders is taken as 7.2 ar@lh0 However, for studying
the effect of the girder spacin@g the width of the bridges between the
exterior girders is taken as 14.4 m to be ablecmp@mmodate at least four
girders spaced at 4.8 m. It was found that thegerididth results in slight
differences in LLDFs for the girders of IBs (thise$ not happen in the case of
SSB) with the narrower bridges yielding slightly m@onservative estimates
of live load effects. Consequently, the wider bad are used only when
formulating the effect of the girder spacing in tkquations, while the
narrower bridges are used for all the other parareeh the equations. Thus,
using bridges with different widths results in maanservative development
of LLDEs for IB girders for design purposes and idgohaving a complex
form of LLDESs for IBs that include the bridge widdls a parameter.
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Table 7.1.Parameters considered in the analyses.

Analyses L GT ts S de N, -

Sets (m) (m) (m) (m) Loaded

1 10, 15, 20, 1,1V, VI 0.20 1.2,24,36 03,09 1and2or
25, 30, 35, more

40, 45
2 15, 30,45 1, 1I, I, 0.20 1.2,24,36 03,09 1land2or

v, V, VI more

3 15, 30, 45 v 0.15,0.20, 1.2,2.4,36 03,09 1land2or
0.25, 0.30 more

4 15, 30,40 I, 1V, VI 0.20 1.2, 2.4, 0.3 land2or
3.6,4.8 more

5 20, 30,40 I, Iv,VvlI 0.15,0.20, 1.2,2.4,3.6 -0.3,0.3, 1and2or
0.30 09,15 more

7.2 DISCUSSION OF THE ANALYSES RESULTS

The analysis results for the interior girders amdthie case where two or more
design lanes are loaded are presented in Tableg.3.2 The analyses results
for the case where only one design lane is loadedsemilar. Each table
presents the results for a main parameter whertuth@nge of values is used
in the analyses. For instance, Table 7.2 listsatidyses results for the case
where the span length, is taken as the main parameter while Table 818 li
the analyses results for the case where the gspleeing,S, is taken as the
main parameter. Only a sample of the analysis te$ott the exterior girders
and for the case where two or more design lanedoaded is presented in
Table 7.6. In the tablal is taken as the main parameter. In all the talbihes,
values of the parameters used, LLDF’s obtainenhffinite element analyses
(FEA) and AASHTO as well as the rati®, of the LLDFs obtained from
AASHTO to those obtained from FER£{AASHTO / FEA) are presented for

the girder moment and shear. The combination ofiouar parameters
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presented in the tables may not always be real{star the combination of
girder type VI and a span length of 15 m). Howewviis was done
deliberately to have adequate data covering thednfe of possible variation
of the parameters for the development of the LLB#dBs using regression
analyses techniques and to cover all possible cdsE®narios.

For the interior girders, the analyses results aladethat the ratioR, for the
girder shear ranges between 0.99 and 1.10. Cloamieation of the data
presented in Tables 7.2-7.5 indicates that mogheR values for the interior
girder shear are within the range 1.03-1.06. ThufFs obtained from FEA
are generally in good agreement with those caledlaising AASHTO
LLDEs. However, for the interior girder moment, ttaio, R, ranges between
0.87 and 1.87 where most of tRevalues are larger than 1.0 (i.,e AASHTO
LLDEs generally yield conservative estimates of IHD for the girder
moment). The data presented in the tables retaaltihe difference between
the FEA results for IBs and AASHTO for the intergirder moment is more
pronounced for bridges with shorter spans, largeleg sizes, smaller girder
spacings and smaller slab thickness. In an eadszarch study (Dicleli and
Erhan, 2008a), the AASHTO LLDFs were compared whthse obtained from
FEA of SSBs and a reasonably good agreement wasl foetween the two.
Consequently, although AASHTO LLDEs are able todptethe distribution
of live load effects in the interior girders of SSRith reasonable accuracy
(within 10 %), they fail to do so in the case ofslBas much as 87%
difference). This mainly results from the bettestdbution of live load
moment among the girders of IBs and lesser vanaifcdhe LLDFs for IBs as
a function of the parameteks S ts andGT. The better distribution of the live
load moment in IBs may be primarily due to the itmwal rotational rigidity
provided by the monolithic abutments to the girdansl the slab, which is
more predominant for shorter span bridges. Furtbeemthe overhanging
portion of the slab, which is free over the suppantjointed bridges, is fixed
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to the abutments in the case of IBs. This may afdwance the distribution of
live load moment among the girders of IBs. It Isoaobserved that the
distribution of the interior girder live load montes better for wider IBs. This
becomes obvious if one compares Bhealues for the interior girder moment
corresponding to the same set of parameterS,(t, GT) in Tables 7.2 and 7.3
(e.9.L=15 m,S=2.4 m,t=0.20 m and5T=IV). As mentioned earlier, the data
in Table 7.3 is produced for a wider bridge to beedo accommodate at least
four girders spaced at 4.8 m. This was done togrtppnclude the effect of
the girder spacing$ in LLDEs for IBs (i.e. to include the full rangd S
values considereds = 1.2, 2.4, 3.6, 4.8 m.). Consequently the LLDéisthe
girder moment of IBs in Table 7.3 are smaller thlawse in Table 7.2 for the
same set of parameters. However, since the briddgh ws not considered in
AASHTO LLDEs, a similar approach is also followedthe development of
LLDEs for IBs. The equations are simply developedrfarrower bridges that
yield more conservative (larger) LLDFs for widerndges. However, in the
development of the LLDEs for IBs, the data for tha&rower and wider
bridges are used consistently (i.e. they are nakediup, wider bridges are
used in the formulation of the effect of girder cpg). The analysis results
for the wider bridge are solely used to include effect of the girder spacing
in the LLDEsS for IBs.

For the exterior girders, the analyses resultsengdar to those of the interior
girders for the girder moment. However, the largiigs ofR for the exterior

girder shear compared to those of the interioregighear is mainly due to the
fixity and vertical support provided by the abutisemo the overhanging
portion of the slab. In the case of the SSB, ttiges of the overhanging
portion of the slab are all free (not supportedivally). Therefore, the wheel
loads on the overhanging portion of the slab arectly transferred to the
exterior girder. However, in the case of the IByation of the wheel loads
(especially near the support) is also distributedhe fixed support over the
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abutments. This reduces the shear load taken lIgiregt the girder and

produces a smaller LLDF for shear.

In summary, based on the data presented in TahR§.3, it may be
concluded that AASHTO LLDEs for interior girder sinemay be used to
calculate the live load shear forces in the integoders of IBs. However,
because of the large scatter of the r&ian Tables 7.2-7.6, the AASHTO
LLDEs for girder moment and exterior girder sheeg aot suited for IBs.
Thus, in the following sections using regressioalgsis techniques and the
available analysis results, two sets of LLDEs aeetbped to estimate the live
load moments for the interior and exterior girdansl live load shear for the
exterior girders of IBs considering two truck loaglicases where only one
lane is loaded and two or more lanes are loadaxiléito AASHTO). The
first set of equations are developed in the formasfection factors, which are
used to multiply the LLDEs present in AASHTO (200dy slab-on-girder
jointed bridges to accurately calculate the LLDBsthe girder moment and
exterior girder shear of IBs. The second set ofadquos is developed to
directly obtain the LLDFs for the girder moment agderior girder shear of
IBs independent of AASHTO.
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Table 7.2.Comparison of LLDFs from FEA results and AASHTQuations
for the cases where two or more design lanes adcetband the span length
(L) is taken as the main parameter.

PARAMETER DISTRIBUTION FACTOR
MOMENT SHEAR

L S b GT  FEA AASHTO R  FEA AASHTO R

(m) (m) (m)

10 2.4 0.20 1 0.640 0.795 1.24 0.810 0816 101
15 2.4 0.20 1 0.633 0.704 1.11 0.795 0.816 1.03
20 2.4 0.20 Il 0.630 0.654 1.04 0795 0.816 1.03
25 2.4 0.20 1 0.615 0.618 1.00 0.791 0.816 1.03
30 24 0.20 I 0.612 0.586 0.96 0.783 0.816 104
35 24 0.20 I 0.603 0.564 0.94 0.781 0.816 104
40 24 0.20 I 0.596 0.545 0.91 0.780 0.816 105
45 2.4 0.20 I 0.590 0.528 0.89 0.775 0.816 1.05
10 2.4 0.20 Iv  0.640 0.907 142 0810 0816 1.01
15 2.4 0.20 Iv  0.625 0.803 129 0.785 0816 1.04
20 2.4 0.20 Iv  0.625 0.744 1.19 0.784 0816 1.04
25 2.4 0.20 v 0.621 0.702 1.13 0783  0.816 1.04
30 2.4 0.20 IV  0.615 0.666 1.08 0779 0816 1.05
35 2.4 0.20 Iv  0.605 0.640 1.06 0.777 0816 1.05
40 2.4 0.20 Iv  0.597 0.619 1.04 0.775 0816 1.05
45 2.4 0.20 Iv  0.588 0.598 1.02 0.753 0816 1.08
10 2.4 0.20 VI 0.638 0.973 153 0.781 0.816 1.04
15 2.4 0.20 VI 0.629 0.861 1.37  0.775 0.816 1.05
20 2.4 0.20 VI 0628 0.798 1.27 0.786 0.816 1.04
25 2.4 0.20 VI 0628 0.752 1.20 0.788 0.816 1.04
30 2.4 0.20 VI 0624 0.713 1.14  0.789 0.816 1.03
35 2.4 0.20 VI 0617 0.685 1.11  0.786 0.816 1.04
40 2.4 0.20 VI 0.617 0.662 1.07 0.784 0.816 1.04
45 2.4 0.20 VI 0598 0.640 1.07 0.782 0.816 1.04
10 1.2 0.20 IV 0.366 0.553 151 0510 0.512 1.00
15 1.2 0.20 IV 0.340 0.493 145  0.482 0.512 1.06
20 1.2 0.20 IV 0.341 0.460 1.35  0.479 0.512 1.07
25 1.2 0.20 IV 0.338 0.435 129  0.475 0.512 1.08
30 1.2 0.20 IV 0.333 0.414 1.24  0.469 0.512 1.09
35 1.2 0.20 IV 0.326 0.400 1.23  0.465 0.512 1.10
40 1.2 0.20 IV 0.320 0.387 121  0.467 0.512 1.10
45 1.2 0.20 IV 0.316 0.376 1.19  0.464 0.512 1.10
10 3.6 0.20 IV 0.920 1.226 1.33  1.080 1.087 1.01
15 3.6 0.20 IV 0.910 1.081 1.19 1.068 1.087 1.02
20 3.6 0.20 IV 0.900 1.001 1.11  1.088 1.087 1.00
25 3.6 0.20 IV 0.890 0.943 1.06  1.083 1.087 1.00
30 3.6 0.20 IV 0.860 0.892 1.04  1.080 1.087 1.01
35 3.6 0.20 IV 0.789 0.857 1.09 1.063 1.087 1.02
40 3.6 0.20 IV 0.806 0.827 1.03  1.069 1.087 1.02
45 3.6 0.20 IV 0.789 0.799 1.01  1.067 1.087 1.02
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Table 7.3.Comparison of LLDFs from FEA results and AASHTQuations
for the cases where two or more design lanes agetband the girder spacing
(S is taken as the main parameter.

PARAMETER DISTRIBUTION FACTOR
MOMENT SHEAR

L S ts GT

(m) (m) (m) FEA AASHTO R FEA AASHTO R

15 1.2 0.20 v 0.263 0.493 1.87 0.492 0.512 1.04
15 2.4 0.20 v 0.490 0.803 1.64 0.772 0.816 1.06
15 3.6 0.20 v 0.682 1.081 1.59 1.079 1.087 1.01
15 4.8 0.20 v 0.946 1.342 1.42 1.312 1.332 1.02
30 1.2 0.20 v 0.272 0.414 1.52 0.48 0.512 1.07
30 2.4 0.20 v 0.524 0.666 1.27 0.794 0.816 1.03
30 3.6 0.20 v 0.774 0.892 1.15 1.09 1.087 1.00
30 4.8 0.20 v 1.005 1.104 1.10 1.308 1.332 1.02
40 1.2 0.20 v 0.277 0.387 1.40 0.474 0.512 1.08
40 2.4 0.20 v 0.518 0.619 1.19 0.790 0.816 1.03
40 3.6 0.20 v 0.763 0.827 1.08 1.079 1.087 1.01
40 4.8 0.20 v 0.979 1.022 1.04 1.310 1.332 1.02
40 1.2 0.20 Il 0.323 0.345 1.07 0.476 0.512 1.08
40 2.4 0.20 Il 0.524 0.545 1.04 0.729 0.816 1.12
40 3.6 0.20 Il 0.720 0.726 1.01 1.009 1.087 1.08
40 4.8 0.20 Il 0.909 0.894 0.98 1.290 1.332 1.03
40 3.6 0.15 \4 0.281 0.412 1.47 0.473 0.512 1.08
40 3.6 0.20 \ 0.504 0.662 1.31 0.796 0.816 1.03
40 3.6 0.25 \ 0.751 0.887 1.18 1.101 1.087 0.99
40 3.6 0.30 VI 0.986 1.097 1.11 1.319 1.332 1.01

R = AASHTO / FEA
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Table 7.4.Comparison of LLDFs from FEA results and AASHTQuations
for the cases where two or more design lanes adetband the slab thickness
(ts) is taken as the main parameter.

PARAMETER DISTRIBUTION FACTOR
MOMENT SHEAR

L S ts GT

(m) (m) (m) FEA AASHTO R FEA AASHTO R

15 2.4 0.15 \ 0.646 0.865 1.34 0.788 0.816 1.04
15 2.4 0.20 \ 0.621 0.803 1.29 0.774 0.816 1.05
15 2.4 0.25 \ 0.615 0.759 1.23 0.781 0.816 1.04
15 2.4 0.30 \ 0.608 0.725 1.19 0.787 0.816 1.04
30 2.4 0.15 \ 0.632 0.716 1.13 0.778 0.816 1.05
30 2.4 0.20 \ 0.615 0.666 1.08 0.779 0.816 1.05
30 2.4 0.25 \ 0.600 0.630 1.05 0.779 0.816 1.05
30 2.4 0.30 \ 0.591 0.603 1.02 0.780 0.816 1.05
45 2.4 0.15 \ 0.604 0.643 1.06 0.769 0.816 1.06
45 2.4 0.20 \ 0.587 0.598 1.02 0.770 0.816 1.06
45 2.4 0.25 \ 0.576 0.567 0.98 0.771 0.816 1.06
45 2.4 0.30 \ 0.567 0.543 0.96 0.774 0.816 1.05
30 1.2 0.15 \ 0.341 0.443 1.30 0.474 0.512 1.08
30 1.2 0.20 \ 0.333 0.414 1.24 0.465 0.512 1.10
30 1.2 0.25 \ 0.325 0.394 1.21 0.470 0.512 1.09
30 1.2 0.30 \ 0.318 0.378 1.19 0.471 0.512 1.09
30 3.6 0.15 \ 0.900 0.962 1.07 1.068 1.087 1.02
30 3.6 0.20 \ 0.860 0.892 1.04 1.080 1.087 1.01
30 3.6 0.25 \ 0.820 0.843 1.03 1.081 1.087 1.01
30 3.6 0.30 \% 0.788 0.805 1.02 1.080 1.087 1.01

R = AASHTO / FEA
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Table 7.5. Comparison of interior girder LLDFs from FEA resuland
AASHTO equations for the cases where two or mosegtelanes are loaded
and the girder typedT) is taken as the main parameter.

PARAMETER DISTRIBUTION FACTOR
MOMENT SHEAR

L s ts GT
™ m M FEA AASHTO R  FEA AASHTO R
15 24 02 | 0622 0659 106 0794 0816 103
15 24 02 Il 0632 0704 111 0795 0816  1.03
15 24 02 m 0638 075 118 0771 0816  1.06
15 24 02 IV 0621 0803 129 0774 0816  1.05
15 24 02 V 0625 0836 134 0791 0816  1.03
15 24 02 VI 0621 081 139 0775 0816  1.05
30 24 02 ! 0594 0550 093 0778 0816 105
30 24 02 Il 0612 058 096 0783 0816  1.04
30 24 02 m 0614 0628 102 0775 0816  1.05
30 24 02 IV 0615 0666 108 0779 0816  1.05
30 24 02 V. 0620 0693 112 0786 0816  1.04
30 24 02 VI 0624 0713 114 0789 0816  1.03
45 24 02 ! 0569 0495 087 0771 0816 106
45 24 02 Il 0588 0528 090 0775 0816  1.05
45 24 02 - 0588 0565 096 0775 0816  1.05
45 24 02 IV 0588 0598 102 0753 0816  1.08
45 24 02 V. 0572 0622 109 0775 0816  1.05
45 24 02 VI 0598 0640 107 0782 0816  1.04
3 12 02 ! 0313 0348 111 0471 0512  1.09
3 12 02 Il 0326 0369 113 0473 0512  1.08
3 12 02 - 0331 0393 119 0474 0512  1.08
30 12 02 IV 0333 0414 124 0471 0512  1.09
30 12 02 V 0338 0430 127 0475 0512  1.08
30 12 02 VI 0342 0442 129 0475 0512  1.08
30 36 02 | 0779 0731 094 1.063  1.087  1.02
30 36 02 Il 083 0782 094 1081 1087 101
30 36 02 M 085 0840 098 1085  1.087  1.00
30 36 02 IV 080 0892 104 1080 1087  1.01
30 36 02 V. 0894 0930 104 1083 1087  1.00
30 36 02 VI 0893 0958 107 1088 1087 _ 1.00

R = AASHTO / FEA
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Table 7.6 Comparison of exterior girder LLDFs from FEA rksuand
AASHTO equations for the cases where two or mosegielanes are loaded,
t=0.2 m andl, is taken as the main parameter.

PARAMETER DISTRIBUTION FACTOR
MOMENT SHEAR

L S de GT

) m) ™ FEA AASHTO R FEA AASHTO R

30 2.4 0.3 I 0.418 0.416 1.00 0.275 0.408 1.48
30 2.4 0.3 Il 0.526 0.551 1.05  0.494 0.571 1.16
30 2.4 0.9 Il 0.637 0.685 1.08  0.706 0.734 1.04
30 2.4 1.5 Il 0.754 0.820 1.09  0.898 0.898 1.00
20 3.6 0.3 \Y 0.489 0.664 1.36  0.374 0.544 1.45
20 3.6 0.3 \Y 0.574 0.878 153 0.599 0.761 1.27
20 3.6 0.9 \Y 0.666 1.093 1.64  0.809 0.978 1.21
20 3.6 1.5 \Y 0.764 1.307 1.71  0.980 1.196 1.22
20 2.4 -0.3 1l 0.381 0.477 1.25  0.258 0.408 1.58
20 2.4 0.3 Il 0.476 0.632 1.33  0.456 0.571 1.25
20 2.4 0.9 Il 0.582 0.786 1.35  0.624 0.734 1.18
20 2.4 1.5 Il 0.697 0.940 1.35  0.788 0.898 1.14
20 3.6 0.3 Il 0.477 0.624 1.31  0.357 0.544 1.52
20 3.6 0.3 1l 0.565 0.826 1.46 0571 0.761 1.33
20 3.6 0.9 1l 0.658 1.028 156  0.773 0.978 1.27
20 3.6 1.5 1l 0.756 1.230 1.63  0.932 1.196 1.28
20 2.4 -0.3 VI 0.394 0.529 1.34  0.220 0.408 1.85
20 2.4 0.3 VI 0.481 0.700 1.46  0.412 0.571 1.39
20 2.4 0.9 VI 0.582 0.871 150  0.576 0.734 1.27
20 2.4 1.5 VI 0.698 1.042 1.49  0.724 0.898 1.24
20 3.6 0.3 VI 0.485 0.713 1.47  0.307 0.544 1.77
20 3.6 0.3 VI 0.567 0.943 1.66  0.515 0.761 1.48
20 3.6 0.9 Vi 0.657 1.173 1.79  0.706 0.978 1.39
20 3.6 1.5 Vi 0.753 1.404 1.86  0.863 1.196 1.38
40 2.4 -0.3 VI 0.418 0.439 1.05  0.245 0.408 1.67
40 2.4 0.3 Vi 0.515 0.581 1.13  0.445 0.571 1.28
40 2.4 0.9 VI 0.616 0.723 1.17  0.628 0.734 1.17
40 2.4 1.5 VI 0.728 0.864 1.19  0.797 0.898 1.13
40 3.6 0.3 VI 0.496 0.588 1.18  0.358 0.544 1.52
40 3.6 0.3 VI 0.588 0.778 1.32 0571 0.761 1.33
40 3.6 0.9 Vi 0.735 0.968 1.32  0.752 0.978 1.30
40 3.6 1.5 Vi 0.794 1.158 1.46  0.909 1.196 1.32

R = AASHTO / FEA
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7.3 CORRECTION FACTORS TO ESTIMATE
LLDFs FOR INTEGRAL BRIDGE GIRDERS

In this section, correction factors are develomethtltiply the LLDES present
in AASHTO (2007) for slab-on-girder jointed bridgts accurately calculate
the LLDFs for the girder moment of IBs, for the easwvhere two or more
design lanes are loaded and only one design lalbaded. In the developed

eqguations all the parameters are measured in mm.

7.3.1 CORRECTION FACTORS FOR THE INTERIOR
GIRDERS

7.3.1.1 GIRDER MOMENT - TWO OR MORE DESIGN LANES
LOADED

The AASHTO (2007) LLDE for the composite interioirders of slab-on-

girder jointed bridges with two or more design kueaded is as follows;

S 06 S 02 K 01
LLDE =0.075+| —— = g 7.1
AASHTO (2900) (LJ Lt @D

whereKy = a parameter representing the longitudinal sté$nef the composite
slab-on-girder section of the bridge expressed®aASHTO 2007);

K, :n(l +Ae§) (7.2)
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In the above equatiom, = the ratio of the modulus of elasticity of the girde
material to that of the slab materibt the moment of inertia of the girdex,=
cross-sectional area of the girder agd= distance between the centers of

gravity of the girder and the slab.

To calculate the LLDF for the girder moment of IBse AASHTO LLDF
obtained from Eqgn. (7.1) is simply multiplied bycarrection factor,Fc;.

Accordingly, the LLDE for the girder moment of IBsexpressed as;
LLDE g = Fey X LLDE jagpiro (73)

The correction factoic1, is assumed to have the following form;

Fo, =al™s™t®K (7.4)

where a, bl, b2, b3 and b4 = constants to be determined via regression
analyses using the data presented in Tables 7.2-@.6btain these constants,
first the ratioR;, of the LLDFs obtained from FEA to those obtainesing
AASHTO LLDE are plotted as a function of the spandth,L as shown in
Fig. 7.1(a) using the data presented in Table 7TBen, the minimum least
square fit of the logarithm of thé-R, data presented in Fig. 7.1(a) is

performed to obtain the following equation;

R = 01012 (75)
The above equation, which is plotted using a tlsokd line in Fig. 7.1(a),
gives the ratio of the LLDFs obtained from FEA twde obtained using

AASHTO LLDE as a function of the span length. TeatL%?!in Eqn. (7.5),
represents the tertf in Eqn (7.4). Thus1=0.21. The scatter present in Fig.
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7.1(a) with respect to the plot of Eqn. (7.5) isimha due to the error
introduced by the absence of other paramefgrg, and Ky in the equation.
This error will be corrected by involving the effeof these remaining
parameters in the equation. For this purposewaraio, R,, is first calculated

as,

R=— A (7.6)
Rl X I‘LDEAASHTO

In the above equatior®, represents the ratio of the LLDFs obtained from
FEA to those obtained using AASHTO LLDEs correcteith respect taL.
Then, the ratidz; is plotted as a function of the girder spaci8gin Fig. 7.1
(b) using the data presented in Table 7.3. Negtpimimum least square fit of
the logarithm of the data presented in Fig. 7.1¢bperformed to obtain the

following equation;
R, = 0355% (7.7)

The above equation is plotted using a thick sohid In Fig. 7.1(b). The term
Sin Eqn. (7.7), represents the teB¥ in Eqn (7.4). Thusb2=0.13. To
calculate the parametds3, in Eqn (7.4), a similar procedure is followedsEi

a new ratidRs is calculated as;

R = FEA (7.8)
Ri x I:QZ x I‘LDEAASHTO

where R; represents the ratio of the LLDFs obtained fromARE those
obtained using AASHTO LLDEs corrected with respedt andS. Then, the
ratio Rz is plotted as a function of the slab thicknéssn Fig. 7.1 (c) using the

data presented in Table 7.4. Next, the minimumtleagiare fit of the
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logarithm of the data presented in Fig. 7.1 (cp&formed to obtain the

following equation;
R, = 048> (7.9)

The above equation is plotted using a thick safid In Fig. 7.1 (c). Note that
in the figure, most of the data overlap indicatingmall scatter. The teref*®
in Eqn. (7.9) represents the tetf? in Eqn (7.4). Thush3=0.15. Finally, to
obtain the terma andb4, a new ratidr, is calculated as;

_ FEA (7.10)
Rl X RZ x RS x LLDEAASHTO

4

where, R, represents the ratio of the LLDFs obtained fromARB those
obtained using AASHTO LLDE corrected with respecttSandts. Then, the
ratio Ry is plotted as a function &fg, in Fig. 7.1(d) using the data presented in
Table 7.5. Next, the minimum least square fit & tbhgarithm of theR,-Kq

data presented in Fig. 7.1(d) is performed to olitae following equation;

R, = 647K (7.11)

The above equation is plotted using a thick safid In Fig. 7.1 (d). The term
Ky % in Egn. (7.11), represents the tekgf* in Eqn (7.4). Thush4=-0.07.
The LLDF for the girder moment of IBs can be ob¢aimy solving for FEA in
Eqgn. (7.10) (i.e FEA=LLDE=R1XRXRsXRsXLLDEaasHTd Accordingly, the
constanta in Eqgn (7.4) is obtained by multiplying the coeiints in front of
the variablesl., § ts andKq in Egns. (7.5), (7.7), (7.9) and (7.11) respetyive
Thus, a=0.1£0.3%0.4%6.47 = 0.111 = 1/9. The final form of the correati

factor becomes;
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_ L02180_13t50_15 (712)

FCl oK g:)07

7.3.1.2 GIRDER MOMENT - ONE DESIGN LANE LOADED

The AASHTO (2007) LLDE for the composite interioirders of slab-on-
girder jointed bridges with only one design lanaded is as follows;

S 04 S 03 K 01
LLDE jqir0 = 0.06+(4300j (Lj Ltg: (7.13)
To calculate the LLDF for the girder moment of IBse AASHTO LLDF
calculated from Egn. (7.13) is simply multiplied bycorrection factorf-c,.
This correction factor is also assumed to havera fimilar to that presented
in Egn. (7.4). Accordingly, following a procedusenilar to that described in

the previous section, the correction factad;, is obtained as;

022 ~ 009, 006
Fo=m o s (7.14)
6K ¢
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7.3.2. CORRECTION FACTORS FOR THE EXTERIOR
GIRDERS

7.3.2.1 GIRDER MOMENT - TWO OR MORE DESIGN LANES
LOADED

AASHTO (2007) does not have a separate LLDE for éwéerior girder
moment. Instead, to obtain the live load momemtthe exterior girders, the
LLDE for the interior girders (Eqn. (7.1)) is muyllied by an adjustment
factor,e. The adjustment factor is a linear function af tdantilever lengthge,
measured from the centroid of the exterior girdeta the face of the barrier

wall and it is given as;

e= 077+ deo ( (7.15)

Although this approach gives reasonable estimdteeolive load effects in
exterior girders of jointed bridges where the s&la simple cantilever over
the exterior girder, a similar approach can notused for IBs. The main
reason for this is that in the case of IBs the shaérhanging over the exterior
girder is not a simple cantilever. It is also fix® the abutments at the bridge
ends. Consequently, the ratio of the exterior amerior girder moments is
not a simple linear function ofle especially for short span bridges.
Consequently, a correction factoFcs, which is a function of all the
parameters considered, is developed to multiply ARSHTO LLDE for
interior girders (Egn (7.1)) of slab-on-girder jwad bridges to obtain the
LLDF for IBs. For this purpose, the correctiactor, Fcs, is assumed to

have the following form;
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F., = al’S"™1™K 34(c . ‘1] (7.16)

wherea, bl, b2, b3, b4, ¢, andf = constants to be determined via regression
analyses. In the above equation, the correctioioifas assumed to be a linear
function of de. since using a power function of the form used tfe other
parameters renders the equation ineffectivedig®0 (-0.3< d. < 1.5). To
obtain the constants andf, first the ratioR;, of the LLDFs obtained from
FEA to those obtained using AASHTO LLDEs for intergirders are plotted
as a function of the parametek,in Fig. 7.1 (e) using the available analyses
results for exterior girders of IBs. Then, the mnim least square fit of thi-

R, data is performed to obtain the following lineauatin;

d
=07+—=2 7.17
R 300( ( )

The above equation gives the ratio of the LLDFsami@d from FEA to those
obtained using AASHTO LLDE for interior girders as function of the
parameted.. From the above equati@¥0.7 andf=3000. As observed from
Fig. 7.1 (e), the obtained linear function depictesing a thick solid line
closely matches the variation of the FEA data. Acpdure similar to that
described in the previous sections is followed ltam the remainder of the
unknown constants in Eqn (7.16). The final formtloé correction factor

becomes;

0304 025
Fc3=2L ts (.er

e (748
[¢]

3000
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7.3.2.2 GIRDER MOMENT - ONE DESIGN LANE LOADED

In this section, a correction factdfg,, is developed to multiply the AASHTO
LLDE for interior girders (Egn (7.13)) of slab-ofrder jointed bridges to
obtain the LLDF for IBs where only one design lasdoaded. Following a
procedure similar to that described in the previesastions, the correction

factor,Fc4, is obtained as;

2 L037t 018 d
Fes = C o 5012 08+ (7.19)
5S°7K 3000

7.3.2.3 GIRDER SHEAR - TWO OR MORE DESIGN LANES LOADED

AASHTO (2007) does not have a separate LLDE foretkterior girder shear.
Instead, to obtain the live load shear in the éotagirders, the LLDE for the
interior girders is multiplied by an adjustment ttac e, which is a linear
function of de The LLDE for the interior girder shear and the ustinent
factor,e, are given as; (AASHTO 2007);

S S 20 ( )
LLDE =02+ | 2 7.20
AASHTO 3600 (1070J
d
e=06+—2 (7.21)
300(

As explained earlier, such an approach can notdeel for IBs as the slab

overhanging over the exterior girder is not a sergantilever. Consequently,
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a correction factorf-cs, which is a function of all the parameters consdeis
developed to multiply the AASHTO LLDE for interiagirder shear (Eqn
(7.20)) of slab-on-girder jointed bridges to obtdine LLDF for IBs.
Following a procedure similar to that describedha previous sections, the
correction factorfcs, is obtained as;

(7.22)

0104 003
1419 (o.5+ d j

e
C5 = 025, 007
S

2500

7.3.2.4 GIRDER SHEAR - ONE DESIGN LANE LOADED

For cases where only one design lane is loaded,HVAS(2007) suggests the
use of the lever rule to calculate the live loagasheffects in the exterior
girders of regular jointed bridges. However, theelerule can not be applied
to IBs as the slab overhanging over the exteriodegi is not a simple
cantilever. Consequently, a correction fackys, which is a function of all the
parameters considered, is developed to multiply ARSHTO LLDE for
interior girder shear (Eqn (7.23)) of slab-on-girpented bridges to obtain the
LLDF for IBs. The AASHTO LLDE for the interior giler shear for the case
where only one design lane is loaded and the dmwretactor,Fcs (developed
following a procedure similar to that describedtlie previous sections) are

given as;

S
LLDE g0 = 036+ = (7.23)
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0054 001
Pk L (474 d. (7.24)
2100

T o009}, 0045
S Kg

7.4 LLDEs FOR INTEGRAL BRIDGE GIRDERS
INDEPENDENT OF AASHTO

In this section, a second set of equations arelolgee to directly obtain the
LLDFs for the girders of IBs independent of AASHTZDO7).

7.4.1 LLDES FOR THE INTERIOR GIRDERS

7.4.1.1. GIRDER MOMENT - TWO OR MORE DESIGN LANES
LOADED

The FEA results presented in Tables 7.2-7.5 retrestl the variation of the
LLDFs for the interior girders of IBs as a functiohthe girder type@T) and
ts is modest. Accordingly, the LLDE for the interigirders of IBs is
developed considering only the span lendth,and girder the spacing.
Accordingly the LLDE is assumed to have the follogviorm;

LLDE , =aS™L" (7.25)
wherea, bl andb2 = constants to be determined via regression agslysing

the data presented in Tables 7.2-7.5. To obtaisetlvenstants, first the FEA

results are plotted as a function of the girdercsga S as shown in Fig. 7.1
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(. Then, the minimum least square fit of thedothm of the data presented

in Fig. 7.1 (f) is performed to obtain the followiequation;

D, = 0.001065 %2 (7.26)

The above equation, which is plotted using a ttgokd line in Fig. 7.1(f),
gives the variation of the LLDFs obtained from FEX IBs as a function of
the girder spacing. The ter8{® in Eqn. (7.26), represents the te8fit in
Eqgn (7.25). Thush1=0.82. The scatter present in Fig. 7.1(f) with extpo
the plot of Egn. (7.26) is mainly due to the elrdroduced by the absence of
the parametel,, in the equation. This error will be correctedibyolving the
effect ofL in the equation. For this purpose, the FEA resaife first divided
by Ds and then the results are plotted as a functidhetpan length, in Fig.
7.1 (g). This is done to decouple the FEA reduits the effect of the girder

spacingS. Accordingly the ensuing rati®), is expressed as;

p, = EA (7.27)

Then, the minimum least square fit of the logaritbhthe data presented in

Fig. 7.1 (g) is performed to obtain the followinguation;
D, =1.887L7%® (7.28)

The termL™% in Eqn. (7.28), represents the tetf#f in Eqn (7.25). Thus,
b2=-0.06. From Eqn. (7.25), the LLDE for IBs is olotad by multiplyingDs
by D.. Thus,a=0.00106 1.887=0.002=1/500. Substituting the values,df1
andb2in Eqn. (7.25), the LLDE for the interior girderoment of I1Bs for the

case where two or more design lanes are loadedds gs.
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SOBZ
LLDE s = = (7.29)

7.4.1.2. GIRDER MOMENT - ONE DESIGN LANE LOADED

A procedure similar to that described above isofeéld to obtain a LLDE for
the interior girder moments of IBs for the case rghenly one design lane is

loaded. The developed equation is as follows;

380.72
LLDEys = oo (7.30)

7.4.2 LLDES FOR THE EXTERIOR GIRDERS

Following a procedure similar to that describedthe previous sections a
second set of equations are developed to diredttsim the LLDFs for the
exterior girders of IBs independent of AASHTO (2p07
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7.4.2.1 GIRDER MOMENT - TWO OR MORE DESIGN LANES
LOADED

009 0534 006

LLDE, =LS(2j(o.5+ d. j (7.31)
80K 5000

7.4.2.2 GIRDER MOMENT - ONE DESIGN LANE LOADED
LODGsOAS de

LLDE,, = T (o.4+ 6000] (7.32)

7.4.2.3 GIRDER SHEAR - TWO OR MORE DESIGN LANES LOADED

010 043, 003
LLDE,q =" > ;f; (o.4+ d, j (7.33)
14K 2 3000

7.4.2.4 GIRDER SHEAR - ONE DESIGN LANE LOADED

2L0058034 d
LLDE,,, = [0.5+ e ] (7.34)
15t 2K 0 3000
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Figure 7.1(a) R, versusL plot and minimum least square fit, (b) RersusS
plot and minimum least square fit, (C} Rersusts plot and minimum least
square fit, (d) RversusKy plot and minimum least square fit, (e) VRersusde
plot and minimum least square fit for exterior girsl (f) D versusS plot and
minimum least square fit, (g) .Drersud. plot and minimum least square fit.
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CHAPTER 8

LIVE LOAD DISTRIBUTION EQUATIONS FOR
INTEGRAL BRIDGE SUBSTRUCTURES

In this studyive load distribution equations (LLDES) for IB sthuctures are
developed. For this purpose, numerous 3-D and sjoreding 2-D structural
models of typical IBs are built and analyzed undlASHTO live load. In the
analyses, the effect of various superstructuresamstructure properties such
as span length, girder spacing, girder stiffnelsatraent height, pile size, pile
spacing and foundation soil stiffness are constlefée results from the 2-D
and 3-D analyses are then used to calculate teeldad distribution factors
(LLDFs) for the abutments and piles of IBs as acfiom of the above
mentioned properties. LLDEs are then developedstomate the live load
moments and shear in the abutments and piles oti$Bgy these LLDFs and

nonlinear regression analysis methods.

To obtain LLDEs for IB abutments and piles, twod2-and three (3-D)

dimensional FEMs of numerous IBs are built and yaread. In the analyses,
the effects of various geometric, structural andtgehnical properties are
considered. The results from the analyses of 203D FEMs are then used
to calculate the live load distribution factors @QEs) for the abutments and
piles of IBs as a function of these geometric, cdtal and geotechnical

properties considered in the analyses. Next, thaber of the abutments and
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piles under live load effects is studied in detaing the available analyses
results. Subsequently, using nonlinear regressiatysis techniques and the
available analysis results, LLDEs are developedcedstmate the live load

moments and shears in the abutments and pilesglesspan IBs. Finally, the

obtained LLDE's are verified using the results fréimte element analyses
(FEAS).

8.1 BRIDGES AND PARAMETERS CONSIDERED

In an earlier research study (Dicleli and Erhan®ahe IB superstructure and
substructure properties that affect the distributad live load moment and
shear in the abutments and piles are identifieces&hparameters are; span
length, girder size and spacing for the superatrecind abutment height, pile
size, pile spacing and foundation soil stiffnegstifi@ substructure. Using these
superstructure and substructure parameters, a mushbB models are built
and analyzed to develop LLDEs for IB abutments agmlés. For the
superstructure, the span lengths of the IBs cormidéen the analyses are
assumed as 15, 20, 25, 35, 40, 45 m. Furthermof&SHY O prestressed
concrete girder types; Il, lll, V and VI spacedla?, 2.4, 3.6 and 4.8 m. are
considered in the analyses. A typical, 0.2 m thedsnis assumed for the slab.
The strength of the concrete used for the prestdes®ncrete girders is
assumed to be 50 MPa while those of the slab aotimamts are assumed to
be 30 MPa. For the substructure, the abutmentasstemed to be 2.5, 3, 4 and
5 m. tall and supported by 12 m. long end-beartagl$HP piles. The analyses
are repeated for HP piles with the following siz28px54, 250x85, 310x110
and 310x125. The assumed range of pile sizes isatyfor IB construction.
The spacing of these piles is assumed to be 8224 and 3 m. In addition,
the foundation soil surrounding the piles is asdline be soft, medium,
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medium-stiff and stiff clay with an undrained she&rength ofC,=20, 40, 80
and 120 kPa, respectively. The granular back#hibd the abutments is
assumed to have a unit weight of 20 kRi/fhe range of values considered
for each parameter is given in Table 8.1. Seven &fednalyses are conducted
as shown in the first column of Table 8.1. In eactalysis set one of the
parameters is considered to be dominant. For iostan Analysis Set 1 while
the span length is the main parameter, in Analgeis2 the girder spacing is
the main parameter. For the main parameter, the ruige of values
considered is included in the analyses while tineareing parameters assume
more limited range of values. In addition, the \nidf the IBs are considered
as 12 min Set 1 but 15.6 m in all the other setassess the effect of the
bridge width (number of girder) on the distributiai live load in the
abutments and piles. This resulted in more thanOl@®erent 3-D and
corresponding 2-D structural models of IBs and nbasm 10,000 analyses for
one design lane loaded case, two or more desiges llmaded case and for

multiple truck positions in the transverse directad the bridge.
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Table 8.1. Parameters considered in the analyses.

PARAMETER - S GT Ha C HP PS
(m) (m) (m) (kPa) (m)
L 15,25, 24,36 I, VI 3,5 40, 80 250x85, 1.2,2.4
(m) 35, 45 310x125
S 20,40 1.2,24, I, Vi 3,5 40, 80 250x85, 1.2,2.4
(m) 3.6,4.8 310x125
20,40 24,36 0l 3,5 40, 80 250x85, 1.2,2.4
er IV, VI 310x125
Ha, 20,40 24,36 IVl 25,3, 40,80 250x85, 1.2,2.4
(m) 4,5 310x125
C, 20,40 24,36 I, VI 3,5  2040,80, 250x85 1.2,24
(kPa) 120 310x125
20,40 24,36 I, VI 3,5 40, 80 200x54, 1.2,2.4
" 250x85,
310x110
310x125
PS 20,40 24,36 I, VI 3,5 40, 80 250x85, 1.2, 1.8,
(m) 310x125 2.4, 3.0

L: Span Length, S: Girder Spacing, GT: Girder Typk, Abutment Height, ¢ Undrained shear
strength of soil, HP: Pile size, PS: Pile spacing

8.2 BEHAVIOUR OF ABUTMENTS AND PILES OF
IBs UNDER LIVE LOAD EFFECTS

8.2.1 BEHAVIOR OF ABUTMENTS AND PILES AS A
FUNCTION OF THE SUPERSTRUCTURE PROPERTIES

In this section, the distribution of live load effe within the abutment and
piles of IBs is studied in detail as a functiontleé superstructure parameters.
This is done to identify those parameters that nmdktence the distribution of
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live load effects within the abutment and pilesr #os purpose, first, a short
and a long IB, with span lengths of 15 m. and 45are. considered to study
the effect of the span lengtBoth bridges have seven AASHTO Type IV
girders spaced at 2.4 m. Although AASHTO Type IYdgrs may not be
suitable for both the 15 m and 45 m long IBs, tinerage girder size is
deliberately considered to decouple the effecthef $pan length from the
girder size. The slab is assumed to be 0.2 m tlkick both bridges, their 3 m
tall and 1 m thick abutments are supported by sé¥#¥@A50x85 piles. Both
bridges are then analyzed under AASHTO truck logdirhe analysis results
are depicted in Figs. 8.1 (a) and (b). These égulisplay the variation of the
LLDFs for the abutment and pile momef(it4) and shearéV) across the width
of the 15 m and 45 m long IBs, respectively. In hiogizontal axis, the girder
numbers (note that the piles are also aligned with girder locations and
hence the girder number refers to the positionachepile as well) are used to
determine the position across the width of thed®idSuch an illustration will
enable the reader to assess the concentratedseffansferred from specific
girders to the abutments and piles. For both bdaddbe influence line
analyses revealed a truck position in the vicimtythe mid-span to produce
the maximum moment and shear within the abutmethipiles. Consequently,
in the case of the longer span IB, the larger disteof the truck axles to the
abutment produces a flared, the distribution &f lmad moment changes more
gradually across the width of the abutment. The load moment distribution
within the abutment shown in Fig. 8.3(a) also con§ this statement.
However, in the case of the shorter span IB, bexatishe shorter distance of
the truck axles to the abutment, the distributiérthe live load effects are
relatively more concentrated. This obviously resutt larger LLDFs for the
abutments of shorter IBs as observed from thelbagl moment distribution
within the abutment shown in Fig. 8.3(b). For imst, for the 15 m long IB,
the LLDF for the abutment momenM{) obtained from FEAs is 0.95.
However, for the longer, 45 m span IB, the LLDF fioe abutment moment is
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obtained as 0.61. This clearly indicates that ffextof the span length on the
distribution of live load moment is significant amaust be considered as a

dominant parameter in the development of LLDE far abutment moment.
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Figure 8.1 Distribution of live load effects among the pilasd abutment for
the IBs with span lengths of (a) 15 m (b) 45 m
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Figure 8.2 Distribution of live load effects among the pilesd abutment for
the IBs with AASHTO Type girders of (a) 1l (b) VI
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It is noteworthy that as observed from Figs. 8 Bafad (b), the flexural live
load distribution becomes more uniform away frora girders (closer to the
bottom of the abutment). This leads to a more wmfdistribution of live load
effects among the piles as observed from FigsaBdrid (b). In the case of
the abutment sheaY) (Fig. 8.1 (a) and (b)), the live load distributics also
more uniform. This is because; the shear effecthinvithe abutment are
largely produced by the horizontal resistance a hles supporting the
abutment, which also have a uniform distribution lofe load shear.
Accordingly, it may be concluded that the span fbrigas only a negligible
effect on the distribution of live load shear i thbutment and live load shear
and moment in the piles. Thus, it need not beidensd in the development

of LLDEs for the abutment shear and pile momentsirehr.

Next, the effect of the girder size on live loadtdbution within the abutment
and piles is investigated. For this purpose, t®&s Wwith AASHTO Type I
and VI girders are considered. Both bridges areamaed to have 40 m. span
length and 0.2 m thick slab supported by sevenegirspaced at 2.4 m.
Although a 40 m span can not be crossed with AASHPe Il girders, the
same span length as that of the AASHTO Type VIasdis deliberately
considered to decouple the effect of the girdee §iam the span length. For
both bridges, their 3 m tall and 1 m thick abutrsesute supported by seven
HP250x85 piles. Both bridges are then analyzed umdeSHTO truck
loading. The analysis results are depicted in.R8ga (a) and (b). The figures
show the variation of the LLDFs for the abutmend aile momentgM) and
shearqV) across the width of the IBs with AASHTO Type lldaW| girders,
respectively. In the case of the IBs supportedaogdr girders, because of the
higher flexural stiffness relative to the abutmehg distribution of the live
load effects are relatively more concentrated (lesform) as observed from
Figs 8.3 (c) and (d). This obviously results igkr LLDFs for the abutments
of IBs supported by stiffer girders as observednfieigs. 8.2 (a) and (b). For
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instance, for the IB supported by type VI girdére LLLDF for the abutment
moment M,) obtained from FEAs is 0. 98. However, for thesiipported by
type Il girder, the LLDF for the abutment momentoistained as 0.44. This
clearly indicates that the effect of the girderesfgtiffness) on the distribution
of live load moment is significant and must be ¢deed as a dominant
parameter in the development of LLDE for the abuthmaoment. However,
as observed from Figs. 8.2, the girder size (&§§) has only a negligible
effect on the distribution of live load shear i thbutment and live load shear
and moment in the piles. Thus, it need not beidensd in the development
of LLDEs for the abutment shear and pile momentsrehr.

The effect of the number of girders and girder sgaon live load distribution
within the abutment and piles is also investigatethe ratio of the girder
spacing §) to the number of girderdNf) (or bridge width),S/N,, is found to
represent the effect of both the number of girdensl girder spacing.
Accordingly, two narrow and two wide IBs, with gedspacings of 2.4 m and
3.6 m are considered. The IBs have 45 m span lesgth0.2 m thick slab
supported by AASHTO Type VI girders. The widthstloé narrower IBs are
12 m. and have five and four girders for the casfe®.4 and 3.6 m. girder
spacings, respectively. The widths of the wider #Bs 15.6 m. and have seven
and five girders for the cases of 2.4 and 3.6 mdegispacings, respectively.
The bridges are assumed to have 3 m tall and lick #foutments supported
by HP250x85 piles. The bridges are analyzed unde8HTO truck loading.
The analyses results reveal that in the case oiither IB with smaller girder
spacing (or larger number of girders), the bettstridution of the live effects
among the girders produces a more uniform distiobudf the live load effects
within the abutments and piles as well. This obsiguresults in smaller
LLDFs for the abutments and piles of wider (or gad with larger number of
girders) I1Bs with smaller girder spacings. For amste, for the narrower IBs,
with girder spacings of 2.4 mS{\, = 480 mm) and 3.6 mS(N, = 900 mm),
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the LLDFs for the abutment momen¥l4) are 0.61 and 1.02, respectively.
Nevertheless, for the wider IBs, with girder spasirof 2.4 m. §N, i= 342
mm) and 3.6 m.§N, = 720 mm), the LLDFs for the abutment momevit)(
are 0.53 and 0.83, respectively. In the case ofatl@ment shear, for the
narrower IBs, with girder spacings of 2.4 r§N, = 480 mm) and 3.6 mS(N,
=900 mm), the LLDFs\(,) are 0.47 and 0.66, respectively. On the othedhan
for the wider IBs, with girder spacings of 2.4 N, = 342 mm) and 3.6 m.
(SNp = 720 mm), the LLDFs for the abutment she#) @re 0.37 and 0.61,
respectively. Similar results are also obtained fiie pile LLDFs.
Accordingly, it may be concluded that the effectté ratio of the girder
spacing to number of girderS/(N,) on the distribution of live load moment
and shear is significant and must be considereddmninant parameter in the

development of LLDEs for the abutments and piledBsf

The earlier study (Erhan and Dicleli 2010) alsoe@ds that the slab thickness
has only a negligible effect on the distributionligé load moment and shear
in the abutments and piles. Thus, it need not Insidered in the development
of LLDEs for the abutment and pile shear and moment

8.2.2 BEHAVIOR OF ABUTMENTS AND PILES AS A
FUNCTION OF SUBSTRUCTURE PARAMETERS

The earlier research study by Dicleli and ErhanO80revealed that the
abutment height measured from the deck saffi) have considerable effects
on the distribution of live load moment and sheahw the abutments and
piles. Accordingly, the effect dfc on the distribution of live load moment and
shear in the abutment and pile must be consideseddmminant parameter in

the development of LLDESs for the abutment and pilethermore, moment of
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inertia (p) and number of piled\;,) as well as the undrained shear strength of
the foundation soil @) were also found to have significant effects oa th
distribution of live load moment in the abutmerttwever, the effect ofy,

N, and Cy on the distribution of live load shear in the abemas well as
moment and shear in the pile were found to be gii#i. Thus, while the
effect oflp, NpandC, on the distribution of live load within the abutnenust

be considered in the development of LLDEs for thetaent moment, the
same parameters need not be considered in theogpeveht of LLDES for the

abutment shear as well as pile moment and shear.

8.3 LIVE LOAD DISTRIBUTION EQUATIONS FOR
THE PILES

In this section, LLDEs are developed for the pi¢dBs for the cases where
one design lane and two or more design lanes aetb In the developed

equations all the parameters are measured in mm.

The analyses results revealed that the numberaérgi () (or bridge width)
and their spacingSj and the abutment height measured from the deffit so
(Ho) have considerable effects on the distributionlivé load moment and
shear in the piles. However, the effects of theeotBubstructure and
superstructure parameters considered in the amalgse found to be
negligible. Therefore, LLDEs for the piles are deped as a function of the
three parameters mentioned above. Details abeuti¢lielopment of LLDEsS
for the IB piles for two or more design lane ane alesign lane loaded cases

are given in the following subsections.
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8.3.1 LLDE FOR PILE MOMENT - TWO OR MORE
DESIGN LANES LOADED CASE

Based on the trend of the data obtained from tladyses, the LLDE for the

pile moment LLDE,,_,, ) is assumed to have the following form;
LLDE. ,, =a(S/ N)*. H? (8.1)

wherea, bl, b2 = constants to be determined via regression agslysing the
available data. A sample of data representing ttieAs for the pile moment
is given in Table 8.2. To obtain the constants gn.E(8.1), first, LLDFs
obtained from FEAs for the two or more design laloegled case are plotted
as a function ofS/N, as shown in Fig. 8.4(a). Then, the minimum leastsg
fit of the logarithm of theS/N,- LLDF data is performed to obtain the

following equation;

S 049
R = O.OZ{N—b] (8.2)
The above equation, which is plotted using a thalddine in Fig. 8.4 (a),
gives the LLDFs for the pile moment obtained from F&SAa function o6/N,.
The term(S/N,)**® in Eqn. (8.2), represents the te(®/ N,)™ in Eqn (8.1).
Thus,b1=0.49. The scatter present in Fig. 8.4 (a) with eespo the plot of
Eqgn. (8.2) is mainly due to the error introducedthy absence of the other
parameterHc, in the equation. This error will be corrected hyadlving the
effect of the remaining parameter in the equatkeor. this purpose, first, the
ratio, Ry, of the FEA results to those obtained from Eqgn (B 2glculated as;
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R, =—— (8.3)

This is done to decouple the FEA results from tffece of the S/N, ratio.
Then, the ratioR; is plotted as a function dfi, in Fig. 8.4(b). Next, the
minimum least square fit of the logarithm of théadpresented in Fig. 8.4(b)

is performed to obtain the following equation;

R, = 068H * (8.4)

Finally, The LLDE for the pile moment for two or meodesign lane loaded
case is obtained by multiplying, by R,. The final form of the LLDE is as

follows;
1(s)”
LLDEhF,,’_2L =—| — HCO'05 (8.5)
66( N,
L e ,
1.2 . . i
1.0 1 1.0 1 —t i |
0.8 - 0.8 A
— N [ o~ i
x 0.6 / x 0.6
0.4 0.4
0.2 - 0.2 1
0.0 : : ‘ ‘ 0.0 : ‘ ‘
0 300 600 900 1200 1000 2000 3000 4000
SIN, (mm) Hc (mm)

(@) (b)

Figure 8.4 (a) R, versusS/N, plot and minimum least square fit, (b) ®ersus
Hc¢ plot and minimum least square fit for the pile nemhLLDES in the case
of two or more loaded design lanes
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Table 8.2.Pile live load distribution factors

PARAMETER LLDF
MOMENT SHEAR

One Two or One Two or

design more design more

lane design lane design
S L 6T H G d P loaded lane loaded lane
(m)  (m) (m) (m) (m) oade loaded  '02%€ loaded
1.2 20 2 3 40 0.25 13 0.10 0.20 0.10 0.20
24 20 2 3 40 0.25 13 0.19 0.37 0.19 0.38
36 20 2 3 40 0.25 13 0.26 0.53 0.27 0.54
48 20 2 3 40 0.25 13 0.34 0.68 0.34 0.69
1.2 20 2 3 40 0.25 7 0.10 0.20 0.10 0.20
24 20 2 3 40 0.25 7 0.18 0.37 0.19 0.38
3.6 20 2 3 40 0.25 7 0.26 0.53 0.26 0.53
48 20 2 3 40 0.25 7 0.33 0.68 0.33 0.69
1.2 20 2 5 40 0.25 13 0.10 0.21 0.10 0.21
24 20 2 5 40 0.25 13 0.20 0.39 0.20 0.39
36 20 2 5 40 0.25 13 0.28 0.55 0.29 0.55
48 20 2 5 40 0.25 13 0.36 0.72 0.37 0.73
1.2 20 2 5 40 025 7 0.10 0.20 0.10 0.21
24 20 2 5 40 025 7 0.19 0.38 0.20 0.39
36 20 2 5 40 025 7 0.28 0.55 0.29 0.56
48 20 2 5 40 0.25 7 0.36 0.73 0.37 0.74
24 20 2 4 40 0.25 13 0.20 0.41 0.20 0.41
3.6 20 2 4 40 0.25 13 0.28 0.55 0.27 0.53
24 20 2 4 40 0.25 7 0.20 0.40 0.20 0.40
3.6 20 2 4 40 0.25 7 0.27 0.54 0.28 0.55
24 20 2 25 40 0.25 13 0.18 0.37 0.19 0.38
36 20 2 25 40 0.25 13 0.26 0.53 0.26 0.53
24 20 2 25 40 025 7 0.19 0.38 0.19 0.38
36 20 2 25 40 025 7 0.26 0.54 0.27 0.54
24 20 2 3 40 0.25 10 0.20 0.37 0.20 0.39
36 20 2 3 40 0.25 10 0.27 0.53 0.28 0.53
24 20 2 3 40 0.25 5 0.19 0.38 0.19 0.38
3.6 20 2 3 40 0.25 5 0.26 0.53 0.26 0.53
24 20 2 5 40 0.25 10 0.20 0.39 0.20 0.39
3.6 20 2 5 40 0.25 10 0.29 0.55 0.29 0.57
24 20 2 5 40 0.25 5 0.22 0.45 0.20 0.41
3.6 20 2 5 40 0.25 5 0.30 0.62 0.29 0.60
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8.3.2. LLDE FOR PILE MOMENT — ONE DESIGN LANE
LOADED CASE

Following a procedure similar to that describedwahydhe LLDE for the pile
moment for the one design lane loaded case isrwutas;

0.5
LLDE,, . :ﬁ[l\% H.o (8.6)
b

8.3.3. LLDES FOR PILE SHEAR - TWO OR MORE DESIGN
LANES LOADED CASE

Based on the trend of the data obtained from tlayses, the LLDE for the

pile shear LLDE]_,, ) is assumed to have the following form:;

LLDE},, =a(S/ N)™ H? (8.7)

Following a procedure similar to that described floe derivation of the
LLDE for the pile moment, the LLDE for the pile shdar the two or more

design lanes loaded case is obtained as;

0.5
LLDE],, =6—1O(N3] H o (8.8)

b
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8.3.4. LLDES FOR PILE SHEAR - ONE DESIGN LANE
LOADED CASE

Following a procedure similar to that described vaycthe LLDE for the

abutment shear for the one design lane loadedisadtained as;

0.5
LLDE],, =§5(N3] H oo (8.9)
b

8.4 LIVE LOAD DISTRIBUTION EQUATIONS FOR
THE ABUTMENTS

In this section, LLDEs are developed for the abutserftiBs for the cases
where one design lane and two or more design lanesloaded. In the
developed equation§,, is measured in kPa. However, all the other parammete

are measured in mm.

The analyses results revealed that the girder spad®n number of girders
(Np) (or bridge width), girder stiffness parametét,)( span length L),
abutment heightHc), moment of inertia If) and number of piled\,) as well
as the undrained shear strength of the foundatdn(C,) have considerable
effects on the distribution of live load momentle abutment. Therefore, the
LLDEs for the abutment moment are developed as atibmof these
parameters. However, the distribution of live |lagtkar in the abutment is
only affected by the girder spacing, number of gisdand abutment height.

Accordingly, the abutment shear LLDEs are developed &unction of these
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three parameters only. The details about the dpuetat of abutment LLDES
for two or more design lane and one design lanéddaases are given in the

following subsections.

8.4.1 LLDES FOR ABUTMENT MOMENT - TWO OR
MORE DESIGN LANES LOADED CASE

Based on the trend of the data obtained from FEAs, LLDEs for the

abutment momentl(LDE;, ,, ) is assumed to have the following form;

LLDEA _ S " Kb2 Hb3 Lb4|b5 b6 NP b7 810
M_Z,_—a.W Ky H .p,U W ( )

b b

In the above equation; is a parameter that represents the stiffness ef th
foundation soil surrounding the piles. It is expexs as follows (Haliburton
1971);

(8.11)

where,C, is the undrained shear strength of the foundamh d, is the pile
width andesgis the soil strain at 50% of the ultimate soil sémince. The term
Kgin Egn. (8.10) is a parameter representing theitodmal stiffness of the

composite slab-on-girder section of the bridge egped as (AASHTO 2007);

K, =rll +A¢) (8.12)
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where,n is the ratio of the modulus of elasticity of the girdeaterial to that

of the slab material, is the moment of inertia of the girdeX,is the cross-
sectional area of the girder aegis the distance between the centers of gravity
of the girder and the slab. In Eqn.(8.18)b1, b2, b3 b4, b5 b6 and b7are
constants that need to be determined via regresamalyses using the
available FEA data partially presented in Tablé'd.obtain these constants,
first, LLDFs obtained from FEAs are plotted as adtion of S/N, as shown in
Fig. 8.5 (a). Then, the minimum least square fith&f logarithm of theés/N,-
LLDF data is performed to obtain the following equation;

B i 0.49
R1—0.03{N j (8.13)

b

The above equation, which is plotted using a thalddine in Fig. 8.5 (a),
gives the LLDFs for the abutment moment obtainethfREA as a function of
SIN,. The term(S/N,)*° in Eqn. (8.13), represents the teri®/ N,)* in
Egn (8.10). Thusp1=0.49. The scatter present in Fig. 8.5 (a) witlpees to
the plot of Egn. (8.13) is mainly due to the elrdroduced by the absence of
the other parameters in the equation. This errérbeicorrected by involving
the effect of the remaining parameters in the eguonatFor this purpose, first,
the ratio, R,, of the FEA results to those obtained from Eqnl3B is

calculated as;
R, = (8.14)

This is done to decouple the FEA results from tfiece of the term,S/ N, .

Then, the ratioR, is plotted as a function of the longitudinal stdks

parameter of the composite slab-on-girder sectioth® bridge Kg), in Fig.
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8.5(b). Next, the minimum least square fit of tlegdrithm of the data

presented in Fig. 8.5 (b) is performed to obtaaftiilowing equation;

R, =0.0061K,*** (8.15)

The above equation is plotted using a thick safid In Fig. 8.5 (b). The term
K> in Eqn. (8.15), represents the tekgf” in Eqn (8.10). Thush2=0.19.
To calculate the parametdr3, in Eqn (8.10), a similar procedure is followed.

First, a new ratid; is calculated as;

FEA
R*R

R, = (8.16)

Then, the ratioRs; is plotted as a function oH(), in Fig. 8.5(c). Next, the
minimum least square fit of the logarithm of theadpresented in Fig. 8.5(c) is
performed to obtain the following equation;

R, =6.93H."* (8.17)

The above equation is plotted using a thick sohé in Fig. 8.5(c). The term
H:%2%in Eqn. (8.17) represents the teHy in Eqn.(8.10). Thush3=-0.25.

Next, to obtain the terrp4, a new ratidR, is calculated as;

R, = FEA (8.18)

RxRxR

Then, the ratioR, is plotted as a function of the span lendth {(n Fig. 8.5(d).
Next, the minimum least square fit of the logaritbithe data presented in

Fig. 8.5 (d) is performed to obtain the followinguation;
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R, =11.310°% (8.19)

The above equation is plotted using a thick safid In Fig. 8.5 (d). The term
LC2%in Eqn. (8.19) represents the tekfif in Eqn (8.10). Thu$4=-0.24. To

obtain the ternib5, a new ratid3s is calculated as;

_ FEA
RXRxRx R

R, (8.20)

Then, the ratid®s is plotted as a function of moment of inertia of thiles (),
in Fig. 8.5(e). Next, the minimum least squareofithe logarithm of the data

presented in Fig. 8.5(e) is performed to obtainfthlewing equation;
R, =4.28l p‘°'°8 (8.21)

The above equation is plotted using a thick sohd In Fig. 8.5(e). The term
1,°% in Egn. (8.21) represents the tehy’ in Eqn (8.10). Thush5=-0.08.

Subsequently, to obtain the teb®, a new ratidzs is calculated as;

_ FEA
RXRxRx Rx R

R, (8.22)

Then, the ratioRs is plotted as a function ofu), in Fig. 8.5(f). Next, the
minimum least square fit of the logarithm of théadpresented in Fig. 8.5(f) is
performed to obtain the following equation;

Ry =2.16u°% (8.23)

The above equation is plotted using a thick satid in Fig. 8.5(f). The term
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1 % in Egn. (8.23) represents the tepff in Eqn (8.10). Thush6=-0.06.

Finally, to obtain the termsandb7, a new ratid?;is calculated as;

_ FEA
RXxRxRx BRx Bx R

R, (8.24)

Then, the ratidR; is plotted as a function ofNE/Np), in Fig. 8.5(g). Next, the
minimum least square fit of the logarithm of theéadpresented in Fig. 8.5(g)

is performed to obtain the following equation;

R =1.o{mj_ | (8.25)
Nb

The above equation is plotted using a thick soheé In Fig. 8.5(g). The term
(No/Nb)®% in Egn. (8.25), represents the terNy/(\,)°’ in Eqn (8.10). Thus,
b7=-0.06. The LLDE for the abutment moment of IBs isanéd by solving
for FEA in Eqgn. (8.24) (i.eFEA=LLDE"®Y™ENTR xR XR:XRXRsXReXRy).
Accordingly, the constanta in Eqn (8.10) is obtained by multiplying the
coefficients in front of the variable§/N, Ky, He, L, lp, #, NJ/Ny in Egns.
(8.13), (8.15), (8.17), (8.19), (8.21), (8.23) dB5), respectively. Thus, a=
0.0340.061x6.93«11.31x4.282.16x1.03=1/7. The final form of the LLDE

becomes;

0.5 0.2
S°5.K,
. . . . . .0¢
7.Nb044.H0025.L025.| 5 008# OO(j\I . 0.0

LLDE, ,, = (8.26)
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Figure 8.5(a) R, versusS/N, plot and minimum least square fit, (b) ®ersus
Kg plot and minimum least square fit (c} RersusH, plot and minimum least
square fit (d) R versusL plot and minimum least square fit (e} Rersusl,
plot and minimum least square fit (f)s Rersusp plot and minimum least
square fit (d) R versusNy/Np plot and minimum least square fit for the
abutment moment LLDEs in the case of two or moaeléal design lanes
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Table 8.3.Abutment live load distribution factors

PARAMETER LLDF
MOMENT SHEAR
One Two or One Two or
design more design more

lane design lane design
S L G6GT H GCu dy N loaded lane loaded lane
(m)  (m) (m) (m) (m) loaded loaded
1.2 20 2 3 40 0.25 13 0.21 0.27 0.10 0.20
1.2 20 2 3 80 0.25 13 0.19 0.26 0.10 0.20
1.2 20 2 3 40 0.31 13 0.19 0.26 0.10 0.20
1.2 20 2 3 80 0.31 13 0.19 0.26 0.09 0.20
24 20 2 3 40 0.25 13 0.36 0.51 0.17 0.38
24 20 2 3 80 0.25 13 0.33 0.50 0.18 0.39
24 20 2 3 40 0.31 13 0.32 0.47 0.18 0.38
24 20 2 3 80 0.31 13 0.32 0.48 0.18 0.39
36 20 2 3 40 0.25 13 0.49 0.78 0.29 0.60
36 20 2 3 80 0.25 13 0.47 0.68 0.27 0.60
36 20 2 3 40 0.31 13 0.47 0.77 0.29 0.60
36 20 2 3 80 0.31 13 0.45 0.75 0.30 0.61
48 20 2 3 40 0.25 13 0.56 0.90 0.35 0.72
48 20 2 3 80 0.25 13 0.54 0.89 0.35 0.73
48 20 2 3 40 0.31 13 0.54 0.89 0.35 0.72
48 20 2 3 80 0.31 13 0.52 0.89 0.36 0.74
1.2 40 6 3 40 0.25 13 0.52 0.47 0.10 0.19
1.2 40 6 3 80 0.25 13 0.39 0.39 0.10 0.19
1.2 40 6 3 40 0.31 13 0.39 0.37 0.10 0.19
1.2 40 6 3 80 0.31 13 0.31 0.34 0.10 0.19
24 40 6 3 40 0.25 13 0.59 0.80 0.18 0.37
24 40 6 3 80 0.25 13 0.48 0.68 0.19 0.37
24 40 6 3 40 0.31 13 0.48 0.69 0.18 0.37
24 40 6 3 80 0.31 13 0.41 0.61 0.19 0.38
3.6 40 6 3 40 0.25 13 0.80 1.15 0.28 0.57
3.6 40 6 3 80 0.25 13 0.65 1.01 0.29 0.59
3.6 40 6 3 40 0.31 13 0.64 1.01 0.29 0.58
3.6 40 6 3 80 0.31 13 0.56 0.92 0.30 0.61
48 40 6 3 40 0.25 13 0.89 1.23 0.33 0.73
48 40 6 3 80 0.25 13 0.74 1.11 0.34 0.73
48 40 6 3 40 0.31 13 0.74 1.12 0.34 0.74
48 40 6 3 80 0.31 13 0.65 1.04 0.35 0.72
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8.4.2 LLDES FOR ABUTMENT MOMENT — ONE DESIGN
LANE LOADED CASE

Following a procedure similar to that described vacthe LLDE for the

abutment moment for the one design lane loadedisad#ained as;

0.33 0.3
S%* K,

LLDE; ,, = .
M -1L 2 N2 H 0309 ) 0.08 ), 008\ ) 0.0!

(8.27)

8.4.3 LLDES FOR ABUTMENT SHEAR - TWO OR MORE
DESIGN LANES LOADED CASE

Based on the trend of the data obtained from tladyses, the LLDE for the

abutment shearl(LDE_" ,, ) is assumed to have the following form;

LLDE}',, =a(S/ N)™ H”? (8.28)

Following a procedure similar to that describedtfer derivation of the LLDE
for the abutment moment, the LLDE for the abutmsméar for the two or

more design lanes loaded case is obtained as;

80.54

A _

LLDE,.,, = AN 05 00 (8.29)
““b “lc
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8.4.4 LLDES FOR ABUTMENT SHEAR- ONE DESIGN
LANE LOADED CASE

Following a procedure similar to that describedha previous sections, the
LLDE for the abutment shear for the one design laaeled case is obtained

as,

SO.52

LLDE\}A—lL = 90 N 0.52 H 0.02
‘b " 'c

(8.2B
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CHAPTER 9

VERIFICATION OF THE DEVELOPED
CORRECTION FACTORS AND LLDEs FOR
INTEGRAL BRIDGES

9.1 VERIFICATION OF THE CORRECTION
FACTORS AND LLDEs FOR INTEGRAL BRIDGES

In this section, the LLDESs derived for the girdeoments of IBs are verified
against the available FEA results. For this purpdisst, the LLDFs for the
girder moments of IBs are calculated using (i) AASMH LLDEs, (ii)
AASHTO LLDEs multiplied by the developed -correctiofiactors
(FXAASHTO) and (iii) the LLDEs developed for IBs indapdent of
AASHTO (2007). The calculated LLDFs and FEA reswate then plotted as
a function ofL, § ts andKy in Figs. 9.1 and 9.2 for the interior girders asda
function ofL, S de. andKy in Figs. 9.3 and 9.4 for the exterior girdersg gil
(@), (b), (c) and (d) compare the calculated LLRRS the FEA results as a
function ofL, S ts andKg for the interior girder moments and for the case
where two or more design lanes are loaded. Fig.i®.8imilar but the
comparison is performed for the case where onlydasegn lane is loaded. In

Fig. 9.3, similar comparisons are performed for éx¢erior girder moment
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considering the case where only two or more delsiges are loaded. Fig. 9.4
is similar but the comparison is performed for therior girder shear. As
observed from the figures, the AASHTO LLDEs gengraproduce
conservative estimates of live load girder momemd exterior girder shears
in IBs for the range of values bf S ts andKy andd. considered in this study.
However, both the proposed correction factors pligil by the AASHTO
LLDEs (FxAASHTO) and the LLDEs proposed for IBs independent
AASHTO (2007), produce reasonable estimates of Ihael moments in the
girders of single span, short to medium length IBs. further verify the
applicability of the proposed equations to IBs, t@nerages and standard
deviations of the ratios of the LLDFs obtained frdire proposed and
AASHTO LLDEs to FEA results are presented in Tahlke for the entire data
obtained from the analyses. The proposed corredtotors and equations
produce averages ranging between 1.01 and 1.07stamdlard deviations
ranging between 0.07 and 0.10. Nevertheless, AASHIOEs produce
averages ranging between 0.93 and 1.33 and startasidtions ranging
between 0.17 and 0.32. This clearly indicates thatproposed correction
factors and LLDEs produce more reasonable andsestered estimates of

live load effects in IB girders compared to AASHTODESs.
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Figure 9.1 Comparison of the calculated LLDFs and FEA residis the
interior girder moment of IBs and for the case vehigvo or more design lanes
are loaded as a function of (a)(S=2.4 m.t= 0.2 m,GT= V) (b) S(L=15 m.
t= 0.2 m,GT=IV), (c) Kq (L=15 m,S=2.4 m, {= 0.2 m), (d}ts (L=15 m,S=2.4
m, GT=IV).

Table 9.1.Average and standard deviation of the ratio ofithBFs obtained
from the proposed and AASHTO LLDEs to FEA results.

F.x AASHTO New Formula AASHTO
Loaded
design lane AVG STD AVG STD AVG STD
M. one 1.01 0.09 1.06 0.09 1.17 0.18
" two or more 1.07 0.09 1.01 0.07 1.15 0.17
M one 1.06 0.09 1.05 0.08 1.33 0.32
ext two or more 1.04 0.10 1.02 0.07 1.16 0.24
Vv one 1.03 0.09 1.04 0.09 0.93 0.14
&t two or more 1.05 0.08 1.05 0.08 1.22 0.22

M Interior girder moment, My Exterior girder moment, §;: Exterior girder shear, AVG:
Average, STD: Standard deviation
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Figure 9.2 Comparison of the calculated LLDFs and FEA residis the
interior girder moment of IBs and for the case vehenly one design lane is
loaded as a function of (&) (S=2.4 m.t= 0.2 m,GT= V) (b) S(L=15 m.t=
0.2 m,GT=1IV), (c) Kq (L=15 m,S=2.4 m, &= 0.2 m), (d)}ts (L=15 Mm,S=2.4 m,
GT=IV).
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Figure 9.3 Comparison of the calculated LLDFs and FEA restdits the
exterior girder moment of IBs and for the case wher or more design lanes
are loaded as a function of (a) (S=2.4 m.t= 0.2 m,GT= lll, d==0.3) (b)S
(L=20 m.t= 0.2 m,GT= lll, de=0.3), (€)de (L=20 M,S=2.4 m, = 0.2 m,GT=
1), (d) Kg (L=20 m,S=2.4 m,ts= 0.2 m,ds=0.3).
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Figure 9.4 Comparison of the calculated LLDFs and FEA residis the
exterior girder shear of IBs and for the case wtexe or more design lanes
are loaded as a function of (a) (S=2.4 m.t= 0.2 m,GT= 1ll, d=0.3) (b)S
(L=20 m.t= 0.2 m,GT= VI, de=0.3), (c)de (L=20 M,S=2.4 m, = 0.2 m,GT=
1), (d) Kg (L=20 m,S=2.4 m,ts= 0.2 m,ds=0.3).
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9.2 VERIFICATION OF THE DERIVED LLDEs FOR
THE PILES

In this section, the LLDESs derived for the pileslB§ are verified against the
available FEA results. For this purpose, the LLD#&isthe piles of IBs are
calculated using the developed equations. Thenc#heulated LLDFs and
FEA results are plotted as a function of the masenidant parametelS in
Figs. 9.5 and 9.6 for various abutment heights, measured from the deck
soffit for the one design lane and two or more giedanes loaded cases,
respectively. As observed from the Figures, theivddr LLDEs produce
reasonable estimates of LLDFs for the moments dwhrsin the piles.
Furthermore, for the entire data used in the deweént of the LLDES, the
averages and standard deviations of the ratioseoLLDFs obtained from the
derived equations to those from FEA are calculéedhe pile moment and
shear and presented in Table 9.2. As observed finemable, the calculated
average values of the ratios range between 1.011d&@%dwhile the standard
deviations are around 0.05. The small deviationsti® values of the
calculated average ratios from 1.0 and relativelgls standard deviations also
indicate that the derived equations produce reddprgod estimates of live

load effects in IB piles for the range of paramewnsidered in this study.
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Figure 9.5 Comparison of the calculated LLDFs and FEA resiaighe piles
of IBs where one design lane is loaded (a) 2.@butment height (b) 3 m.
abutment height

LLDF

LLDF
LLDF
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Figure 9.6 Comparison of the calculated LLDFs and FEA resigltghe piles
of IBs where two or more design lanes are loadad26 m. abutment height
(b) 3 m. abutment height
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9.3 VERIFICATION OF THE DERIVED LLDEs FOR
THE ABUTMENTS

In this section, the LLDEs derived for the abutnseof IBs are verified
against the available FEA results. For this purpabe LLDFs for the
abutments of IBs are calculated using the develoggepgations. Then, the
calculated LLDFs and FEA results are plotted insFig7-9.8 as functions of
various dominant parameters used in the derivatibthe LLDEs for the
abutments. Figs. 9.7 and 9.8 compare the calculatddFs and the FEA
results as a function &, L, H andGT for the abutment moment of IBs for the
one design lane and two or more design lanes loedsels, respectively. For
the abutment shear, Figs. 9.9 (a) and (b) comperedlculated LLDFs and
the FEA results as a function of the more dominmrameterS for various
abutment heightg,, measured from the deck soffit for the one desagre
and two or more design lanes loaded cases, regplgcths observed from the
figures, the derived LLDEs produce reasonably gestimates of LLDFs for
the live load moments and shear in the abutmentaddition, for the entire
data used in the development of the LLDEs, the apes and standard
deviations of the ratios of the LLDFs obtained frtme derived equations to
those from FEA are calculated for the abutment munmand shear and
presented in Table 9.2. As observed from the table,calculated average
values of the ratios range between 1.00 and 1.0/ wWie standard deviations
range between 0.07 and 0.19. The small deviatidnth® values of the
calculated average ratios from 1.0 and relativelgls standard deviations also
indicate that the derived equations produce a redsyp good estimate of live
load effects in IB abutments for the range of pat@ms considered in this

study.
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Figure 9.7 Comparison of the calculated LLDFs and FEA residis the
abutment moment of IBs where two or more desigredaare loaded as a
function of (a)S, (b)L, (c)Hc, (d)GT.
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Figure 9.9 Comparison of the calculated LLDFs and FEA residis the
abutment shear of IBs for the cases of (a) oneggddane is loaded (b) two or
more design lanes are loaded
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Table 9.2.Average and Standard deviation values for the @&tthe proposed
LLDE to the FEA results

LLDE/FEA
Number of

Loaded AVG STD

Design Lane
Two or more  Abutment 1.03 0.17
design lanes Pile 1.05 0.05
Moment One design  Abutment 1.07 0.19
lane Pile 1.03 0.05
Two or more  Abutment 1.00 0.07
Shear design Ia_nes Pile 1.04 0.05
One design Abutment 1.02 0.07
lane Pile 1.05 0.05
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CHAPTER 10

PART II:  SEISMIC PERFORMANCE OF
INTEGRAL BRIDGES

10.1. PROPERTIES OF INTEGRAL BRIDGES USED
FOR SEISMIC ANALYSES

Three different existing IBs with one, two and #ispans will be considered
to investigate the seismic performance of IBs. Single span IB illustrated in
Fig. 10.1 is located in lllinois, USA (IL. Route@ver Sugar Creek Bridge).
The two span IB illustrated in Fig. 10.2 is lochia Ontario, Canada (Hwy
400 Underpass at Major Mackenzie Drive) while thee¢ span IB illustrated
in Fig. 10.3 is located in lllinois, USA (IL. 4/1®ver lllinois Central
Railroads). The single span IB has a span lengtBdofm, a width of 13 m.
The bridge superstructure is composed of a 195 hick slab supported by
steel plate girders spaced at 2.24 m. The two sfiahss span lengths of 41
m each, a width of 35 m. The bridge superstruasicmmposed of a 225 mm
thick slab supported by AASHTO Type VI prestressedcrete girders spaced
at 2.38 m. The three span IB has span lengths &f P8.7 and 15.7 m., a
width of 13 m and its 190 mm thick slab is suppdrbyy W760x173 steel
girders spaced at 2.26 m. More details about thegges are given in Table
10.1.
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For the IBs considered in this study, a range afous geotechnical and
substructure properties are considered to invdstifp effect of soil-structure
interaction and substructure properties at the mabots on the seismic
performance of IBs. The details of these parametegspresented in Table
10.2. In addition, the properties of the foundasoi including its depth to the
bedrock are chosen considering the seismic siteygms given in AASHTO

LRFD Bridge Design Specification (AASHTO, 2007).bla 1.3 gives the

details of the soil types and associated pile lemgonsidered in this study.
Bedrock is assumed at the bottom of the consideségrofile.
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Table 10.1.Properties of existing IBs considered

Bridge Properties Bridge 1 Bridge 2 Bridge 3
Number of Span 1 2 3
Span Length (m) 34.25 41,41 15.7,20.7, 15.7
Width (m) 13 1 13
Steel (1)
Plate Girder
, Prestress Concretg Steel (1)
Girder Type (Flanges: 408x51
AASHTO VI W 760x173
mm, Web: 1170x12
mm)
Girder Spacing (m 2.24 2.38 2.26
Pile Type HP 310x125 HP 310x110 HP 250x643
Number of Piles 7 12 6
Abutment Height
2.67 4 2.12
(m)
Abutment
_ 0.76 15 0.76
Thickness (m)
, Multiple Column Multiple
Pier Type N/A
bent Column bent
Pier Foundation N/A Pile Pile
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Table 10.2.Parameters of IBs considered in this study

Property Parameter
Number of span length 1,2and 3
Abutment height (m) 3,4and5
Abutment thickness (m) 1,15and 2

Pile size

250X85 and 310x174

Soll stiffness (sand)

Loose, Medium, Dense

Backfill compaction level

Compacted and uncompacte

Pile orientation

Strong and weak axis

Table 10.3.Soil types and related pile lengths

AASHTO Soil Types

Soil Types and Pile Lengths

d

Soil Type | Dense sand , 15 m.
Soil Type Il Dense sand , 15 m.
Soil Type llI Medium sand , 15 m.
Soil Type IV Loose sand, 15 m.
10.2 DESIGN OF INTEGRAL AND

CONVENTIONAL BRIDGES

The IBs described above are redesigned as conmahtiand IBs in
compliance with AASHTO LRFD Bridge Design Specitioas (2007). This
is done to study the relative performance of IBgalation to conventional



bridges and to allow for a realistic assessmenih&f seismic performance as
a function of various structural and geotechni@abmeters. In the design, the
superstructures of the bridges are considered ragasito those of IBs

described earlier. However the bearings and sutistes of the bridges

(abutments, piers and piles) are redesigned. The difference between the
conventional and IBs comes from the way the abutsnare designed and
built. Therefore, the same pier and associated piles obtained for

conventional bridges are also used for IBs to enablair comparison of the
seismic performance of conventional and IBs. lteigpected that such a
comparison will clearly demonstrate the effectltd integral abutment design

concept on the seismic performance.

In the design of the bridges, the site coefficiandl peak ground acceleration
are assumed as 1.2 and 0.35g respectively. Thelatdd seismically induced
forces in the pier components are divided by appate response
modification factors (R) recommended by AASHTO LRMEddge Design
Specifications (2007). Accordingly, the responsaification (R) is taken as
2 for the pier columns in the longitudinal and B1%he transverse directions
of the IB (in the transverse direction, the pieluaans form a multi-column
frame). In the design of a bridge, damage to thHe fmundation is an
undesirable situation. Therefore, flexural capaoityhe piles is taken as 30%
larger than that of the pier columns (AASHTO 200%)prevent a potential
damage. The details about the redesigned integdat@nventional bridges are

given in following subsection.
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10.2.1 DESCRIPTION OF THE CONVENTIONAL BRIDGES

10.2.1.1 SINGLE SPAN BRIDGE

The elevation and plan view of the bridge is iltegtd in Fig. 10.4 and 10.5
The length of the bridge is 34 m and the width3si.

| 34000 mm |
|
i:-:::::::::::::::::::::::::::::::::::::::::::::::::::.
«—Abutment T Elastome
Superstructure  aaring
e H-Pile i

Figure 10.4.Elevation of single span bridge

13000 mm

34000 mm

Figure 10.5.Plan view of single span bridge
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The bridge has a slab-on-steel-girder deck. Figs tisplays the deck cross
section. There are six steel girders supportingd@ hm thick reinforced
concrete slab and are spaced at 2240 mm. A 75 nckndbphalt pavement is

provided on the deck surface.

195 mm

L1 1T 1]

éOO mm 2240 mm 2240 mm2240 mm 2240 mn 2240 mm 900 mm

Figure 10.6.Deck cross section of single span bridge

Both abutments are seat type and are identicadamgtry. The details of the
abutments are illustrated in Fig 10.7. The abutseme supported on HP
200x54 steel HP piles. The details about the desighe abutments and steel
HP piles are given in the subsequent sections.

251



200 mm
H

[ 1T

1850 mn Approach

slak 870 mn
9'6
1500 mm
l 1930 mm 500 mm
v —
- IlOOO mm
<+—HP 200x54

Figure 10.7.Abutment detail of single span bridge

10.2.1.2 TWO SPAN BRIDGE

The elevation and plan view of the bridge are ftlated in Figs. 10.8 and
10.9. The total length of the bridge is 82 m arelldth is 16 m. The bridge

has two spans with the lengths of 41 m each.

| 41000 mm , 41000 mm |

<— Abutment | T Elastomer,
Pier—» Superstructure beW...

_ nn nn
nn nn :' nn nn
1
1
1

nn " ng— H-Piles nn nn

g i 4 P

Figure 10.8.Elevation of two span bridge
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o e
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41000 mm 41000 mm

Figure 10.9.Plan view of two span bridge

The bridge has slab-on- prestessed concrete giketeh. Fig. 10.10 displays
the deck cross section of the bridge. There arersevVASHTO type VI
girders supporting a 225 mm thick reinforced cotecsdab and are spaced at

2380 mm. A 75 mm thick asphalt pavement is provioledhe deck surface.

225 mm

TIII117

890 mm 2380 mm 2380 mm 2380 mm 2380 mm 2380 mm 2380 mi®90 mm

Figure 10.10.Deck cross section of two span bridge

The bridge pier is composed of three reinforcedcoete columns supporting
a cap beam. The geometry and dimensions of threapgeillustrated in Fig.
10.11.
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>l

|
|
@1600 mm

6000 mm

1

1
—_—— r---

1

1

1

1

L —I“— —‘h Lt

Figure 10.11.Cross section of pier, pier cap and reinforced meteile of
two span bridge

Both abutments are seat type and are identicadamgtry. The details of the
abutments are illustrated in Fig 10.12. The abutsare supported on steel
HP 250x85 piles.

3I00| mm
Approach
2roomm - g0
1200 mm
<>
2300 mm
L 2750 mn 750 mm
|

11500 mm
<«— HP 250x85 ~

Figure 10.12.Abutment detail of two span bridge
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10.2.1.3 THREE SPAN BRIDGE

The elevation and plan view of the bridges aresitlated in Fig. 10.13 and
10.14. The total length of the bridge is 52.1 m #mel width is 13 m. The
spans at the north and south ends are 15.7 m.éfttercspan is 20.7 m.

i__________::____________::____________::__‘__________::____________::____________::____________::_____________I
T ] Elastomer
Pier ] bearing

Superstructure o
Wwall »l TRERT
nn nn
nn nn
r r nn nn
L_.,_! nn nn
! TIT
1

1 nn I nn
Figure 10.13.Elevation of three span bridge

..................... 3(‘,
L U'u _____________________ 15000 mm
..................... i.:A\.’iA_._A_._A_A_A_._.-._.-._._..:[Ci_._._._._._._._._._._
_____________________ S o
| | | |
15700 mm 20700 mm 15700 mm

Figure 10.14.Plan view of three span bridge
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The bridge has a slab-on-steel-girder deck. Figla displays the deck cross
section of the bridge. There are six steel girdengporting a 190 mm thick
reinforced concrete slab and are spaced at 2260Annd. mm thick asphalt

pavement is provided on the deck surface.

190 mm

T T T 1T 71 1,
930 mMm2260 mMm2260 mm 2260 mm 2260 mm2260 mm 930 mm

Figure 10.15.Deck cross section of three span bridge

The bridge piers are composed of four reinforcetcoete columns and a cap

beam. The geometry and dimensions of the piedlastrated in Fig. 10.16.

900 mm 13000 mm
> ! _
900 mm
4200 mm
700 mn
e —
N 2
L o . _igs0mn} | L
L) <> Lol L)

Figure 10.16.Cross section of pier, pier cap and reinforced oeteqile of
three span bridge
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The bridge has two identical seat type abutments @imensions and
geometry of the abutments are illustrated in FiglZ0 The abutments are

supported on steel HP 200x54 piles.

200 mm
H
1450mm- Approach {900 mn
M slak PR

1550 mm

2400 mm >00 mm

| | S d

. o EOOO mm

<+—HP 200x54 N

Figure 10.17.Abutment detail of three span bridge

10.2.2 DESCRIPTION OF THE INTEGRAL BRIDGES

The details about the redesigned IBs are givehighgection. In the following

subsections, abutment details and elevation ofBhare illustrated.

257



10.2.2.1 SINGLE SPAN BRIDGE

10.2.2.1.1 General

The elevation of the single span bridge is illustlain Fig. 10.18. The length
of the bridge is 34 m and the width is 13 m.

34000 mm

«— Abutment

Superstructure

«— H-type pile

Figure 10.18.Elevation of single span IB

10.2.2.1.2 Abutment and Pile Details

The abutment and steel H-piles of single span Bilarstrated in Fig. 10.19.
The abutment of the single span IB has a heigla6@0 mm and a width of
760 mm. The abutment is supported by a single rbwesen HP 310x125

piles.
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[}
[}

<+— HP 310x125

A
Figure 10.19.The abutment of single span bridge
10.2.2.2 TWO SPAN BRIDGE

10.2.2.2.1 General

The elevation of the two span bridge is illustratedrig. 10.20. The total
length of the bridge is 82 m and the width is 16 Tie bridge has two spans

with equal lengths of 41 m.

41000 mm | 41000 mm

Figure 10.20.Elevation of two span 1B
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10.2.2.2.2 Abutment and Pile Details

The abutment and steel HP piles of the two spanaréBillustrated in Fig.
10.21. The abutment has a height of 4000 mm anulth wf 1500 mm and it
is supported by a single row of twelve HP 310x1ifdsp

I
 ——

Approach

slat 4000 mm

1500 mm

<+— HP 310x174

A

Figure 10.21.The abutment of two span bridge

10.2.2.3 THREE SPAN BRIDGE

10.2.2.3.1 General

The elevation of the bridge is illustrated in Fi§.22. The total length of the
bridge is 52.1 m and the width is 13 m. The spanbkeanorth and south ends

of the bridge are 15.7 m. The middle span is 20.7Tine width of the bridge

is 13 m.
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Figure 10.22.Elevation of three span IB

10.2.2.3.2 Abutment and Pile Details

The abutment and steel HP piles of the three sjam@se illustrated in Fig.
10.23. The abutment has a height of 2670 mm angiwf 760 mm and it
is supported by a single row of six HP 250x85 piles

I
 ——

Approach

slat 2120 mm

<+— HP 250X85

A

Figure 10.23.The abutment of three span bridge
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CHAPTER 11

NONLINEAR MODELLING OF THE BRIDGES
CONSIDERED IN THE ANALYSES

A detailed finite element model including nonlineswil bridge interaction
effects is needed for a realistic representatiah@fehavior of the bridge and
load distribution among its various components wihéhsubjected to seismic
loads. Accordingly, detailed 3-D nonlinear finitéerent models of the
bridges considered in this study are built for nogdr time history analyses.
Details about the 3-D structural model of the beslgare presented in the

following subsections.

11.1 MODELLING OF SUPERSTRUCTURE

The bridge superstructure is modeled using beamesies as shown in Fig.
11.1. Full composite action between the slab aedgthders is assumed. The
moment of inertia of the superstructure about thax¥ is obtained by first
calculating the moment of inertia of each compogitder using an effective
slab width and multiplying the result by the numbémirders. The moment
of inertia of the superstructure about the Z-agislso calculated assuming
full composite action between slab and the gird@ise superstructure is
divided into a number of segments and its massngpéd at each nodal point

connecting the segments. Each mass is assigneddfmamic degrees of
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freedom; translations in the X and Y directions aoi@tions about the X and
Z axes as shown in Fig. 11.1. The remaining twoadyic degrees of freedom
are ignored deliberately to avoid triggering unveahimodes of vibration,
which are not useful in the analysis. All six statiegrees of freedom were
used in the analysis. The in-plane translationdfness of the deck is
relatively much higher than that of the other mersbef the bridge.
Accordingly, at the abutment and pier locations, bnidge deck is modeled as
a transverse rigid bar of length equal to the ceiateenter distance between

the two exterior girders supporting the deck slab.

The transverse rigid bar is used to simulate theraction between the axial
deformation of the columns and torsional rotatidérihe bridge deck as well

as the interaction between the in-plane rotatidriieddeck and displacements
of the bearings. The transverse rigid bar is eV&d the level of the center of
gravity of the bridge deck using a set of vertitgid elements attached to it.
This is done to accurately define the vertical tmraof the mass of the bridge

deck. The rigid vertical elements are then conrmkttehe bearings.

11.2 MODELING OF BEARINGS

The bridge superstructure is supported by elastorbearings on the pier and
abutments. The shear stiffness of the elastomedeitg depends partly on
the hardness of the elastomer but mainly on theiearhlblemperature. The
shear stiffness is fairly constant for all temperes above freezing, but
increases rapidly with decreasing temperatures4@fC, the shear stiffness
can be two and a half times the stiffness at coostm temperature.

Accordingly, the manufacturer’'s bearing catalogonew provide a minimum
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shear raté&min, (at 20°C) and maximum shear raté,ay (at -40°C) for all

laminated and plain elastomeric bearings availab@mbining the
appropriate shear rates for the corresponding teatype variations
throughout the year may result in a combined eaffecshear force, which
neither underestimates nor overestimates the lgearlmehavior. This then
produces the seismic force that is transferredhé¢osubstructure for which it
must be designed. For the purpose of seismic dealgs effective shear

stiffness ofKp=1.35x Knin is used for the elastromeric bearings.

(11.1)

Where, Gy is the shear modulus of the bearing mateAglis the plan area of
the bearings ank is the bearing thickness.

The elastomeric bearings are idealized as 3-D bebments connected
between the superstructure and the substructuregragr locations. The
height of the beam elements is set equal to tleknkss of the bearings. Pin
connection is assumed at the joints linking theibga to the substructures as
shown in Fig. 11.1. To obtain the stiffness projpsrbf these beam elements
at the abutments and piers, first the calculatéectée shear stiffness is set
equal to the stiffness of a cantilever beam elemétht the same heighhy, as
the bearing thickness. The product of elastic masiuE, and moment of

inertia, l,, of the beam element is then calculated as;

K,.h’
3

E,.l, (11.2)
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In the model,Ey, is arbitrarily set equal to that of the concrated in the
construction of the bridge andl, is calculated from the above equation to

define the stiffness properties of the beam element

11.3 MODELING OF PIERS

The detailed structural model of the pier is illagtd in Fig. 11.1. The cap
beam and the columns are modeled as beam eleni&etparts of the beam
elements within the joint connecting the cap bearhé columns are modeled
as rigid elements. The tributary masses of thebagm and the columns are
lumped at the joints connecting them. The reinfora®mncrete piles are
modeled using beam elements as well. The computegraan X-TRACT

(2007) is used to obtain the moment-curvature icelahip and interaction

diagrams of the pier columns and piles of IB coased in this study. The
variation of the axial load effects on the pierwwohs due to seismic loads is
also considered in the analyses. For this purptss, moment curvature
relationships of the piers and piles are obtaireedséveral axial load levels.
These diagrams are used to simulate the nonlingaaviior of the piers and
piles of the multi-span bridges in the structurabdels. The details of the
moment curvature relationships obtained for thefoeced concrete piers and
piles of the multi span bridges considered in #tigly are given in following

subsections.
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Figure 11.1.Structural modeling details at piers of two sp@n |

11.3.1 MOMENT CURVATURE RELATIONSHIPS FOR
PIERS AND REINFORCED CONCRETE PILES OF THE
BRIDGES

The multi-span bridges considered in this studyehmwultiple column pier
bents. The reinforced concrete columns at thespi@ve circular cross-
section. Moment curvature relationships and intesacdiagrams of these
members are needed to build a nonlinear structacalel of the multi-span
bridges considered in this study. For these p@pe@soment curvature
relationships and interaction diagrams are obtainsidg the program X-

TRACT (2009). Further details are given in thedaling subsections.
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11.3.1.1 MATERIAL PROPERTIES OF REINFORCED CONCRETE
PIERS AND PILES

11.3.1.1.1 Unconfined Concrete

The 28-Day compressive strendth) of the unconfined concrete is assumed
as 30 Mpa. Crushing stra{a.,) for the unconfined concrete is assumed to be
0.004 (Mander et.al 1988). This correlates well bending failures of
reinforced concrete columns with some inherent eoatism. Strain at
completion of material spallingesy) is 0.006. To define the stress-strain
behavior of the cover concrete (Figs 11.2-11.3),ghrt of the falling branch

in the region where:> 2:, is assumed to be a straight line whieaches a
zero stress at the spalling straig, (Mander et.al 1988) wheffe,, andec, are

the unconfined concrete strength and correspongtiagn, respectivelyef, is

assumed as 0.002).

v

€co 2€co Esp

Figure 11.2.Stress-strain relationship of unconfined concrete
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Figure 11.3.Stress-strain relationship of unconfined concrtd RACT)

The elastic modulus of unconfined concrete is dated as follows (Mander
et.al 1988);

E. =5000 f; (11.3)
11.3.1.1.2 Confined Concrete

The stress-strain relationship of confined concret#lustrated in Fig. 11.4.
Confined concrete core strength is determined sidering the effective
confinement for the section. The following formusaused to calculate the

confined concrete strength (Mander et.al 1988):

fl = f'(-1.254+ 2.25z\1/ 17'?,‘”‘ - zf'l (11.4)

where; f'| is given by following equation:
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1
fI :Ekeps fyh (115)

fyn= yield strength of the transverse reinforcement

ps=ratio of the volume of transverse confining steethte volume of
confined concrete core

ke = a coefficient calculated from the ratio of areaedfiectively confined

concrete core and area of core within center lofgserimeter spiral or hoops
excluding area of longitudinal steel.

Figure 11.4.Stress-strain relationship of confined concretelT(XACT)
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11.3.1.1.3 Crushing Strain £,)

Crushing strain is associated with the concretrstihat occurs at the same
time as hoop or transverse reinforcing fracturbe following formula is used

to calculate the crushing strain (Mander et.al 1988
f

£, =0.004+ 0.1p—= (11.6)
fcc

where;

ec= The confined concrete strain capacity

p= Volumetric reinforcing ratio

fy= Yield stress of the transverse confining steel.

f .= The confined core strength.

11.3.1.2 GEOMETRIC PROPERTIES OF REINFORCED CONCRETE
PIERS AND PILES

The pier of the two-span-bridge considered in $igly has circular columns
with 1.4 m diameter. The pier is also supporteddgforced concrete piles
with a diameter of 1.4 m. The piers have 29 lordiital reinforcing bars with

a diameter of 28.65 mm and. spiral reinforcemernh s diameter of 15.88
mm. The spacing of these spiral reinforcement8imé. The piles also have

29 longitudinal reinforcing bars but with a diame®5.8 mm and spiral
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reinforcement identical to that of the columns. Thess sections of the pier

columns and piles of the two-span-bridge are tatstl in Fig. 11.5.

The pier of the three-span-bridge considered smshidy has circular columns
with 0.7 m diameter. The piers are also supporteceimforced concrete piles
with a diameter of 0.85 m. The pier columns havdobgitudinal reinforcing

bars with a diameter of 19.05 mm and spiral reicéorent with a diameter of
12.70 mm. The spacing of these spiral reinforcem&t72 mm. The piles
also have 16 longitudinal reinforcing bars but watlliameter 28.65 mm and
spiral reinforcement with a diameter of 15.88. W®pacing of these spiral
reinforcements is 111 mm. The cross sectionseptér columns and piles of

the two-span-bridge are illustrated in Fig. 11.6.

1300mMN 1400 mm 1300 mnM400 mm

A 4 A 4

No. 16 No. 16

Figure 11.5.Cross section dfa) piers andb) piles of two span bridge
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600 mm700 mm 750 mm 850 mm

No. 4 No. 5

Figure 11.6.Cross section dfa) piers andb) piles of three span bridge

11.3.1.3 MOMENT CURVATURE RELATIONSHIPS AND
INTERACTION DIAGRAMS

The program X-TRACT is used to obtain the momentvature relationship
and interaction diagrams of the piers and piles moiflti-span bridges
considered in this study. The moment curvature iatetaction diagrams for
the reinforced concrete members whose propertegiaen in the previous
section are displayed in Figs. 11.7-10. The moroentature relationships are
given only under an axial load due to dead loadot$t However, the effects
of the variation of the axial load in the pier aolus due to seismic loads are
also considered. For this purpose, the moment tweraelationships of the
piers and piles are obtained at several axial leaels. The moment curvature
relationships together with interaction diagrame ased to develop the
envelope moment-curvature curves in the hysterabdels of the piers and
piles to accurately simulate their nonlinear bebain the structural models.
The hysteretic behavior of the pier columns is $atad using the Takeda
model (2009) which is available in SAP2000. Detalsout the Takeda

Hysteretic Model are given in the following subseat
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Figure 11.7.The moment curvature relationship and interactiagmm for
the pier of two span bridge

Il. BRIDGE PILE IIl. BRIDGE PILE
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Figure 11.8.The moment curvature relationship and interactiagmm for
the piles of two span bridge
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Figure 11.9.The moment curvature relationship and interactiagmm for
the piles of three span bridge
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Figure 11.10.The moment curvature relationship and interactiagmm for
the piles of three span bridge
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11.3.1.4 TAKEDA MODEL

The nonlinear behavior of the reinforced concreikimmns and piles of the
bridges considered in this study are defined indtinectural model by using
nonlinear flexural link elements at the ends of sfeictural members. The
nonlinear behavior of these link elements is defity various hysteresis
models. A variety of hysteresis models defining ttanlinear behavior of
reinforced concrete members are available in ttexalure (Takeda et al.
1970; Jirsa et al.1999). Among these hysteresiseiapilakeda et al.’s (1970)
hysteresis model is the most commonly accepted fonedefining the
nonlinear flexural behavior of reinforced concreteembers ifki and
Kumbasar, 2000). Moreover, Takeda et al.’'s (19AHtdresis model is a
realistic theoretical model which recognizes thatcwally varying stiffness
and energy absorbing characteristics of reinfom@ttrete members (Takeda
et al. 1970) under moment reversal. Thereforehtsteresis model proposed
by Takeda et al. (1970) was used to model the neali cyclic flexural
behavior of the reinforced concrete column and pianents of the bridges
considered in this study. Fig. 11.11 shows Takddal.ss (1970) hysteretic
model. The Takeda et al.'s (1970) model uses th@otonic moment
curvature (or rotation) relationship of the reimded concrete section.
Therefore, the moment curvature relationships abthiin previous section

are used as envelope curves in Takeda model.

275



AMoment

Figure 11.11.Takeda hysteresis model
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11.4 MODELING OF ABUTMENTS AND STEEL

The abutments are modeled using frame elemenfSRXCT (2007) program

is used to obtain the moment curvature relationsiithe abutments of the
bridges considered in this study. These diagrarasuaed to simulate the
nonlinear behavior of the abutments in the strattonmodels. The steel H piles
are also modeled using frame elements. The custaté of design practice
does not use capacity design approach to prevastiplhinging and hence
damage to the steel H piles at the abutments ws&iemic excitations. This is
mainly due to the much larger size and hence maigjet flexural capacity of
the abutments compared to that of the piles. Toerethe cyclic behavior of
steel H-piles is modeled using an elasto-plastistdrgtic behavior. The
Plastic-Wen model is used to simulate the nonlinestmavior of the piles



(Dicleli 2007). Accordingly, a nonlinear link (hiey element is placed at the

top of the piles to allow for plastic hinging dugiseismic excitations.

11.5. NONLINEAR MODEL OF THE ABUTMENT-
BACKFILL INTERACTION

1151 MONOTONIC ABUTMENT-BACKFILL
INTERACTION MODEL

To model the cyclic abutment backfill behavior undseismic load, a
monotonic load-deflection (p-y) envelope curveaguired. Literature review
conducted on monotonic load deflection envelopevesrto simulate
abutment-backfill behavior under lateral load rdedaeveral research studies
on the topic (Shamsabadi and et. al. 2007, Lemnéad et. al. 2009, Duncan
and Mokwa 2001). The monotonic load deflection éope curve proposed
by Duncan and Mokwa (2001) is more commonly usedsitoulate the
nonlinear abutment -backfill behavior (Lemitzerae2009, Cole and Rollins
2006, Basha and Babu 2009). Thus, it is used al#ois study. Duncan and
Mokwa (2001) proposed the following equation toimiethe monotonic load-
deflection (p-y) curve for the backfill behind thbutments.

p=— Y (11.7)
IR
Kmax f I:th

where, P is passive resistance (units of forcE) is ultimate (maximum)

passive resistance (units of forcg)js deflection (units of lengthKmaxis the
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initial slope of the load-deflection curve (uni$ force/length).Rs can be

defined as follows;

P
Rf :l_% (118)

max * ymax

Duncan and Chang (1970) found that value®&afinging from 0.75 to 0.95
were appropriate for hyperbolic representations autment-backfill
interaction. Duncan and Mokwa (2001) have usedlaevaf R;= 0.85 for
hyperbolic load-deflection curves. Accordingly,tims study, a value d®; =
0.85 for hyperbolic load-deflection curves will beed. A typical hyperbolic
p-y curve defined by Duncan and Mokwa (2001) isstifated in Fig. 11.12.

500 A
400
300 ~

200 +

Load (P)

100 -

O T T T T 1
0 2 4 6 8 10
Displacement (y)

Figure 11.12.Hyperbolic P (Load)-Y (Displacement) curve
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Ultimate passive resistan¢By;) and initial slope of the p-y curviKmay IS
needed to define the hyperbolic load-deflectiorveupr the backfill. Details

about estimation oP,; andKnaxaregiven in the following subsection.

11.5.1.1 ULTIMATE PASSIVE RESISTANCE (Py:) OF BACKFILL

A triangular earth pressure distribution is gerlgrassumed for the backfill
soil as illustrated in Fig. 11.13 (Lemitzer et.&02, Duncan and Mokwa
2001). Accordingly, the passive soil resistanceifetthe wall type structures

can be computed using the following equation.

E. =

ph

H2w.K .y (11.9)

N[

where,H is the wall heighty is the wall widthy is the unit weight of backfill

andK,is the passive earth pressure coefficient.

N €¢—

*«——Abutment

Figure 11.13.Earth pressure distribution for backfill
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However, Caltrans (2006) recommends the followiggation to calculate the
passive soil resistance behind wall type structlr@sed on full scale test

results on typical Caltrans bridge abutments (Mayat95).

H
E,y = A-239; (11.10)

where, H is the wall height in meters afid =wxH (w is the wall width in

meter3 is theeffective wall area in meters square.

Setting Eq. 11.9 equal to Eq. 11.10 and assumirD kN/n? for the backfill,
Ko is calculated as 14. The obtained value of 14Herpassive earth pressure
coefficient seems very high compared to those tatled using Rankine's
earth pressure theory (Coduto 2001). Howeves, ligh value of passive
earth pressure coefficient has already been coefiry the full scale
experimental tests of Lemitzer et. al. (2009) omtatents. This research
study reveals that the passive earth pressureicieetffor the peak level of
resistance can be approximated between 15.1 aBd Ih@his research study,
passive earth pressure coefficiel is assumed as 14 per Caltrans'
recommendation to define the hyperbolic load-défeccurve for abutment-
backfill interaction.

The linear distribution of backfill pressure aloting height of the abutment is
taken into account to obtain the ultimate (maximymagsive resistance of
backfill pressure at a particular location along tieight of the abutment.
Accordingly, the ultimate passive resistanég; of backfill needs to be
calculated as a function of the depth, z, from &beitment top. For this
purpose, referring to Fig. 11.13, first the maximeanth pressurén,y) at the
bottom of the abutment is calculated as;
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p =_—"" (11.11)

Then, the ultimate earth pressateany point along to abutment heigRg,) is

calculated as follows;

P
Pus =132 (11.12)
11.5.2 HYSTERETIC ABUTMENT-BACKFILL

INTERACTION MODEL

In this research, the hysteretic behavior of abuatrackfill system under
cyclic loads is simulated using the analytical tielaships proposed by Cole
and Rollins (2006). Cole and Rollins (2006) havadiated an experimental
research study to define the hysteretic behavicaloitment-backfill system
under cyclic loads. Full scale tests were perfarre study the hysteretic
behavior of abutment-backfill and pile cap-backifiliteractions. Then, an
analytical method has been developed to definehyfsteretic behavior of
abutment-backfill system using experimental datatheir research study,
Cole and Rollins (2006) used the p-y curve purgdseDuncan and Mokwa
(2001) as an envelope curve to model the hystebeti@vior of abutment-

backfill interaction.

In the hysteresis model of Cole and Rollins (200831 the hyperbolic load
(P)-deflection (Y) envelope curve for the abutment-backfill systemsirhe
defined (Fig 11.12). The initial slope of the lodeflection curve Kmay as

well as the ultimate passive resistariPg;) are the main parameters, which
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are used to define the hysteretic behavior of the#raent-backfill system. The
initial slope(Kmay Of the p-y curve is estimated as 246 kN/mm foakleand.
This value is used foKnax to define the envelope curve of nonlinear cyclic
abutment-backfill interaction. The ultimate passresistanceP,;, along the
height of the abutment is obtained from Eq. 11.12.

In the hysteretic relationship proposed by Cole Radlins (2006), a linear
approximation of the stiffness of the reloaded éedeflection curve is defined
as K, and the horizontal offset for the linear load versdeflection
approximation is called the apparent soil movengggtas shown in Fig. 72,.
The apparent soil movement is somewhat less thanm&iximum previous
backfill deflection(4,), due to the rebound and relaxation of the backfien
the load is removed. For deflections less thanthe passive resistance is
assumed to be zero. The intercept between the liemded force-deflection
curve and the hyperbolic load-deflection curve éfirced by the coordinate
(4int, Pint) as shown in Fig. 11.14~or deflections beyondi,, the passive

load-deflection follows the hyperbolic curve urlie load is released.

Accordingly, the hysteretic behavior of the abuttdasckfill system is
defined by several normalized parameters. Tlsé iarameter is obtained by

normalizing the apparent soil movement by the nevideflection4s/ Ap).

A (A, /H)

S

A, 00095+ 1.238, H

p

(11.13)

The second parameter expresses the reloadedifogst normalized by the
maximum (initial) soil stiffnessK; /Kmay as a function of the apparent soil
movement normalized by the abutment height H).
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K, _ (A /TH)

r

K, 0.0013+1.404, H

max

(11.14)

In the hysteretic relationship shown in Fig. 11.fle remaining inflection
point of the proposed mod@in:, Pint) defines where the reduced stiffnéks)

intercepts the predefined hyperbolic shape (Figl4)1 This point is found by
setting the equation of the reloaded soil stiffnaggl hyperbolic equation
equal to one another and solving f&: using the positive solution of the

guadratic equation.

A -BrVB -4AC

11.15
int 2A ( )

Where,A:Ker/Pu|t, B: Kr/ Km' Ker AJ Pu|t - 1and C: = Kr AJ Km.

Then P;: can be computed using the following equatishich is obtained
by substituting/;,; into Eq. 11.14

-A,).K (11.16)

r

P = (A

int
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Kr
(Aint, Plnt)
I:)ult

Cyclic passive
force

DW

Ap= Previous peak deflection

P,= Previous peak passive resistance

Kmax= Initial soil stiffness of the load-deflection ear

K= Reloaded soil stiffness

A& Apparent soil movement

Ain= The deflection intercept of kand hyperbolic relationship
Pini= Passive load intercept of lind hyperbolic relationship

Figure 11.14.Cyclic-hyperbolic terminology (Cole and Rollins )0

The nonlinear behavior of the abutment-backfill tegs of the bridges
considered in this study is simulated in the stmait model by using
nonlinear link elements. These link elements ar&ched at the nodal points
along of the abutment. The load-displacement epeelelationship of the
link elements are defined using the hyperbolic igves. In these p-y curves,
ultimate passive resistance of backfill is obtaia¢@ach nodal point (where
the links are attached) along the height of thearabuat using Eq. 11.12. The

nonlinear cyclic behavior of these link elements disfined by various
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hysteresis models which is available in SAP20000otPhysteresis model is
found to be the most appropriate one to model tysehetic behavior of
abutment-backfill system under seismic loads. Imiiion about the pivot

hysteresis model is given in the following section.

11.5.2.1 PIVOT HYSTERETIC MODEL

In this study, the hysteretic behavior of abutmgatkfill system was
simulated with the pivot hysteresis modBlogvell et al. 1998)vailable in
SAP2000 (2006) (Fig. 11.15 and 11.16). In this nhotte unloading curves
are guided toward a single point (pivot point) ke toad-displacement plane
(Dowell et al. 1998). The analytical hysteresisdel proposed by Cole and
Rollins (2006) for the simulation of abutment-baktkihteraction behavior
shows characteristics similar to those of the pitgsteresis model. As
observed from Fig. 11.17, the unloading curvesguigled toward a single
point in the hysteretic load-displacement relatiopsof abutment-backfill
system as well. Accordingly, the pivot hysteres@del is used to simulate the

hysteretic behavior of the abutment-backfill sysiarthe structural model.

The pivot hysteresis model (Dowell et al. 1998) uiegs the force-
deformation envelope as well as two additional peters for capturing the
pinching and stiffness degradation properties wffoeced concrete members.
In Fig. 11.16, the termd” refers to the stiffness degradation parameter and
the term B’ corresponds to pinching parameter. However, m filll scale
tests performed by Cole and Rollins (2006) on aleatrbackfill systems, no
pinching is observed. Accordingly pinching effedss excluded from the
model by settingg=1. The parametes is calculated from the intersections of
the two consecutive unloading linkg andK,; as shown in Fig. 11.18. Thus;
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Figure 11.15.Pivot Hysteretic Modeg|Dowell et. al 1998)
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Figure 11.16.Pivot Hysteretic Mode|SAP2000)

First unloading
iti slope
5000 - Initial slope P (Kl)/

(Kmax) -
/// N
// P-Y curve
S\ |
// Second unloading
e
I T 0 /}/ T Slope (KZ) 1
40 -20 45 20 40
i
SN
g Pivot
/ point
S -5000 -

Figure 11.17.Hysteretic abutment-backfill interaction diagraon fwo-span
bridge
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Figure 11.18.Calculation of the parameter of

11.5.3 RADIATION DAMPING COEFFICIENT FOR
ABUTMENT BACKFILL INTERACTION

When wall type structures interact the backfill endynamic loads, some of
the energy is dissipated due to radiation dampling bridge abutments are
typical example to this phenomenon. Accordinglyis thadiation damping
effects at the abutments must be incorporated énstinuctural models of
bridges under dynamic loads. Scott (1973) andaaihScott (1993) purposed
a radiation damping coefficie(t) to simulate the radiation damping effects as

follows;

c=,—.G.p (11.18)

288



where,v is the Poisson's ratio, G is the shear modulus paigl the mass
density of the backfill. The radiation damping damént is obtained for per
unit area (rf) of the abutment from the equation given abovehénstructural

model, dashpots are connected to the nodal poiotg dhe abutment height
and the damping coefficients of these dashpotza@milated from Eq. 11.18

to simulate radiation damping.

11.5.4. IMPLEMENTATION OF ABUTMENT-BACKFILL
INTERACTION IN THE STRUCTURAL MODEL

In the structural model, the hysteretic behaviothef abutment backfill system
is simulated by using nonlinear link elements wgiwot hysteresis model
available in SAP2000 connected to the nodes aloadeingth of the abutment
(Fig. 11.19). The radiation damping effects fog #butment-backfill system
are simulated in the structural model using dashfféig. 11.19). In addition,
during seismic excitation, there is a compressioly-mteraction between the
abutment and backfill. Accordingly, gap elementthva zero gap connected
in series with the nonlinear links and dashpots ia@rporated in the

structural model to simulate this behavior (Fig.1B).
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Figure 11.19.Implementation of abutment-backfill interactiontire structural

model

11.6. NONLINEAR MODEL OF SOIL PILE
INTERACTION

11.6.1 P-Y CURVES

The soil-pile interaction for a particular poinbag the pile is defined by a
nonlinear load®)-deformation Y) curve, wherd is the lateral soil resistance
per unit length of pile anl is the lateral deflection. This p-y relationshgy f
sand may be approximated at any specific depthyHhé following equation
(AP12000);
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k.H
P=AP.tanh — . 11.19
! *{AP y} ( )

u

where;

A= a factor to account for cyclic or static loadoandition such that:
A=0.9 for cyclic loading,A= [3— 08%} > 0.¢ for static loading

P,= Ultimate bearing capacity at the depth(kN/m)

k= initial modulus of subgrade reaction, (kNJmlt is obtained from Fig.

11.20 as a function of the angle of inertial foat(p)

¢, Angle of Internal Friction

28° 29° 30° 360 40° 45°
Wery Medium Wery
300 Loose Loose Dense Dense Dense
250 F
Sand above
200 F the water
— table
< 10}
Sand below
100 the water
table
i P
]
0 20 40 60 80 100

Relative Density, %

Figure 11.20.Subgrade modulus for sand as a function of anfji@estial
friction (o)
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11.6.1.1. LATERAL BEARING CAPACITY FOR SAND

The ultimate lateral bearing capacity for sand lb@sn found to vary from a
value at shallow depth®,s) determined by Eq.11.20 to a value at deep depths
(Pug) determined by Eq. 11.21. At a given depth the egoagiving the
smallest value oP, should be used as the ultimate bearing capacity AP
(2000).

P.=(C.H+C,.D)y.H (11.20)
P,=GC,.Dy.H (11.21)
where;

P,=Ultimate resistance (kN/m) (s=shallow, d=deep)

y=effective soil weight (kN/r)

H= depth, (m)

C,, &, Gs= Coefficient determined from Fig. 11.21 as a fuorcof the angle
of inertial friction ().

D= average pile diameter from surface to depth (m).
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11.6.2 HYSTERETIC SOIL-PILE INTERACTION MODEL

Literature review conducted on the simulation @ #oil-pile load deflection
hysteretic behavior under lateral load reversalgeaked several research
studies on the topic (Nagomi et. al. 1992, Boulamgeal. 1999, Shirato et. al.
2006, Rovithis et. al 2009). The soil-pile loadleeion hysteresis model
proposed by Shirato et. al (2006) is found to beermactical to employ in
commercially available structural analysis softwaueh as SAP2000. Thus,
the hysteresis model proposed by Shirato et. &IQRB used in this study for
the simulation of hysteretic soil-pile interactibahavior. Shirato et. al (2006)
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have conducted an experimental research studyttonoanalytical hysteretic
p-y curves for soil-pile interaction modeling. Inese models, envelope p-y
curves for the hysteresis model are assumed as-glastic (Fig. 11.22). The
p-y curves obtained from the API (2000) recommeondats part of this
research study are also nearly elasto-plastic amtd) suited well for the
model proposed by Shirato et. al (2006) as showkign11.23. Furthermore,
the experimental research study conducted by $hetatal (2006) reveals that
unloading curves are parallel to the initial slageelasto-plastic p-y curves
(Fig. 11.24). This hysteretic behavior of the gmié system is simulated in the
structural model by using nonlinear link elementsSAP2000. These link
elements are attached at the nodal points alonigtiggh of the pile. The load-
displacement envelope relationship of the link eleta are defined using the
p-y curves recommended by API (2000) and theirineat cyclic behavior is
defined by the Takeda hysteresis model availabAR2000 as in this model
unloading curves are also parallel to the initimlps of elasto-plastic p-y

curves

e —— P

Figure 11.22.Elasto-plastic p-y curveShirato et. al. (2006))

294



200 T

150 ,— =
i
—~ |
Z 100 -
o
50 ~
—API
— — Elasto-Plastic
O T T T 1
0 5 10 15 20

y (mm)
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Figure 11.24.Hysteretic p-y curveShirato et. al. 2006)
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11.6.3 RADIATION DAMPING COEFFICIENT FOR SOIL-
PILE INTERACTION

The piles interact with the surrounding soil undsismic loads. This
interaction leads to dissipation of the energy daeradiation damping.
Accordingly, the effect of radiation damping at thikes must be incorporated
in the structural models of the bridges. Ananddra{2005) purposed a
radiation damping coefficier(t) to simulate the radiation damping effects as

follows;

c=Ap.\. (11.22)

where,A is the tributary area between the points alongpiles p unit weight

of the soil, Vs shear wave velocity. The radiation damping coeffit is
obtained for per unit area firof the pile from the equation given above. In the
structural model, dashpots are attached at thel rpmdiats along the pile to
simulate the radiation damping effects and the dagnpoefficients of these
dashpots are calculated from Eq. 11.22 to simuladeation damping. The
densities and shear wave velocities for various\dation soils employed in

this research study are listed in Table 11.3.
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11.6.4. IMPLEMENTATION OF SOIL-PILE INTERACTION
HYSTERETIC BEHAVIOR IN THE STRUCTURAL
MODEL

To implement nonlinear solil pile interaction belmavin the structural model,
nonlinear link elements and dashpots are attachedch node along to the
pile as shown in Fig.11.25. The hysteretic behawiothe soil-pile system is
simulated by using nonlinear link elements with @@d&'s hysteresis model
available in SAP2000 connected to the nodes albadeingth of the pile (Fig
11.25). The envelope relationship for the Takedwsel is defined using the
p-y curves recommended by API (2000). To simuladiation damping,
dashpots are placed at the nodal points along tilee (Big. 11.25). The
nonlinear link elements and dashpots are then abedd¢o the nodes along the
soil column simulating free field motion of the falation soil. The details
about modeling of the soil column are given indaling section.

Nonlinear link
element

|

#, . Dashpot

Dashpot T element
element
Pile Soil Column

Figure 11.25.Implementation of soil-pile interaction in the sttwral model

297



11.7. SOIL COLUMN MODELS

In bridge design, generally the relative movemehthe surrounding soil
(free-field motion) during the earthquake is nohsidered. However, this may
result in an incorrect simulation of the overalhbeior of the bridges during a
potential earthquake especially for soft soil ctinds where free field
movements may be considerable. For this purpodéjdrstudy, a soil-column
model is used to simulate the relative movemenhefsurrounding soil (free-
field soil) in the structural model. The foundatisail is first modeled using
the program PROSHAKE (2009). In the soil column elsedthe 15 m depth
soil is divided into five three meter long segmeiitsen, time history analyses
of the soil column (free-field soil) are performading the seven earthquake
records used in the analyses. The analyses arategpfer four different levels
of peak ground accelerations (0.2g, 0.35g, 0.5g0a8g) for each earthquake.
The equivalent shear modulus and damping ratiogh®soil column are then
obtained from the analyses results for each easteyand the levels of peak
ground accelerations considered in the analysessellparameters are then
used to build soil column models in SAP2000 integgtawith the bridge
model. In the following subsections, first the detaabout the selected
earthquakes are given. Then the Proshake anabsalésrare presented.
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11.7.1 SELECTED EARTHQUAKES

Seven earthquake ground motions whose responseaspee compatible with

the AASHTO spectrum for soil type | (Rock) are sebel from the PEER

(Pacific Earthquake Engineering Research) strongiomodatabase of the

University of California, Berkeley. The reason foonsidering rock as the
type of soil is that the ground motions are appéethe base of the piles at the
bedrock level and the free-field effect of the fdation soil above the bedrock
is considered separately in the structural modéhgusn equivalent soil

column for various soil types. Details of the stddcground motions are
given in Table 11.1.

Table 11.1.Properties of the selected ground motions

Station/ . Distance A, Vp AV,
Earthquake Magnitude
Component (km) (9) (cm/s)  (1/s)
Loma Prieta,
. 6.9 83.1 0.20 32.4 6.05
1989 58222SF-Presidio
Loma Prieta, 1601 Palo Alto-
6.9 36.3 0.28 29.3 9.2
1989 SLAC Lab
Mammoth 54214 Long
6.0 20.0 0.41 33.9 11.8
Lakes, 1980 Valley Dam
San Fernando, 266 Pasadena-Old
) 6.6 19.1 0.20 10.9 18.2
1971 Seismo Lab
Northridge, 24592 LA, City
6.7 37.0 0.26 12.8 20.2
1994 Terrace
Northridge, 24592 LA, City
6.7 37.0 0.32 141 23.4
1994 Terrace
) 108 Carbon
Whitter, 1987 6.0 26.8 0.20 6.5 30
Canyon Dam
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The comparison of the AASHTO design spectrum fat sge | and the
acceleration response spectra of the selectedgeakbs are given in Figure
11.26. The acceleration time histories of the gdomotions are illustrated in
Figure 11.27.

16 T-------mmmmmmmmmm—mm———oo——o - — AASHTO
— LOMA PRIETA 02
4 - — LOMA PRIETA
o — MAMMOTH LAKES
3 12 SAN FERNANDO 0202
K ’ NORTHRIDGE-0263
4 )
g 10 NORTHRIDGE 0316
E’ WHIITTER 0200
o 8 ANV~ — AVERAGE
=
C 6
2
3 4
<
2 |
O [ [ [ [ [ |
0 0.5 1 1.5 2 2.5 3
Period (sec)

Figure 11.26. The comparison of the AASHTO design spectrum and
acceleration spectrums of selected earthquakes
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Figure 11.27.Time vs. acceleration graphs of selected earthegiak
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11.7.2. PROSHAKE ANALYSES

The properties of the foundation soil and the eglgtile lengths used in the
analyses are chosen considering the seismic sitgyges given in AASHTO
LRFD Bridge Design Specifications (AASHTO, 2007pble 11.2 gives the
details of the soil types and associated pile lemgbnsidered in this study.
Bedrock is assumed at the bottom of the consideségrofile.

Table 11.2.Soil types and related pile lengths

AASHTO Soil Types Soil Types and Pile Lengths
Soil Type | Dense sand , 15 m.
Soil Type |l Medium-dense sand , 15 m.
Soil Type llI Medium sand , 15 m.
Soil Type IV Loose sand, 15 m.

Each soil type is defined by two properties; theximaim shear modulus
Gmax and the shear wave velocity The maximunshear module$Gn.y) is
defined as (FHWA 1997);

G, =11700N%8 (11.23)

where N represents the standard penetration testsbber foot andsmax is
expressed in kN/fm The shear wave velocity for the soil types considered is

calculated as follows.

(11.24)

302



where; g is the gravitational acceleration anslthe unit weight of soil.
Table 11.3 gives the recommended N andalues obtained from FHWA

(1997) and correspondingq & andvs values calculated from Eqgs. 11.23 and
11.24 for the AASHTO soll types considered in thalgses.

Table 11.3.The properties of soil types considered in thislgtu

AASHTO Soil Y Gmax vs
Types (KN/m?) N (kPa) (m/sec)
Soil Type | 20 20 224.000 330
Soil Type Ii 19 27 163.400 290
Soil Type Il 18 18 118.000 250
Soil Type IV 16 7 55.000 150

The soil types whose properties given above areeteddusing the program
PROSHAKE to obtain their free field response and determine their
equivalent shear modulus and damping propertiesnideling purposes in
SAP2000. In the models, the soil is divided inteefisegments with three
meters lengths. Then, time history analyses aromeed for each soil type
using the selected earthquake records. The anabsesepeated for four
different peak ground acceleration levels (0.2850, 0.5g and 0.8g) of each
earthquake. The shear modulus and damping ratieaah segment of the
soil types are obtained from the analyses resiits.obtained shear modulus
and damping ratios are presented in Tables 11.4idse parameters are then
used to build soil column models in SAP2000 to dateuthe effect of free

field motion of the foundation soil on the seismesponse of the bridge.
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To test the accuracy of the soil column models tbinl SAP2000, the
nonlinear time history analyses of the soil coluratme (without the bridge)
are performed using the program SAP2000 and compeita those obtained
from PROSHAKE. It is found that the displacementd avelocity time

histories obtained from SAP2000 analyses are gkyenagood agreement
with those obtained from PROSHAKE analyses (Fids28-32). Thus, the
soil column model is used together with the bridgedel to simulate free-

field effects.
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Table 11.4.The equivalent shear modulus (&N/m?) for soil type |

Peak Ground Accelerations (g)
Barthquakes | A | (M ™355 [ 035 ] 050] 0.80
-1.50 190277 | 175608 169049 162628
-4.50 146710 | 118327 107043 89674
Sanfernando | 0.20 -7.50 119217 | 87842 72496 49766
-10.50 | 102993 | 71147 53332 34139
-13.50 | 94878 63554 43785 28592
-15.00 | 1397984 | 1375868 136426p 1349922
-1.50 185122 | 172628| 168152 163384
-4.50 131260 | 110703| 104400 92986
Northridge 0.26 -7.50 98836 77437 70829 52839
-10.50 | 80802 61908 52892 35778
-13.50 | 73777 57729 42515 31160
-15.00 | 1387021| 1375951 1361608 1346497
-1.50 189677 | 170686 164498 153895
-4.50 145350 | 106189 94514 77570
Northridge 0.32 -7.50 116058 | 67421 56294 39658
-10.50 | 97169 48742 37822 27639
-13.50 | 84197 41138 31963 23677
-15.00 | 1390690| 1360727 1350217 1346202
-1.50 193075 | 168877| 158613  14370p
-4.50 152491 | 104783| 85338 61780
Loma Prieta | 0.20 -7.50 123433 | 64646 43097 26443
-10.50 | 103306 | 40716 25650 13141
-13.50 | 89287 30244 17304 9739
-15.00 | 1390174| 1341416 1326455 1301874
-1.50 184785 | 170063| 160459  15208p
-4.50 131155 | 105228 86655 73228
Loma Prieta | 0.28 -7.50 97581 64106 43841 34576
-10.50 | 75525 41659 27976 18006
-13.50 | 61311 33235 19519 13059
-15.00 | 1374279| 1350444 1339613 1332802
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Table 11.5.The equivalent damping ratig) (%) for soil type |

Peak Ground Accelerations (g)

Barthquakes | A | (M) 550" T 035 ] 050] 080
-1.50 3.35 4.34 4.80 5.25
-4.50 6.57 9.31 10.54 12.44
Sanfernando 0.20 -7.50 9.22 12.65 14.40 17.51
-10.50 10.97 14.55 16.98 20.19
-13.50 11.85 15.46 18.40 21.27

-15.00 1.08 1.21 1.29 1.38

-1.50 3.68 455 4.86 5.20
-4.50 7.92 10.14 10.82 12.06
Northridge 0.26 -7.50 11.42 13.84 14.59 17.05
-10.50 13.45 15.70 17.04 19.87
-13.50 14.25 16.33 18.59 20.77

-15.00 1.15 1.21 1.31 1.41

-1.50 3.39 4.69 5.12 5.97
-4.50 6.69 10.63 11.89 13.82
) -7.50 9.56 14.98 16.54 19.11
Northrldge 0.52 -10.50 11.6 17.66 19.47 21.45
-13.50 13.06 18.82 20.61 22.23

-15.00 1.13 1.31 1.38 1.41

-1.50 3.17 4.81 5.58 6.82
-4.50 6.09 10.78 12.93 15.72
Loma Prieta 0.20 -7.50 8.76 15.3 18.5 21.69
-10.50 10.94 18.9 21.84 24.45
-13.50 12.48 20.95 23.55 25.41

-15.00 1.13 1.44 1.53 1.66

-1.50 3.7 4.73 5.42 6.12
-4.50 7.93 10.73 12.78 14.32

Loma Prieta 0.28 -7.50 11.56 15.38 18.39 20.1
-10.50 14.05 18.72 21.39 23.4
-13.50 15.79 20.36 23.08 24.47

-15.00 1.22 1.38 1.45 1.5
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Table 11.6.The equivalent shear modulus (&N/m?) for soil type Il

Peak Ground Accelerations (g)
Barthquakes | A | (M ™355 [ 035 ] 050] 0.80
-1.50 134703 | 127650| 123383 116615
-4.50 96756 84306 73615 60465
Sanfernando | 0.20 -7.50 76242 59120 45762 31622
-10.50 | 65421 44846 33454 23112
-13.50 | 61077 39529 28550 19968
-15.00 | 1409101| 1391673 1382102 1373281
-1.50 130324 | 126587| 124298 119408
-4.50 89085 83872 77433 66230
Northridge 0.26 -7.50 67977 61050 48329 37489
-10.50 | 58324 45174 34020 25200
-13.50 | 56012 37034 29300 19534
-15.00 | 1404524| 1386136 1378841 1366049
-1.50 130813 | 123995| 116624 114418
-4.50 87776 75436 63087 59872
Northridge 0.32 -7.50 62227 46521 35959 31987
-10.50 | 46811 33315 26401 21462
-13.50 | 42379 28378 25078 15445
-15.00 | 1392652| 1380699 1376471  13633}7
-1.50 131816 | 120295| 112315 104414
-4.50 90586 68600 56089 44356
Loma Prieta | 0.20 -7.50 64751 38292 27189 16450
-10.50 | 46120 23690 14182 8796
-13.50 | 35650 15327 10199 5286
-15.00 | 1380645| 1358645 1346519 13334)7
-1.50 132382 | 120196 115652  11192p
-4.50 90326 68123 60269 54620
Loma Prieta | 0.28 -7.50 65279 38403 29995 26095
-10.50 | 49346 24883 18184 13822
-13.50 | 41246 18798 13774 9480
-15.00 | 1389787| 1367539 1362570 1351989
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Table 11.7.The equivalent damping ratig) (%) for soil type Il

Peak Ground Accelerations (g)

Barthquakes | A | (M) 555" T 035 | 050] 080
-1.50 3.78 4.45 4.86 5.55
-4.50 7.85 9.68 11.26 13.27
Sanfernando 0.20 -7.50 10.87 13.48 15.63 18.5
-10.50 12.49 15.82 18.13 20.7
-13.50 13.17 16.9 19.25 21.54
-15.00 1.02 1.12 1.18 1.23
-1.50 4.20 4.56 4.77 5.24
-4.50 8.98 9.75 10.7 12.37
Northridge 0.26 -7.50 12.10 13.18 15.16 17.31
-10.50 13.60 15.75 18.01 20.14
-13.50 13.96 17.4 19.05 21.65
-15.00 1.05 1.15 1.2 1.28
-1.50 4.15 4.8 5.55 5.8
-4.50 9.17 10.99 12.86 13.36
Northridge 0.32 -7.50 12.99 15.48 17.62 18.43
-10.50 15.42 18.16 19.83 21.14
-13.50 16.32 19.3 20.18 22.75
-15.00 1.12 1.18 1.21 1.3
-1.50 4.06 5.16 6.04 6.94
-4.50 8.76 12 13.95 15.92
Loma Prieta 0.20 -7.50 12.6 17.15 19.62 22.47
-10.50 15.56 20.55 23.12 24.78
-13.50 17.68 22.79 24.28 26.15
-15.00 1.19 1.33 1.41 1.49
-1.50 4 5.17 5.66 6.08
-4.50 8.8 12.07 13.3 14.18
Loma Prieta 0.28 -7.50 12.52 17.13 18.87 19.91
-10.50 15 20.23 22.01 23.22
-13.50 16.55 21.85 23.24 24.51
-15.00 1.13 1.27 1.3 1.37
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Table 11.8.The equivalent shear modulus (&N/m?) for soil type Il

Peak Ground Accelerations (g)

Barthquakes | A | (M) 555" T 035 ] 050] 080
-1.50 93363 88330 85643 78775
-4.50 66057 54870 49396 38094
Sanfernando 0.20 -7.50 50437 36725 29740 19552
-10.50 42227 28379 20840 13567
-13.50 38234 24978 19652 10637
-15.00 1425614 | 1409804 140515 1384499
-1.50 92287 89208 86614 82966
-4.50 64334 58042 52386 46078
Northridge 0.26 -7.50 51507 39331 32629 28511
-10.50 42113 29706 21792 18580
-13.50 33792 24418 18844 14085
-15.00 1417712 | 1405831 139835 1390423
-1.50 90235 83033 81654 78008
-4.50 58724 46751 44434 36526
Northridge 0.32 -7.50 41045 29037 27590 18560
-10.50 31483 22608 19201 11956
-13.50 28446 23259 16821 12312
-15.00 1412612 | 1407730 139377 1385200
-1.50 88131 80410 76346 72599
-4.50 54839 41715 35124 30995
Loma Prieta 0.20 -7.50 34096 20753 16610 10556
-10.50 22653 12441 8505 4957
-13.50 17854 9101 5609 2929
-15.00 1392629 | 1375963 136643 1351407
-1.50 87986 83404 81106 74060
-4.50 54532 45998 42358 33796
Loma Prieta 0.28 -7.50 34402 24510 21218 16442
-10.50 24164 16453 13053 8014
-13.50 19639 12453 9841 5522
-15.00 1400198 | 1391349 138441 1366883
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Table 11.9.The equivalent damping ratig) (%) for soil type I

Peak Ground Accelerations (g)

Barthquakes | A | (M) 555" T 035 | 050] 080
-1.50 3.98 4.66 5.03 6.09
-4.50 8.28 10.62 11.77 14.26
Sanfernando 0.20 -7.50 11.55 14.56 16.35 19.46
-10.50 13.34 16.74 18.97 21.72
-13.50 14.23 17.72 19.42 22.85
-15.00 0.92 1.02 1.04 1.16
-1.50 4.13 4.54 4.9 5.41
-4.50 8.64 9.96 11.14 12.43
Northridge 0.26 -7.50 11.33 13.98 15.52 18.22
-10.50 13.37 16.36 18.64 21.16
-13.50 15.21 17.88 19.73 22.89
-15.00 0.97 1.04 1.08 1.15
-1.50 4.41 54 5.62 5.94
-4.50 9.82 12.34 12.85 14.38
Northridge 0.32 -7.50 13.6 16.55 16.97 19.85
-10.50 15.85 18.4 19.59 22.24
-13.50 16.72 18.21 20.49 21.99
-15.00 1 1.03 1.11 1.15
-1.50 4.69 5.82 6.48 7.09
-4.50 10.63 13.46 14.91 15.99
Loma Prieta 0.20 -7.50 15.14 19.01 20.57 22.88
-10.50 18.39 22.15 23.73 25.45
-13.50 20.1 23.48 25.09 26.63
-15.00 1.12 1.21 1.28 1.37
-1.50 4.71 5.34 5.71 6.85
-4.50 10.69 12.51 13.31 15.21
Loma Prieta 0.28 -7.50 15.07 17.85 18.83 20.64
-10.50 17.95 20.63 21.92 23.93
-13.50 19.43 22.14 23.18 25.14
-15.00 1.07 1.12 1.16 1.27
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Table 11.10.The equivalent shear modulus (&N/m?) for soil type IV

Peak Ground Accelerations (g)
Barthquakes | A | (M ™355 [ 035 ] 050] 0.80
-1.50 25798 22728 20499 17873
-4.50 14321 9555 6864 5189
Sanfernando | 0.20 -7.50 9650 5872 4631 3336
-10.50 8411 5466 4289 3376
-13.50 7200 4633 3534 2694
-15.00 | 1457000| 1445845 1440861 1435761
-1.50 28386 25267 23095 20936
-4.50 17958 13327 10600 7873
Northridge 0.26 -7.50 12710 7952 6804 5781
-10.50 | 10119 6306 6072 3344
-13.50 9531 6233 3241 2369
-15.00 | 1464770| 1453890 1441592 1433770
-1.50 26921 23998 23122 20688
-4.50 15814 11591 9943 6780
Northridge 0.32 -7.50 11109 7957 6713 4454
-10.50 | 10061 6420 5508 3169
-13.50 9713 5765 3663 2411
-15.00 | 1467299| 1451753 1443950 1434305
-1.50 26140 23443 22822 21658
-4.50 14468 | 10613 8896 6398
Loma Prieta | 0.20 -7.50 7302 4969 3586 2054
-10.50 3555 2128 1808 1469
-13.50 2568 1781 1663 1011
-15.00 | 1440486 | 1434329| 1443950| 1434305
-1.50 27149 24800 23290 21020
-4.50 15925 11375 9223 6528
Loma Prieta | 0.28 -7.50 9118 5935 3998 2692
-10.50 6115 3392 2548 1678
-13.50 3589 2478 1933 1225
-15.00 | 1445496| 1436961 1432459 1426052
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Table 11.11.The equivalent damping rati) (%) for soil type IV

Peak Ground Accelerations (g)

Barthquakes | A | (M) 550" T 035 ] 050] 080
-1.50 5.79 7.34 8.7 10.42
-4.50 12.78 16.31 18.74 20.72
Sanfernando 0.20 -7.50 16.23 19.92 21.38 22.94
-10.50 17.34 20.39 21.78 22.89
-13.50 18.43 21.38 22.68 23.77
-15.00 0.81 0.85 0.86 0.88
-1.50 461 6.06 7.16 8.41
-4.50 10.36 13.47 15.37 17.83
Northridge 0.26 -7.50 13.9 17.76 18.82 20.02
-10.50 15.81 19.4 19.68 22.93
-13.50 16.34 19.49 23.06 24.19
-15.00 0.77 0.82 0.86 0.89
-1.50 5.23 6.7 7.14 8.58
-4.50 11.76 14.67 15.96 18.84
Northridge 0.32 -7.50 15.01 17.75 18.92 21.59
-10.50 15.86 19.27 20.35 23.15
-13.50 16.17 20.04 22.52 24.13
-15.00 0.76 0.83 0.85 0.89
-1.50 5.61 6.98 7.14 8.97
-4.50 12.68 15.36 17.06 20.53
Loma Prieta 0.20 -7.50 18.34 21.69 23.92 25.85
-10.50 22.66 24 .53 25.35 27.71
-13.50 23.93 25.12 27.52 28.98
-15.00 0.86 0.88 0.92 0.98
-1.50 5.14 6.29 7.06 8.36
-4.50 11.69 14.82 16.61 19.14
Loma Prieta 0.28 -7.50 16.71 19.84 22.13 23.77
-10.50 19.63 22.87 23.95 25.29
-13.50 22.61 24.04 24.86 26.08
-15.00 0.85 0.88 0.89 0.92
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Figure 11.28.The displacement time histories obtained from PR&SH
and SAP2000 analyses for San Fernando earthquekg=0.2
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Figure 11.29.The displacement time histories obtained from PROSH
and SAP2000 analyses for San Fernando earthquekg=%0.5
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PROSHAKE SAP2000
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Figure 11.30.The displacement time histories obtained from PR&SH
and SAP2000 analyses for San Fernando earthquekg=0.8
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Figure 11.31.The velocity time histories obtained from PROSHAd
SAP2000 analyses for San Fernando earthquake,fdr.2
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11.7.3. IMPLEMENTATION OF SOIL COLUMN MODELS
IN THE STRUCTURAL MODEL

The soil column models are built in SAP2000 using parameters obtained
from PROSHAKE analyses. Beam elements having a fiegtural rigidity
but a shear stiffness computed using the equivaleear modulus obtained
from PROSHAKE analyses is used to model the sdilmoa (Fig. 11.33). The
soil mass is lumped at each node along the saihwol Dashpots are used to
simulate the equivalent damping effects in the. sdil the structural model,
the free field motion of the foundation soil (e.gisplacements or
accelerations of the solil layers) should not beaéd by the response of the
bridge due to the very large size of the soil fielthis could be achieved by
selecting a very large shear area for the soilmalun the structural model.
However, a too large shear area selected for tihlecslomn may produce
numerical instability during the nonlinear solutiprocedure as the stiffness
of the soil column will be much larger than tho$ehe structural members of
the bridge. Accordingly, in the structural modék size of the shear area of
the soil column must be selected carefully to pméveuch numerical
instability during the nonlinear solution procedur@o define the optimum
shear area of the soil columns used in the straictonodels, sensitivity
analyses are conducted. For this purpose, nonliear history analyses of
the soil column models having different shear doggether with the bridge
model are performed using the program SAP2000. Tien maximum
displacements obtained from PROSHAKE analyses ampared to those
obtained from SAP2000 analyses where the soil colamd the bridge are
modeled together (Fig 11.34). The maximum displag@sare found to be
almost same, when the shear area is chosen asr latge 600
Accordingly, the soil columns are modeled usingrnfeaelements having a

shear area of 600Together with the bridge model.
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CHAPTER 12

EFFECT OF MODELLING SIMPLIFICATONS ON
SEISMIC ANALYSIS RESULTS OF INTEGRAL
BRIDGES

In this part of the thesis study, the effect of mlody assumptions and
simplifications on the seismic analyses result$Bsf is investigated. This is
mainly done to investigate the possibility of usangimpler model to facilitate
the nonlinear time history analyses conducted ak giahis research study.
For this purpose, five structural models of twasdB considered in this
study are built in decreasing levels of complextsrting from a nonlinear
structural model including the true behavior of thendation and backfill soil
and gradually simplifying the model to a level wiaéhne effect of backfill and
foundation soil is totally excluded. In the mostngwicated nonlinear
structural model (Model 1), the foundation soilsdeled in two parts (i) as a
shear column with dashpots to simulate free fietdiom and (ii) dynamic p-y
curves and dashpots connected between the pileshandhear column to
simulate local soil-pile interaction effects andliedion damping. Moreover,
the nonlinear dynamic interaction between the bkckhd abutment is
modeled using nonlinear springs and dashpots. Tdinear model is
simplified gradually where four additional model® duilt. First, the shear
column is excluded from the structural model (Mo#8gl Then, the dashpots

which are used to simulate radiation damping acduebed from the structural
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model (Model 3). Next, the soil-pile interaction modeled using linear
springs (Model 4). Finally, the piles are modelehaut springs using an
equivalent pile length concept (Model 5). On dik tstructural models
considered, two sets of analyses are conducteddbyding and excluding the
abutment-backfill interaction effects. Nonlineam#é history analyses of the
modeled IBs are then conducted using a set of gronotions with various
intensities representing small, medium and lardensity earthquakes. The
analyses results are then used to assess the@ffacdeling complexity level

on the seismic behavior of IBs.

12.1. NONLINEAR TIME-HISTORY ANALYSES OF
THE BRIDGE MODELS

A total of 10 IB models are built and the nonlingare history analyses of the
IB models are conducted using the seven earthquakend motions
considered in this study. The nonlinear time histamalyses are repeated for
peak ground accelerations of 0.2g, 0.35g, 0.5g @B8d for each selected
earthquake. This led to a total of 280 differenélgses cases. The analyses

results are given in the following sections.

12.1.1 ANALYSES RESULTS

In the following subsections, the effect of modglsimplification on seismic
analysis of IBs is presented in terms of the maxmmlisplacements of the
deck and bearings as well as the maximum displactsmend plastic end

rotations of the steel piles and pier columns. THmalyses results are
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presented in Figs 12.1-12.7 as the average okthdts from the seven ground

motions considered in this study.

12.1.1.1 EFFECT OF MODELLING SIMPLIFICATION ON THE
DECK AND BEARING DISPLACEMENTS

Fig. 12.1 and 12.2 display the maximum absolutk @ewl bearing (bearings
on the pier) displacements relative to the pieritofhe longitudinal direction
as a function of five structural modeling casessidered in this study and for
the cases of including and excluding the abutmenkiil interaction
behavior from the structural model. Figs. 12.3 a@d! display similar results
in the transverse direction. It is observed fromfigures that simplification of
the structural model leads to significant discrepes in the analyses results
for the maximum deck and bearing displacements. fiuges reveal that
compared to simpler structural models, the mostpdimated structural model
(Model 1) results in larger deck displacements esfig for the case where
the bridge is subjected to large intensity eartkgsa For instance, for
structural Model 1 subjected to ground motions estato A,=0,8g, the
maximum deck displacement in the longitudinal dicetis obtained as 109
mm for the case where the abutment-backfill intewacbehavior is included
in the structural model. However, for structuraldéts 2, 3, 4 and 5 analyzed
using the same ground motions and scales and inglalde abutment-backfill
behavior in the structural models, the maximum dedplacements are
obtained as 87, 92, 101 and 98 mm respectivelye ditfierences between the
maximum average deck displacements obtained fromdeMb and Models 2,
3, 4 and 5 are 25%, 18%, 8% and 11% respectivetyild® results are also
obtained in the transverse direction as observet fFig. 12.3. For the

maximum bearing displacements, the observationsiargar to those of the
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deck displacements as observed from Fig. 12.2 antl Similar observations
are also made for the cases where the abutmentibatkraction behavior is
excluded from the structural model. That is, Motlglields deck and bearing
displacements larger than those obtained from tinerosimpler models.
However, the figures also reveal that in genem@gdr maximum absolute
deck and bearing displacements are obtained whemadhlinear abutment-
backfill interaction behavior is excluded from tsieuctural model, especially
for the case where the bridge is subjected to larigmsity earthquakes. These
observations obviously indicate that a full soilluwon model (including
radiation damping and p-y curves representing Isodtpile interaction) and
the nonlinear abutment backfill interaction behavioust be included in the
structural models of IBs for an accurate estimatadnseismic deck and

bearing displacements.
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Figure 12.1.Deck displacements in longitudinal direction ob&girfrom the
analyses of Models 1-5 for including and excludbagkfill in the structural
model
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Figure 12.4Bearing displacements in transverse direction abthifrom the
analyses of Models 1-5 for including and excludbeagkfill in the structural
model

12.1.1.2 EFFECT OF MODELLING SIMPLIFICATION ON THE PIER
COLUMN DRIFTS AND ROTATIONS

In this section, the effect of the model simplifioa on the pier column drifts
(top displacement minus bottom displacement) anatioms is studiedFig.
12.5-8 display the maximum absolute pier columifitsland rotations in the
longitudinal and transverse direction as a functbfive structural modeling
cases considered in this study and for the caseloiding and excluding the
abutment-backfill interaction behavior from the ustural model. It is
observed from the figures that simplification oé tetructural model leads to
significant discrepancies in the analyses resoltsife pier column drifts and

rotations. The figures reveal that compared to Emsgtructural models, the
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most complicated structural model (Model 1) resultiarger pier column drift
especially for the case where the bridge is subjedb large intensity
earthquakedr-or instance, for structural Model 1 subjected rougd motions
scaled toA,=0,8g, the maximum pier column drift in the longitwal direction
is obtained as 55 mm for the case where the abuttbaekfill interaction
behavior is included in the structural model. HoemVor structural Models 2,
3, 4 and 5 analyzed using the same ground motindseales and including
the abutment-backfill behavior in the structuraldals, the maximum column
drifts are obtained as 45, 47, 49 and 52 mm res@det The differences
between the maximum average pier column driftsinbtafrom Model 1 and
Models 2, 3, 4 and 5 are 22%, 17%, 12% and 6% c&isply. Similar results
are also obtained in the transverse direction agrebd from Fig. 12.7. For
the maximum pier rotations, the observations amélai to those of the deck
displacements as observed from Fig. 12.6 and EiBilar observations are
also made for the cases where the abutment-baakitaction behavior is
excluded from the structural model. That is, Motlgfields pier column drifts
and rotations larger than those obtained from theerosimpler models.
However, the figures also reveal that in geneaagdr maximum column drift
and rotations are obtained when the nonlinear adnittackfill interaction
behavior is excluded from the structural model.eesly for the case where
the bridge is subjected to large intensity eartkgaa These observations
obviously indicate that a full soil column modeidiuding radiation damping
and p-y curves representing local soil-pile intéoay) and the nonlinear
abutment backfill interaction behavior must be uledd in the structural
models of IBs for an accurate estimation of seisper column drifts and

rotations.
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Figure 12.7. Pier column drifts obtained in transverse directioom the
analyses of Models 1-5 for including and excludbagkfill in the structural

model
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12.1.1.3 EFFECT OF MODELLING SIMPLIFICATION ON THE
STEEL H-PILE DISPLACEMENTS AND ROTATIONS

In this section, the effect of the model simplifioa on the displacements and
rotations of the steel H piles underneath the abatnm the transverse and
longitudinal directions is studied. Fig. 12.9 afl10 display the maximum
pile displacements and rotations in the longituldacheection as a function of
five structural modeling cases considered in thigls and for the cases of
including and excluding the abutment-backfill istetion behavior from the
structural model. Figs. 12.11 and 12.12 displayilamnesults in the transverse
direction. It is observed from the figures that girfication of the structural
model leads to significant discrepancies in thelyses results for the
maximum pile displacements and rotations of IBse Tigures reveal that
compared to simpler structural models, the mostptmated structural model
(Model 1) results in larger pile displacements esdly for the case where the
bridge is subjected to large intensity earthquakes.instance, for structural
Model 1 subjected to ground motions scaledA\{e0,8g, the maximum pile
displacement in the longitudinal direction is obtd as 95 mm for the case
where the abutment-backfill interaction behaviomisluded in the structural
model. However, for structural Models 2, 3, 4 andnalyzed using the same
ground motions and scales and including the abutimackfill behavior in the
structural models, the maximum deck displacemerdgsoatained as 72, 77,
87, and 84 mm respectively. The differences betvihe maximum average
deck displacements obtained from Model 1 and Mo#8eB 4 and 5 are 32%,
23%, 9% and 13%. respectively. Similar results als obtained in the
transverse direction as observed from Fig. 12.1dr. the maximum pile
rotations, the observations are similar to thosehef pile displacements as
observed from Fig. 12.10 and 12.12. Similar obgewma are also made for

the cases where the abutment-backfill interactiehabior is excluded from
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the structural model. That is, Model 1 yields mlisplacements and rotations
larger than those obtained from the other simpledefs. However, the figures
also reveal that in general, larger maximum pitiisplacements and rotations
are obtained when the nonlinear abutment-backfileraction behavior is
excluded from the structural model, especiallytfer case where the bridge is
subjected to large intensity earthquakes. Thesereatons obviously indicate
that a full soil column model (including radiati@@amping and p-y curves
representing local soil-pile interaction) and thenlimear abutment backfill
interaction behavior must be included in the strradtmodels of IBs for an
accurate estimation of seismic pile displacememdsratations.
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Figure 12.9. Pile underneath the abutment displacements in tiodigial
direction obtained from the analyses of Models 165 including and
excluding backfill in the structural model
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12.1.1.4 EFFECT OF MODELLING SIMPLIFICATION ON THE
DISPLACEMENTS OF PILES UNDERNEATH THE PIER

In this section, the effect of the model simplifioa on the displacements of
the piles underneath the pier is studied. Fig. 3 2li$plays the maximum pile
displacements in the longitudinal direction as acfion of five structural
modeling cases considered in this study and forctses of including and
excluding the abutment-backfill interaction behavivom the structural
model. Fig. 12.14 displays similar results in thansverse direction. It is
observed from the figures that simplification oé tetructural model leads to
significant discrepancies in the analyses resutis the maximum pile
displacements and rotations of IBs. The figureseaévthat compared to
simpler structural models, the most complicatedcstiral model (Model 5)
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results in larger pile displacements especiallytiier case where the bridge is
subjected to large intensity earthquakes. For mstafor structural Model 5
subjected to ground motions scaled #£=0,8g, the maximum pile
displacement in the longitudinal direction is obtd as 71 mm for the case
where the abutment-backfill interaction behaviomisluded in the structural
model. However, for structural Model 1, 2, 3 andrtlyzed using the same
ground motions and scales and including the abutimackfill behavior in the
structural models, the maximum pile displacemergsoatained as 63, 36, 38,
and 39 mm respectively. The differences betweemtbximum average pile
displacements obtained from Model 5 and Model B3 @nd 4 are 13%, 97%,
87% and 82%. respectively. Similar results are als@ained in the transverse
direction as observed from Fig. 12.14. That is, Bod yields pile
displacements larger than those obtained from tiher anodels. However, the
figures also reveal that in general, the nonliredartment-backfill interaction

behavior is found to have negligible effects onphe displacements.

331



40 4 80 1

A,=0.2g m With backfill A,=0.35g | With backfill
= O No backfill = O No backfill
é 30 - g 60 1
= =
E 20 - E 40 -

Q o

ol 10 4 T 204

i) i)

: : NN

0 T T T T 0 T T T T
1 2 3 4 5 1 2 3 4 5
Model # Model #
80 1 120 7 m With backfill

Ap: 0.35¢g | With backfill Ap: 0.8g
= O No backfill S O No backfill
E 60 - E 90 4
& <
E 40 - E 60
g 281 30
'% 20 1 @

° 1N i
0 - : : : : 0~
1 2 3 4 5 1 2 3 4 5
Model # Model #

Figure 12.13.Pile underneath the pier displacements in longitaiddirection
obtained from the analyses of Models 1-5 for incigcand excluding backfill
in the structural model

407 A=02g m With backfill 40 7 A,=0.35g | With backfill
’g O No backfill 'é\ O No backfill
\E, 30 + é 30
=
g 20 4 20 -
7 8
o 104 o 10 A
i) o
: 111 :
0 T T T T 0 - T T T T
1 2 3 4 5 1 2 3 4 5
Model # Model #
80 . , 80 § . y
Ap: 0.5g B With backfill Ap: 0.8g m With backfill
= O No backfill = O No backfill
g 60 g 60
= =
2
g 40 | g 404
8 8
Qo 204 B 20 A
9 k)
i 1N | :
0 - T T T T 0 -+ T T T T
1 2 3 4 5 1 2 3 4 5
Model # Model #

Figure 12.14.Pile underneath the pier displacements in transven®ction
obtained from the analyses of Models 1-5 for incigdand excluding backfill
in the structural model
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CHAPTER 13

SEISMIC PERFORMANCE EVALUATION OF
INTEGRAL BRIDGES AS A FUNCTION OF
VARIOUS PARAMETERS

In this part of the thesis study, the effect ofl-stiucture interaction and
substructure properties at the abutments on tlsenseperformance of IBs is
investigated. For this purpose, numerous nonlistactural models of a two-
span IB including dynamic soil-bridge interactioffeets are built. Then,
nonlinear time history analyses of the IB modeks @nducted using a set of
ground motions with various intensities. In the lgs@s, the effect of various
substructure properties such as soil stiffnesskfllacompaction level, pile
size and orientation, abutment height and thickaessonsidered. The results
of the nonlinear time history analyses are therd useassess the seismic
performance of IBs as a function of the structarad geotechnical parameters

considered in this study.
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13.1 PARAMETERS CONSIDERED

A parametric study is conducted to investigatedtffects of various structural

and geotechnical parameters on the seismic perfarenaf IBs. The stiffness

of the foundation soil (sand) is anticipated teeffthe seismic performance of
IBs. Thus, four different soil stiffness (loose, dnen, medium-dense and
dense sands) are considered in the analyaashermore, to cover a wide
range of possible IB configurations, abutment hei@) 4 and 5 m) and

thickness (1, 1.5 and 2 m) as well as pile size2BR85 and HP310x174)

and orientation are varied. The details of thesamaters are presented in
Table 12.1.

Table 13.1.Parameters considered in the analyses.

PARAMETERS DESCRIPTION
Pile sizes HP 310x174 (LP), HP 250x85 (SP)
Pile orientation Strong axis (SA) and weak axis (WA
bending

Abutment thickness (m) 1, 1.5, 2.
Abutment height (m) 3,4,5.

Soil type Loose, medium, medium-dense and dense
Backfill compaction Compacted and uncompacted backfill
level

LP: Large Pile, SP: Small Pile, SA: Strong Axis, Wiieak Axis
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13.2 NONLINEAR TIME-HISTORY ANALYSES OF
THE BRIDGE MODELS

A total of 16 IB models are built and the nonlingare history analyses of the
IB models are conducted using the seven earthquakend motions
considered in this study. The nonlinear time histamalyses are repeated for
peak ground accelerations of 0.2g, 0.35g, 0.5g @8d for each selected
earthquake. This led to a total of 448 differentlgses cases. The analyses

results are given in the following sections.

13.2.1 EFFECT OF FOUNDATION SOIL STIFFNESS ON
THE SEISMIC PERFORMANCE OF INTEGRAL BRIDGES

In the following subsections, the effect of theridation solil stiffness on the
seismic performance of IBs is presented in terms tled maximum

displacements of the deck and bearings as welleamaximum displacements
and plastic end rotations of the steel piles amid polumns obtained in both
longitudinal and transverse directions. The aredyesults are presented in
Figs 13.1-13.8 as the average of the results floenseven ground motions

considered in this study.
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13.2.1.1 THE EFFECT OF FOUNDATION SOIL STIFFNESS ONTHE
PERFORMANCE OF THE DECK AND BEARINGS

Figs. 13.1 and 13.2 display the maximum absolutk dad bearing (bearings
on the pier) displacements relative to the pier toplongitudinal and
transverse directions respectively, as a functidn tlee peak ground
acceleration for various foundation soil stiffnessé is observed from the
figures that the foundation soil stiffness has gnificant effect on the
maximum deck displacements. The figures reveal stitier foundation soils
produce smaller maximum absolute displacementard#éck of IBs especially
in the case of large intensity earthquakes. Thimanly due to the larger
foundation flexibility in the case of soft soil aditions producing larger
absolute deck displacements. For instance Afs0,8g, the maximum deck
displacements in the longitudinal direction are Eb& 94 mm for loose and
dense sands respectively. The differences betweemaximum average deck
displacements obtained for dense and loose sard&s&b6. Consequently, for
IBs built on stiff soils, smaller deck displacenseare expected. However, in
the case of bearing displacements relative to tae tpp, stiffer foundation
soil conditions results in larger bearing displaeats. For stiff foundation
soil conditions, the substructure displacement ngals This obviously
produces higher displacement demand on the mucle fil@xible bearings.
However, because of the large flexibility of theabegs, the difference
between the bearing displacements for various fatiol soil stiffness

conditions is negligible.
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Figure 13.1. Deck and bearing displacements in longitudinal aioe vs.
peak ground acceleration for different soil stifaes.
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Figure 13.2.Deck and bearing displacements in transverse tirees. peak
ground acceleration for different soil stiffness.
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13.2.1.2 THE EFFECT OF FOUNDATION SOIL STIFFNESS ONTHE
PERFORMANCE OF THE PIER COLUMNS

In this section, the effect of the foundation stiffness on the performance of
the pier columns is studied in terms of the coludnifts (top displacement
minus bottom displacement) and rotations. Smallestig drifts and rotations
are indicative of less structural damage and héeetter seismic performance.
The effect of the foundation soil stiffness on thier column drifts and

rotations in the longitudinal and transverse dioexd are illustrated in Figs.
13.3 and 13.4. It is observed from the figures thatfoundation soil stiffness
has a significant effect on the pier column drdtsd rotations for IBs. The
figures reveal that larger foundation soil stiffeegalues produce larger
maximum column drifts and rotations especiallyhe tase of large intensity
earthquakes. This could be explained as follows; sfiff foundation soil

conditions, the pile displacements are small. Tmgiously produces higher
drift/rotation demands on the pier columns. Fortanse, forA,=0,8g, the

maximum pier column drifts in the longitudinal diten are 48 and 63 mm
for loose and dense sands respectively. The difterdetween the maximum
average drifts obtained for dense and loose san8% 6. Similar results are
also obtained for column end rotations., For instanfor A,=0.5g, the

maximum column end rotations in the longitudinalediion for loose and

dense sands are 0.0050 and 0.0063 rad. respgcilivid differences between
the maximum average column end rotations obtairmeddénse and loose
sands is 26 %. In summary, the effect of foundasioih stiffness on the pier
column drift and rotations is found to be signifita The piers of IBs built on

soft soil conditions will experience less damagettéy performance) in the

case of a potential earthquake.
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Figure 13.3.Pier column drifts and end rotations in longitudidmection vs.
peak ground acceleration for different soil stifaes.
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Figure 13.4.Pier column drifts and end rotations in transveigection vs.
peak ground acceleration for different soil stifees
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13.2.1.3 THE EFFECT OF FOUNDATION SOIL STIFFNESS ON
PERFORMANCE OF STEEL H PILES

In this section, the effect of the foundation stiffness on the displacements
and end rotations of the steel H piles underndstabutments is studied. Fig.
13.5 and 13.6 display the variations in steel H glisplacements and end
rotations in the longitudinal and transverse dice respectively, as a
function of the range of peak ground acceleratmmssidered in this study for
various foundation soil stiffnesses. As observedmfrthe figures, the

foundation soil stiffness has remarkable effectshmnpile displacements and
end rotations for IBs. The analyses results retieal larger sand stiffness
values produce smaller maximum displacements iel stk piles of IBs

especially in the case of large intensity earthggakue to the large rigidity of
the pile-soil system. For instance, fok,=0,8g, the maximum pile

displacements in the longitudinal direction area®®l 77 mm for loose and
dense sands respectively. The difference between rtaximum pile

displacements obtained for dense and loose sa2@s% For the steel H pile
top rotations however, the opposite is true. Tatlarger foundation soil

stiffness values produce larger maximum plastiatrons in steel H piles of
IBs. In the case of stiff foundation soil conditg) the equivalent pile length,
which is the length of the pile to the point ofifixwithin the soil, becomes
much smaller. This results in much larger plastitations since the cord
rotations are calculated as the ratio of pile @dispiment to the equivalent pile
length. The maximum difference between the maximpite rotations

obtained for dense and loose sands is 156%. Ay the steel H piles of
IBs built on soft soil conditions (smaller plastmations) will experience less

damage (better performance) in the case of a pateatrthquake.

340



150 7 O pense

N Medium dense
B Medium

100 | ELoose

Displacement (mm)

0.35

Ap (9)

el

0.50

0.80

Rotation (rad)

0.010 1 O Dense

8 Medium dense
0.008 4 WMedium

B Loose

0.006

0.004 -
- E& &
0.000 - T

0.20

0.35 0.50 0.80
Ap (9)

Figure 13.5.Steel HPile displacements and rotations in longitudinagction
vs. peak ground acceleration for different soffiséisses.
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13.2.1.4 THE EFFECT OF FOUNDATION SOIL STIFFNESS ON
PERFORMANCE OF PILES UNDERNEATH THE PIER

In this section, the effect of the foundation stiffness on the displacements
of the reinforced concrete piles underneath thespis studied. It is
noteworthy that due to the capacity protection giesprocedure, flexural
yielding is allowed only at the pier column basddence, the piles do not
experience any plastic end rotations. Figs. 18d/ 8.8 display the effect of
the foundation soil stiffness on the pile displaeais in the longitudinal and
transverse directions respectively, as a functidn tlee peak ground
accelerations considered in this study for varitmsdation soil stiffnesses.
The figures reveal that the foundation soil stiffedias remarkable effects on
the displacements of the reinforced concrete pilefBs. For instance, for
A,=0,8g, the maximum pile displacements in longitatlidirection are 42.6
and 34.1 mm for loose and dense sands respectiMatymaximum difference
between the maximum pile displacements obtainediéoise and loose sands
is 25%.
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Figure 13.7.Pile (underneath the pier) displacements in loniyial direction
vs. peak ground acceleration for different soffrstisses.
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Figure 13.8.Pile (underneath the pier) displacements in trassvdirection
vs. peak ground acceleration for different soffiséisses.

13.2.2 EFFECT OF ABUTMENT HEIGHT AND
THICKNESS ON THE SEISMIC PERFORMANCE OF
INTEGRAL BRIDGES

In the following subsections, the effect of the tabent height and thickness
on the seismic performance of IBs is presentedeim$ of the maximum

displacements of the deck and bearings as welieamximum displacements
and plastic end rotations of the steel H piles pied columns. The analyses
results are presented in Figs 13.9-13.16 as thegeef the results from the
seven ground motions considered in this study.
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13.2.2.1 ABUTMENT HEIGHT AND THICKNESS VERSUS DECK
AND BEARING DISPLACEMENTS

Figs. 13.9-12 display the maximum absolute decklsating (bearings on the
pier) displacements relative to the pier top in litregitudinal and transverse
directions as a function of the peak ground aca&tar for various abutment
height and thickness. It is observed from the figuthat the abutment height
and thickness have significant effects on the marindeck displacements.
The figures reveal that taller and thicker abutregrbduce larger maximum
absolute displacements in the deck of IBs espgciallthe case of large
intensity earthquakes. This is mainly due to tligdamass of the abutment in
the case of taller and thicker abutment producargdr overall period of the
bridge. In addition, taller abutments produce lammeerall structural flexibility
resulting in longer fundamental periods. Accordynghis results in larger
deck and bearing displacements. For instancej$e0,8g, the maximum deck
displacement is 116 mm in the longitudinal directifor the IB with an
abutment height of 5 m. However, for the same larjdgut with abutment
heights of 3 and 4 m and subjected to an idengeak ground acceleration,
the maximum deck displacements are obtained as 88 and 99 mm
respectively. The differences between the maximuwveramge deck
displacements obtained for IB with abutment heighttm and those with
abutment heights of 3 and 4m are 32% and 17% regglgc Similar results
for the maximum deck displacements are also oldaiae various abutment
thicknesses (Figs. 13.10 and 13.12). That is,elaaputment thicknesses
produce larger deck displacements. In summary,wils smaller abutment
height and thickness exhibit better performance doesmaller deck

displacements especially under large intensityhgaekes.
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However, as observed from Figs. 13.9-12 the abutimaght is found to have
only a negligible effect on the maximum bearingptisements in both
longitudinal and transverse directions of IBs. Hwtance, for #=0.8g, the
maximum bearing displacement in longitudinal di@tts obtained as 49 mm
for the IB with an abutment height of 5 m. Howewer, the same bridge, but
with abutment heights of 3 and 4 m and subjectezhtalentical peak ground
acceleration, the maximum bearing displacement®lbi@ned as 45 mm and
47 mm respectively. The differences between theirmax average bearing
displacements obtained for the IB with abutmenghieof 5m and those with
abutment heights of 3 and 4m are 9% and 4% respéctiSimilar results are
also observed for the maximum bearing displacemimtsarious abutment
thicknesses (Figs. 13.10 and 13.12). That is trerifg displacements are
similar regardless of the thickness of the abutmenis could be explained as
follows: For IBs with taller and thicker abutment#je superstructure
displacement is large. This obviously producesdiglisplacement demands
on the much more flexible bearings. However, beeaiighe large flexibility
of the bearings, the difference between the beatigglacements for various
abutment height and thickness conditions is ndgkgi
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Figure 13.9. Deck and bearing displacements in longitudinal aioa vs.
peak ground acceleration for different abutmenglhtei
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Figure 13.10.Deck and bearing displacements in longitudinal afioa vs.
peak ground acceleration for different abutmerdkihess
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Figure 13.11.Deck and bearing displacements in transverse tireus. peak
ground acceleration for different abutment height
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Figure 13.12.Deck and bearing displacements in transverse dreus. peak
ground acceleration for different abutment thiclenes

13.2.2.2 THE EFFECT OF ABUTMENT HEIGHT AND THICKNES S
ON THE PERFORMANCE OF THE PIER COLUMNS

In this section, the effect of the abutment height thicknesses on the
performance of the pier columns is studied in teahthe column drifts (top

displacement minus bottom displacement) and endtioos in both

longitudinal and transverse directions. The effi#cthe abutment height and
thickness on the pier column drifts and end rotetiare illustrated in Figs.
13.13-16. It is observed from the figures that #imitment height and
thickness have negligible effects on the pier caoluinfts and end rotations.
For instance, forA,=0,8g, the maximum pier column drifts in longitualin

direction are obtained as 53, 55 and 56 mm foiBls abutment heights of 3,
4 and 5 m respectively. The difference betweenntagimum average pier
column drifts for IBs with an abutment height ofrband abutment heights of
3 and 4 m are 6%, 2% respectively. In additiom,Ag=0,8g, the maximum

column end rotations in the longitudinal directiare 0.0085, 0.0087 and
0.0088 rad. for the IBs with the abutment heighBo#i and 5 m respectively.
The difference between the maximum average piemaolrotations obtained
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for IBs with abutment heights of 5 m and abutmegights of 3 and 4 m are
3%, 1% respectively. Similar observations are atsale for the maximum
pier column drifts and end rotations in longitudiaad transverse directions
for various abutment thicknesses (Figs. 13.14 &hd6). In summary, the
effect of abutment height and thickness on the gaérmn performance under
seismic loads is found to be negligible. This iaimy due to the large
flexibility of the rubber bearings over the piersgating the effect of the

abutment geometric properties on the performandtleeopiers.
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Figure 13.13.Pier column drifts and end rotations in longitudiidiaection vs.
peak ground acceleration for different abutmengthsi
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Figure 13.14.Pier column drifts and end rotations in longitudiidiaection vs.
peak ground acceleration for different abutmertkihesses
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Figure 13.15.Pier column drifts and end rotations in transvelisection vs.
Peak ground acceleration for different abutmengfsi
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Figure 13.16.Pier column drifts and end rotations in transvetisection vs.
peak ground acceleration for different abutmertkihésses

13.2.2.3 THE EFFECT OF ABUTMENT HEIGHT AND THICKNES S
ON THE PERFORMANCE OF STEEL H PILES

In this section, the effect of the abutment height thicknesses on the
performance of the steel H piles underneath thénadni is studied in terms of
the pile displacements and end rotations. The teffieihe abutment height and
thickness on the pile displacements and end rotio longitudinal and

transverse directions are illustrated in Figs. Z20. It is observed from the
figures that the abutment height and thickness Isaysficant effects on the
maximum pile displacements and end rotations. Tdweds reveal that taller
and thicker abutments produce larger maximum digphent in the steel H
piles of IBs especially in the case of large inignsarthquakes. This is mainly
due to the larger mass of abutment in the casallef tand thicker abutment
producing larger deck displacement. In additionletaabutments produce
larger overall structural flexibility resulting itonger fundamental periods.
Accordingly, this results in larger displacementsl &nd rotations in the steel
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H piles underneath the abutments. For instanceAfe0,8g, the maximum
pile displacement in the longitudinal directionli88 mm for the IB with an
abutment height 5 m. However, for the same bribgéwith abutment heights
of 3 and 4 m and subjected to an identical peakirgtoacceleration, the
maximum pile displacements are obtained as 73 ndr8&mimm respectively.
The differences between the maximum average p#plaitements obtained
for IB with an abutment height of 5m and those vathutment heights of 3
and 4m are 48% and 27% respectively. Similar olagienvs are also made for
the maximum pile end rotations in the transverse langitudinal directions

for various abutment thicknesses (Figs. 13.18 &a0).

The abutment thickness is also found to have reatdek effects on the
maximum pile displacements and rotations in theikowlinal and transverse
directions as observed from Figs. 13.19 and 1320.instance, for =0.89,

the maximum pile displacement in the longitudinaéction is obtained as 91
mm for the IB with an abutment thickness of 2 m.wduwer, for the same
bridge, but with abutment thicknesses of 1.0 aridm.and subjected to an
identical peak ground acceleration, the maximune pilsplacements in the
longitudinal direction are obtained as 81 mm andn@8 respectively. The
differences between the maximum average pile dispt@nts obtained for the
IB with an abutment thickness of 2m and those waiibtment thicknesses of 1
and 1.5 m are 12 % and 7 % respectively. Similaeolations are also made
for the maximum pile end rotations in the transge@nd longitudinal

directions for various abutment thicknesses (Fi§s18 and 13.20).
In summary, for IBs having shorter and thinner aimrits, an improvement in

the seismic performance is expected due to smagbiée and deck

displacements.
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Figure 13.17. Steel HPile displacements and rotations in longitudinal
direction vs. peak ground acceleration for différ@mutment heights.
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Figure 13.18. Steel HPile displacements and rotations in longitudinal
direction vs. peak ground acceleration for différ@outment thicknesses.
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Figure 13.19.Steel HPile displacements and rotations in transversectitne
vs. peak ground acceleration for different abutniemghts.
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Figure 13.20.Steel HPile displacements and rotations in transversetime
vs. peak ground acceleration for different abutntieicknesses.
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13.2.2.4 THE EFFECT OF ABUTMENT HEIGHT AND THICKNES S
ON PERFORMANCE OF PILES UNDERNEATH THE PIER

In this section, the effect of the abutment height thicknesses on the
performance of piles underneath the pier is studrederms of the pile
displacements in the longitudinal and transversections. The effect of the
abutment height and thickness on the pile displaceésmare illustrated in Figs.
13.21-24. It is observed from the figures that #@deutment height and
thickness have negligible effects on the maximute pisplacements. For
instance, forA,=0.8g, the maximum pile displacements in the lardjital
direction are obtained as 62, 63 and 64 mm forvigs the abutment height
of 3, 4 and 5 m respectively. The difference betw#®e maximum average
pile displacements obtained for the IB with an aterit height of 5 m and
those with abutment heights of 3 and 4 m are 3 @ A% respectively.
Similar results are also obtained for the maximuihe pisplacements for
various abutment thicknesses (Figs. 13.22 and L3l24ummary, the effect
of abutment height and thickness on the performafqeles underneath the
pier is found to be negligible, this is mainly digethe large flexibility of the
rubber bearings over the piers negating the efféthe abutment geometric

properties on the performance of the piers.
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Figure 13.21. Pile (underneath the pier) displacements in lomiitai
direction vs. peak ground acceleration for différ@outment heights.
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Figure 13.22. Pile (underneath the pier) displacements in lowmiial
direction vs. peak ground acceleration for différ@outment thicknesses.
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Figure 13.23.Pile (underneath the pier) displacements in traisgvdirection
vs. peak ground acceleration for different abutninenghts.
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Figure 13.24.Pile (underneath the pier) displacements in traisgvdirection
vs. peak ground acceleration for different abutntieicknesses.

13.2.3 EFFECT OF PILE SIZE AND ORIENTATION ON
THE SEISMIC PERFORMANCE OF INTEGRAL BRIDGES
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In the following subsections, the effect of theesand orientation of the piles
at the abutments on the seismic performance ofslBsesented in terms of the
maximum displacements of the deck and bearingsedlsas the maximum

displacements and plastic end rotations of theqo&mns and steel H piles at
the abutments. The analyses results are presenteds. 13.25-13.40 as the

average of the results from the seven ground metionsidered in this study.

13.2.3.1 THE EFFECT OF PILE SIZES AND ORIENTATIONS ON
DECK AND BEARING PERFORMANCES

Figs. 13.25-28 display the maximum absolute deck lzaaring (bearings on
the pier) displacements relative to the pier top &sction of the peak ground
acceleration for various pile sizes and orientaiam the longitudinal and
transverse directions. It is observed from the reguthat pile size and
orientation have significant effects on the maximdeck displacements. The
figures reveal that smaller piles oriented to babdut their weak axis produce
larger maximum absolute displacements in the dédB® especially in the
case of large intensity earthquakes. For instafoce/\,=0,8g, the maximum
deck displacement in the longitudinal directiodi® mm for the IB supported
by HP250x85 (small pile) piles at the abutments.

However, for the same bridge, but supported by HRB25 (large pile) piles
at the abutments the maximum deck displacemertitareed as 99 mm. The
difference between the maximum average deck dispiaats obtained for IBs
with the small and large size piles is 11%. Simidbservations are also made
for the maximum deck displacements in the trangveasd longitudinal

directions for various pile orientations (Fig. 182nd 13.28).
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However, in the case of bearing displacementspilegesize and orientation
are found to have only negligible effects as obsgfvom Figs. 13.25-28. For
instance, for £#=0.8g, the maximum bearing displacement in the itadmal
direction is obtained as 49 mm for the IB supported HP 250x85 .
HP250x85 (small pile) piles at the abutments. Hewefor the same bridge,
but supported by HP310x125 (large pile) piles atdbutments the maximum
bearing displacement is obtained as 47 mm. Theerdifice between the
maximum average bearing displacements obtainedBfavith the small and
large piles is only 4 %. Similar observations dm® anade for the maximum
bearing displacements in the transverse and lagigéii directions for various
pile orientations (Fig. 13.26 and 13.28). In sumyndBs with large piles
oriented to bend about their strong axis exhibitdvseperformance due to
smaller deck displacements under large intensityhg@aakes.
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Figure 13.25.Deck and bearing displacements in longitudinal afioa vs.
peak ground acceleration for different pile sizes
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Figure 13.26.Deck and bearing displacements in longitudinajpesak ground
acceleration for different pile orientations.
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Figure 13.27.Deck and bearing displacements in transverse tireus. peak
ground acceleration for different pile sizes
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Figure 13.28.Deck and bearing displacements in transverse direus. peak
ground acceleration for different pile orientations

13.2.3.2 THE EFFECT OF PILE SIZES AND ORIENTATIONS ON
THE PERFORMANCE OF THE PIER COLUMNS

In this section, the effect of the pile sizes andrdationson the performance
of the pier columns is studied in terms of the omtudrifts (top displacement
minus bottom displacement) and end rotations. Smallastic rotations are
indicative of less structural damage and hencebsé#ismic performance. The
effect of the pile sizes and orientations on ther golumn drifts and end
rotations are illustrated in Fig. 13.29-32. It isserved from the figures that
the foundation soil stiffness has negligible efeoh the pier column drifts
and rotations. For instance, f@4=0,8g, the maximum pier column end
rotation is 0.0091 rad for the IB with the pileesiaf HP250x85 (small pile).
However, for the same peak ground accelerationl,lélie maximum pier
column rotation is obtained as 0.0086 rad for tBewiith the pile size of
HP310x174 (large pile). The difference between rtfteximum average pier

column end rotation obtained for IB with the smatid large piles is 6 %.
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Consequently, the effect of pile sizes and oriémat on the seismic
performance of pier column is negligible.
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Figure 13.29.Pier column drifts and end rotations in longitudiidiaection vs.
peak ground acceleration for different pile sizes
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Figure 13.30.Pier column drifts and end rotations in longitudiidiaection vs.
peak ground acceleration for different pile ori¢iotas.
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Figure 13.31.Pier column drifts and end rotations in transvetisection vs.
peak ground acceleration for different pile sizes
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Figure 13.32.Pier column drifts and rotations in transversediom vs.peak
ground acceleration for different pile orientations
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13.2.3.3 THE EFFECT OF PILE SIZES AND ORIENTATIONS ON
THE PERFORMANCE OF STEEL H PILES

In this section, the effect of the pile sizes andrdations on the performance
of the steel H piles underneath the abutment idietuin terms of the pile
displacements and end rotations. The effect of gites and orientationsn
the pile displacements and end rotations in longial and transverse
directions are illustrated in Figs. 13.37-40. Iblsserved from the figures that
the pile sizes and orientations have significafieat$ on the maximum pile
displacements and end rotations. The figures rewealsmaller piles oriented
in weak axis produce larger maximum displacemenmténsteel H piles of IBs
especially in the case of large intensity earthg@gaK his is mainly due to the
flexible piles underneath the abutment producingda deck displacement.
Accordingly, this results in larger displacementsl &nd rotations in the steel
H piles underneath the abutments. For instanceAfe0,8g, the maximum
pile end rotation in the longitudinal directiond<09 rad with the pile size of
HP250x85. However, for the same bridge, but witle gize of HP310x174
and subjected to an identical peak ground acceeraghe maximum pile end
rotation is obtained as 0.007 rad. The differencesveen the maximum
average pile rotations obtained for IB with a @iee of HP250x85 and those
with a pile size of HP310x174 is 28%. Similar olvsg¢iions are also made for
the maximum pile end rotations in the transverse langitudinal directions

for various pile sizes and orientations (Figs. 438d 13.36).

The pile orientation is also found to have remal&affects on the maximum
pile displacements and rotations in the longitudarad transverse directions
as observed from Figs. 13.35 and 13.36. For instafmr A=0.8g, the

maximum pile end rotation in the longitudinal diiea is obtained as 0.0072

mm for the IB with the piles oriented in strong @axHowever, for the same
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bridge, but with pile oriented in weak axis andjsuted to an identical peak
ground acceleration, the maximum pile end rotationthe longitudinal
direction is obtained 0.0098 rad. The differenceswien the maximum
average pile end rotations obtained for IBs witlepioriented in strong and
weak axis are 36 %.. Similar observations are alade for the maximum pile
displacements in the transverse and longitudinedctions for various pile
orientations (Figs. 13.18 and 13.20).

Consequently, for IBs having larger piles orientedtrong axis, smaller pile
displacements and rotations are expected. Acogigdithe IBs having larger
piles oriented in strong axis exhibit better perfance due to smaller pile

displacements and rotations during seismic exoiati
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Figure 13.33. Steel HPile displacements and rotations in longitudinal
direction vs. peak ground acceleration for diffénaite sizes.
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Figure 13.34. Steel HPile displacements and rotations in longitudinal
direction vs. peak ground acceleration for difféngite orientations.

150 - 0.008 -

O HP 25085 O HP 250%X85
= B HP 310X125
g B HP 310X125 — 0.006 -
= 100 )
= =
<] c 0.004 -
£ kS
§ 50 - I
i DCCJ 0.002 -
2
5 1l n n

0 0.000 T
0.20 0.35 0.50 0.80 0.20 0.35 0.50 0.80
Ap (9) A, (9)

Figure 13.35.Steel HPile displacements and rotations in transversectitine
vs. Peak ground acceleration for different pilesiz

365



150 0.040 -
O Weak axes 0 Weak axes

B Strong axes | E Strong axes

o
Q
@
o

100

Sznﬂﬂ[! ::::mﬂ.{j

0.20 0.35 0.50 0.20 0.35 0.50
Ap (9) Ay (9)

Displacement (mm)
Rotation (rad)

Figure 13.36.Steel HPile displacements and rotations in transversectitine
vs. peak ground acceleration for different pileentations.

13.2.3.4 THE EFFECT OF PILE SIZES AND ORIENTATIONS ON
PERFORMANCE OF PILES UNDERNEATH THE PIER

In this section, the effect of the pile sizes andrdationson the performance
of piles underneath the pier is studied in termthefpile displacements in the
longitudinal and transverse directions. The effettthe pile sizes and
orientations on the pile displacements are illusttan Figs. 13.37-40. It is
observed from the figures that the pile sizes amehtationshave negligible
effects on the maximum pile displacements. Foramst, forA,=0.8g, the
maximum pile displacements in the longitudinal dilen are obtained as 64
and 67 mm mm for IBs with the pile size of HP250X&3d HP310X174
respectively. The difference between the maximusraye pile displacements
obtained for the IB with pile size of HP250X85 attmbse with pile size of
HP310X174 is 5 %. Similar results are also obtaifeedthe maximum pile
displacements for various pile orientations (Fig®.38 and 13.40). In

summary, the effect of pile sizes and orientationghe performance of piles
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underneath the pier is found to be negligible; thisnainly due to the large
flexibility of the rubber bearings over the piemgating the effect of the steel

H-piles properties on the performance of the pilederneath the pier.
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Figure 13.37. Pile (underneath the pier) displacements in lowmiiai
direction vs. peak ground acceleration for diffénaite sizes.
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Figure 13.38. Pile (underneath the pier) displacements in lomiitai
direction vs. peak ground acceleration for difféngife orientations.

367



80
O HP 250X85

g 0| WHP310X125
5
g 40
o
(&)
<
= 20 1
2
s | H
0
0.20 0.35 0.50 0.80
Ap (9)

Figure 13.39.Pile (underneath the pier) displacements in traisgvdirection
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Figure 13.40.Pile (underneath the pier) displacements in traisgvdirection
vs. peak ground acceleration for different pilesptations.
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13.2.3 EFFECT OF BACKFILL COMPACTION LEVEL ON
THE SEISMIC PERFORMANCE OF INTEGRAL BRIDGES

In the following subsections, the effect of the Kddiccompaction level on the
seismic performance of IBs is presented in terms tled maximum

displacements of the deck and bearings as welleasmaximum displacements
and plastic end rotations of the pier columns ateklsH piles at the
abutments. The analyses results are presentedgén E3.41-13.48 as the

average of the results from the seven ground metonsidered in this study.

13.2.3.1 THE EFFECT OF BACKFILL COMPACTION LEVEL ON
THE PERFORMANCE OF THE DECK AND BEARINGS

Figs. 13.41-42 display the maximum absolute deck lzaaring (bearings on
the pier) displacements relative to the pier top &snction of the peak ground
acceleration for backfill compaction level in trengitudinal and transverse
directions. It is observed from the figures thackifi compaction level
negligible effects on the maximum deck and beardigplacements in
longitudinal and transverse directions. For instarfior A,=0,8g, the maximum
deck displacement in the longitudinal directionl® mm for uncompacted
backfill (unit weight is 18 kN/rf) and 99 m for compacted backfill (unit
weight is 20 kN/m). The difference between the maximum average deck
displacements obtained for IB with the compacted amcompacted backfill is
only 2 %. Similar observations are also made fer tiaximum bearing in
longitudinal and the maximum deck and bearing disginents in transverse

directions for various backfill compaction leveidg. 13.41 and 13.42).
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Figure 13.41.Deck and bearing displacements in longitudinalatios vs.

peak ground acceleration for different backfill quaation level.
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Figure 13.42.Deck and bearing displacements in transverse drees. peak

ground acceleration for different backfill compactilevel.
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13.2.3.2 THE EFFECT OF BACKFILL COMPACTION LEVEL ON
THE PERFORMANCE OF THE PIER COLUMNS

In this section, the effect of the backfill compantlevel on the performance
of the pier columns is studied in terms of the omtudrifts (top displacement
minus bottom displacement) and rotations. The effet the backfill
compaction level on the pier column drifts and tiotss in the longitudinal
and transverse directions are illustrated in Fi§s43 and 13.44. It is observed
from the figures that the backfill compaction levels a negligible effect on
the pier column drifts and rotations for IBs. Fastance, forA,=0,8g, the
maximum pier column rotations in longitudinal diiea are obtained as
0.0086 rad for uncompacted backfill and 0.0087ulnecompacted backfill. The
difference between the maximum average pier colwotation obtained for 1B
with uncompacted and compacted backfill is 1 %. iRstance, forA,=0,8g,
the maximum pier column rotations in the longitdidirection are 0.0087
and 0.0086 for compacted and uncompacted backfdtpectively. The
difference between the maximum average column iootsit obtained for
compacted and uncompacted backfills is 1 %. Sinulaservations are also
made for the maximum pier column drifts and rotatioin transverse

directions for various backfill compaction leveidF13.43).
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Figure 13.43.Pier column drifts and rotations in longitudinaredition vs.
Peak ground acceleration for different backfill qgaation level.
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13.2.3.3 THE EFFECT OF BACKFILL COMPACTION LEVEL ON
THE PERFORMANCE OF STEEL H PILES

In this section, the effect of the backfill compantlevel on the performance
of the steel H piles underneath the abutment idietuin terms of the pile
displacements and end rotations. The effect offilac&mpaction levebn the
pile displacements and end rotations in longitudaral transverse directions
are illustrated in Figs. 13.45 and 13.46. It iseskied from the figures that the
pile sizes and orientations have negligible effeats the maximum pile
displacements and end rotations. For instancef\fe0,8g, the maximum pile
end rotation in the longitudinal direction is 0.807ad and 0.0072 for
compacted backfill rad for IBs with the uncompachkeatkfill and 0.0072 rad
for IBs with compacted backfill. The differencestween the maximum
average pile rotations obtained for IBs with compdcand uncompacted
backfill are 4 %. Similar results are also obserf¥ed the maximum pile
displacements and rotations in transverse direcfimn various backfill
compaction level (Fig. 13.46). This obviously irmties that the effect of
backfill compaction level on the seismic performanof steel H piles
underneath the abutment is negligible.
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Figure 13.45. Steel HPile displacements and rotations in longitudinal
direction vs. peak ground acceleration for différesckfill compaction level.
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Figure 13.46.Steel HPile displacements and rotations in transversectitne
vs. peak ground acceleration for different backiimpaction level.
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13.2.3.4 THE EFFECT OF BACKFILL COMPACTION LEVEL ON
PERFORMANCE OF PILES UNDERNEATH THE PIER

In this section, the effect of the backfill compantlevelon the performance
of piles underneath the pier is studied in termthefpile displacements in the
longitudinal and transverse directions. The effaicthe backfill compaction
level on the pile displacements are illustratedrigs. 13.47 and 13-48. It is
observed from the figures that the pile sizes amehtationshave negligible
effects on the maximum pile displacements. Foramst, forA,=0.8g, the
maximum pile displacements in the longitudinal dilen are obtained as 63
and 64 mm for IBs with uncompacted and compactekfidlarespectively.
The difference between the maximum average pilglaiements obtained for
the IB with uncompacted and compacted backfill %2 In summary, the
effect of backfill compaction levaln the performance of piles underneath the

pier is found to be negligible.
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Figure 13.47. Pile (underneath the pier) displacements in lomiitai
direction vs. Peak ground acceleration for diffétgarckfill compaction level.
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CHAPTER 14

LOW CYCLE FATIGUE EFFECTS IN INTEGRAL
BRIDGE PILES UNDER SEISMIC LOAD
REVERSAL

The most common types of piles used at the abusnainiBs are steel H-
piles. Under the effect of medium and large intgnground motions, the
seismically-induced lateral cyclic displacementsteel H-piles of IBs could
be considerable. As a result, the piles may expeeecyclic plastic
deformations following a major earthquake. This masult in the reduction
of their service life due to low-cycle fatigue effe. Accordingly, low cycle
fatigue in IAB piles is investigated under seismifects in this study. For this
purpose, IBs with two spans are considered. Thrieerkional (3-D)
nonlinear structural models of these IBs includidgnamic soil-bridge
interaction effects are built. Then, nonlinear titmstory analyses of the IB
models are conducted using a set of ground motatis various intensities
representing small, medium and large intensityhegitkes. In the analyses,
the effect of various properties such as soil i, pile size (HP 310x174
(LP), HP 250x85 (SP)) and orientations (WA: WeakishXSA: Strong AXis)
are considered. The magnitude of cyclic displacesmenh steel H piles are
then determined from the analyses results. Thdatigue damage model is
used together with the cyclic displacement obtaifmeoh seismic analyses to
determine the remaining service life of IB pilegdlancyclic displacement due

to thermal effects.
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14.1 STRAIN-BASED LOW CYCLE FATIGUE

Low-cycle fatigue failure of structural componerggaused by cyclic loads or
displacements of relatively larger magnitude thatynproduce significant
amounts of plastic strains in the structural congmonGenerally, the number
of displacement cycles that leads to failure obmponent is determined as a
function of the plastic strains in the localizedjion of the component being
analyzed. This is referred to as strain-based agprto fatigue life estimate of
structural components. This approach is appropriate determining the
fatigue life of steel H-piles supporting the abubtseas it considers the
seismic-induced large plastic deformations that wagur in localized regions
of the piles where fatigue cracks may begin.

Koh and Stephens (1991) proposed an equation tulaté the number of
constant amplitude strain cycles to failure forektgections under low cycle
fatigue. This equation is based on the total staanplitude,, and expressed

as follows:

£, =M (2N, )" (14.1)

where, M = 0.0795, m = -0.448 aN is the number of cycles to failure. The
above equation is used for the estimation of th&imam strain amplitude
steel H-piles can sustain before their failure sakdace due to low-cycle
fatigue effects within the service life of the lgel For a bridge to serve its
intended purpose, it must sustain the effect o$ms® and thermal cyclic
displacements throughout its service life. Thera@ally-induced and thermal

strains in steel H-piles are assumed to have Jar@iplitudes consisting of

378



large and small cycles. Therefore, Eqg. (14.1), Whg derived for constant
amplitude cycles, cannot be used directly to obthi@ maximum strain
amplitude a pile may sustain. Conservatively assgrthat both the large and
small cycles due to seismic and thermal effectsigedlow cycle fatigue
damage in the steel H-piles (a small cycle may o&allowing a large cycle
where plastic deformations have already been irdjuddiner’s rule (Miner
1945) may be used in combination with Eq. (14.1pkdain the maximum
strain amplitude a pile may sustain. Miner (194%gfired the cumulative
fatigue damage induced in a structural member bg twr displacement cycles
of different amplitudes as:

Z% (14.2)

where, n; is the number of cycles associated with fle loading (or
displacement) case amis the number of cycles to failure for the sameecas
The above equation states that if a load or digphent is appliedy times,
only a fractionn/N; of the fatigue life has been consumed. The fatiguere
is then assumed to take place whgl\; ratios of the cycles with different

amplitudes add up to 1.

14.2. ANALYSES OF THE BRIDGE MODELS

A total of eight IB models are built consideringatwlifferent pile sizes and
orientations and four different soil stiffness.gEirpushover analyses of these
IB are conducted to obtain the cyclic strains ie thiles due to thermal
movements. Further details about modeling andyaaalof IBs under thermal
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effects can be found elsewhere (Dicleli and Albh&803) The analyses
results reveal that the steel H-piles remain witthiair elastic limits due to
small thermal induced displacements resulting festimates of the steel H
piles for the IB considered in this study. Thenplheear time history analyses
of the IB models are conducted using the severh@aake ground motions
considered in this study. The nonlinear time histamalyses are repeated for
peak ground accelerations of 0.2, 0.35, 0.5 and .f#r each selected
earthquake. This led to a total of 224 differenélgpes cases. The analyses
results are given in the following sections. theanmotal length of the 1B
considered in this study. Consequently, low cyateytie effects under thermal
loading are not expected for the particular bridgesidered in this study.

Hence, thermal-induced effects are not includeddarcycle fatigue life

14.2.1. ANALYSES RESULTS

The hysteric (cyclic) moment-rotation relationshipisthe steel H-piles are
obtained from the nonlinear time history analysesults. Then, a Matlab
algorithm is developed to calculate the amplitufipasitive (eap) and negative
(ean) strain cycles from these moment rotation relatigps In the Matlab
algorithm the following equation is used to calteldhe average strain

amplitudege,) per cycle

[+lewl

£, = 5 (14.3)
a 2 *
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Next, the number of displacement / strain cy¢h$ that leads to failure of a
steel H-piles is determined using the method puwgdsy Koh and Stephens
(1991) given earlier. Furthermore, cumulative faiglamage index for the H-
piles are obtained using the Miner’s rule (Mined&p The number of cycles
and cumulative fatigue damage index for the H-pdéd$Bs are tabulated in
Table 14.1 for different pile sizes, in Table 1fbg different pile orientations
and in Table 14.3 for different soil stiffnessesheTanalyses results are
presented for peak ground accelerations of 0.3ba0d 0.8 g. In the case of
0.2g peak ground acceleration, hysteretic (cydehavior is not observed as
the piles remain within their elastic limit underch a small amplitude of peak
ground acceleration. In the following subsectiotie effect of pile size,
orientationsand soil stiffness on the low cycle fatigue damay8teel H-piles

of IBs is studied.

14.2.1.1 EFFECT OF PILE SIZE ON LOW CYCLE FATIGUE
PERFORMANCE OF STEEL H-PILES

In this section the effect of pile size on low @/tatigue performance of steel
H-piles is studied. The analyses results are #bdlin Table. 14.1 in terms of
cumulative fatigue damage index ranging betweenn@ &.0 where 0
represents no damage, and 1 represents totalefafiur various peak ground
acceleration levels and earthquakes. The resudisepted in Table 1 clearly
reveal that as the size of the pile increases, tatime fatigue damage index
decreases. For instance, in the case of the Ndgihrearthquake scaled to a
peak ground acceleration @{,=0.8g, cumulative fatigue damage index is
calculated as 0.0013 for the larger pile. HoweVer, the same bridge
supported by smaller piles at the abutment andestdsy] to the same

earthquake and peak ground acceleration levellothecycle fatigue damage
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index is calculated as 0.0037. This obviously ssinbm the greater bending
capacity of larger piles that require larger displaents to reach their fatigue
strain amplitude limit. However, in the case of gmealler piles, the piles may
easily reach their fatigue strain amplitude limit smaller displacements

amplitudes.

Table 14.1.Number of cycles and fatigue damage index for diffie pile sizes.

A,=0.35g A=0.50g A=0.80 g

Earthquake Pile Size Number nn Number n Number nn

of cycles .Z%. of cycles Z%. of cycles .Z%.

Loma Prieta HP 310x174 85 0.0001 76 0.0003 59 0.0008
Ap=0.200 g HP 250x85 72 0.0003 79 0.0005 62 0.0011
Loma Prieta HP 310x174 80 0.0005 65 0.0007 62 0.0012
Ap=0.278 g HP 250x85 75 0.0008 72 0.0011 86 0.0021
Mammoth HP 310x174 55 0.0002 52 0.0005 42 0.0014
Lake HP 250x85 61 0.0006 63 0.0012 45 0.0019
Northridge HP 310x174 78 0.0007 52 0.0009 62 0.0013
Ap=0.263 ¢ HP 250x85 74 0.0018 58 0.003( 61 0.0037
Northridge HP 310x174 93 0.0003 88 0.0006 79 0.0012
Ap=0.316 ¢ HP 250x85 85 0.0011 86 0.0021 84 0.0026
San HP 310x174 62 0.0004 42 0.0008 46 0.00140
Fernando HP 250x85 56 0.0006 52 0.0009 62 0.0013
Whitter HP 310x174 77 0.0001 72 0.00037 67 0.0006
HP 250x85 80 0.0002 77 0.0005 81 0.0011

14.2.1.2 EFFECT OF PILE ORIENTATION ON LOW CYCLE
FATIGUE PERFORMANCE OF STEEL H-PILES

In this section the effect of pile orientation @wlcycle fatigue performance
of steel H-piles at the abutments is studied. Thalyses results are- is
tabulated in Table. 14.2 in terms of fatigue damaugices for various
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earthquakes and peak ground accelerations. As w@ssdrom the Table,
larger cumulative fatigue damage indices are obthwhen the H piles are
oriented to bend about their weak axis. For ingant the case of the Loma
Prieta earthquake scaled to a peak ground acdeleraf A,=0.8g, the
cumulative fatigue damage index is calculated 8628 for piles oriented to
bend about their weak axis. However, for the samhgquake and peak
ground acceleration levels, the low cycle damagexns calculated as 0.0012
for piles oriented to bend about their strong aXisis obviously results-in
from the greater bending capacity of oriented todoabout their strong axis

that require larger displacements to reach thémguda strain amplitude limit.
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Table 14.2.Number of cycles and fatigue damage index for tbffié pile orientation.

A,=0.35g A=0.50g A=0.80 g

Earthquake Pile Number nn Number n Number n

Orientation of cycles .Z%. of cycles Z%. of cycles Z%I

Loma Prieta Strong 85 0.0001 76 0.0003 59 0.0008
Ap=0.200 g Weak 81 0.0002 87 0.0007 78 0.0011
Loma Prieta Strong 80 0.0005 65 0.0007 62 0.0012
Ap=0.278 ¢ Weak 81 0.0009 68 0.0012 69 0.0023
Mammoth Strong 55 0.0002 52 0.0005] 42 0.0014
Lake Weak 65 0.0004 67 0.0009 56 0.0018
Northridge Strong 78 0.0007 52 0.0009 62 0.0013
Ap=0.263 ¢ Weak 81 0.0010 65 0.0015 69 0.0023
Northridge Strong 93 0.0003 88 0.0006 79 0.0012
Ap=0.316 ¢ Weak 90 0.0006 96 0.0014 86 0.0019
San Strong 62 0.0004 42 0.0008 46 0.0010
Fernando Weak 61 0.0005 56 0.0009 58 0.0012
Whitter Strong 77 0.0001 72 0.0002 67 0.0006
Weak 81 0.0002 75 0.0004 75 0.0008

14.2.1.3 EFFECT OF FOUNDATION SOIL STIFFNESS ON LOW
CYCLE FATIGUE PERFORMANCE OF STEEL H-PILES

In this section, the effect of soil stiffness owloycle fatigue performance of
steel H-piles at the abutments is studied. Thnest of the foundation soil is
observed to have a remarkable effect on the cumelédtigue damage index
of steel H-piles under seismic loading. As the ssliffness increases,
cumulative fatigue damage index of steel H-pilesahcreases, as observed
from Table 14.3. For example, in the case of thetliNimlge earthquake scaled
to a peak ground accelerationf0.5g, the cumulative fatigue damage index

is calculated as 0.0006 for loose sand. Howeverthi® same earthquake and
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peak ground acceleration levels, the low cycle dgmadex is calculated as
0.0018 for dense sand.

Table 14.3.Number of cycles and fatigue damage index for diffie soil stiffness.

A,=0.35¢g A=0.50g A=0.80 g
Earthquake | Soil stiffness | Number Zn: n Number Zn: n Number Zn: n
of cycles — N, of cycles — N, of cycles — N,
Dense 60 0.0006 68 0.0008 83 0.0009
Loma Prieta | Medium dense 56 0.0005 52 0.0007 52 0.0008
Ap=0.200 g Medium 85 0.0001 76 0.0003 59 0.0008
Loose 82 0.0001 72 0.0002 63 0.0006
Dense 55 0.0008 61 0.0013 63 0.0014
Loma Prieta | Medium dense 79 0.0006 75 0.0008 70 0.0013
Ap=0.278 g Medium 80 0.0005 65 0.0007 62 0.0012
Loose 68 0.0004 72 0.0005 65 0.0008
Dense 41 0.0010 45 0.0014 45 0.0015
Mammoth Medium dense 52 0.0007 46 0.0011 48 0.0015
Lake Medium 55 0.0002 52 0.0005 42 0.0014
Loose 65 0.0001 51 0.0003| 53 0.0008
Dense 78 0.0010 80 0.0018 80 0.0024
Northridge | Medium dense 80 0.0008 74 0.0014 77 0.002
Ap=0.263 g Medium 78 0.0007 52 0.0009 62 0.0013
Loose 82 0.0005 78 0.0006 59 0.0008
Dense 80 0.0009 80 0.0013 85 0.0021
Northridge | Medium dense 78 0.0007 76 0.0011 72 0.0011
Ap=0.316 g Medium 93 0.0003 88 0.0006 79 0.0012
Loose 85 0.0002 89 0.0005 81 0.0008
Dense 54 0.0005 63 0.0009 60 0.0010
San Medium dense 59 0.0005 59 0.0008 54 0.001
Fernando Medium 62 0.0004 42 0.0008 46 0.0010
Loose 65 0.0002 43 0.0006 45 0.0008
Dense 72 0.0005 67 0.0007| 73 0.0007|
Whitter Medium dense 72 0.0003 70 0.000¢ 71 0.0001
Medium 77 0.0001 72 0.0002 67 0.0006
Loose 67 0.0001 69 0.0002 68 0.0004
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14.2.2. SUMMARY OF OBSERVATIONS ON CUMULATIVE
FATIGUE DAMAGE OF STEEL H-PILES

This study reveals that cumulative fatigue damagihe steel H-piles induced
by seismic loadings are negligible. As mentionediexa the fatigue failure is
assumed to take place when the cumulatiyid; ratios of the cycles with
different amplitudes add up to 1 according to Mimeule. However, the
cumulative fatigue damage indices calculated fromeavis rule (Miner 1945)
range between 0.0008 and 0.0037 as observed frotesTa4.1-3. Even in the
case of earthquakes with very large peak grounélations (0.8 g), the
cumulative fatigue damage indices are much smalh th. This obviously
indicates that seismically induced low cycle dansagenot of a concern for

short to medium length IBs.
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CHAPTER 15

COMPARISION OF SEISMIC PERFORMANCE OF
INTEGRAL AND CONVENTIONAL BRIDGES

In this part of the thesis study, seismic perforoesn of integral and
conventional bridges are compared. For this pupdbeee existing IBs with
various properties are selected and then desigsedoaventional jointed
bridges. The nonlinear structural models of theegrél and conventional
bridges are then built according to the modelirguagptions described earlier.
Next, nonlinear time history analyses of the bridgedels are conducted
using the the set of ground motions selected eahtighe analyses, the ground
motions are scaled to peak ground accelerationgimgarbetween 0.2g and
0.8g to assess the seismic performance of intbgiddes in relation to that of

conventional bridges at various performance levels.

387



15.1. NONLINEAR TIME-HISTORY ANALYSES OF
THE BRIDGE MODELS

The integral and conventional bridge models ardt land nonlinear time
history analyses of the bridge models are conduaisthg the seven
earthquake ground motions considered in this rekestudy. The nonlinear
time history analyses are repeated for peak groaacwklerations of 0.2g,
0.35g, 0.5g and 0.8g for each selected earthgudks.led to more than 200
different analyses cases. The analyses resultprasented in the following

sections.

15.2 ANALYSES RESULTS

In the following subsections, seismic performanteigral and conventional
bridges with one, two and three spans are comparems of the maximum
displacements of the deck and bearings as welleamaximum displacements
and plastic end rotations of the pier columns ateklsH piles at the
abutments. The analyses results are presentedgs 15.1-15.20 as the
average of the results from the seven ground metionvarious peak ground

accelerations considered in this study.
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15.2.1 COMPARISION OF THE SEISMIC PERFORMANCE
OF SINGLE SPAN INTEGRAL AND CONVENTIONAL
BRIDGES

In this section, seismic performance assessmeieddingle span integral and
conventional bridges is studied. To assess thengeerformance of integral
bridges relative to that of conventional bridgdse maximum deck and pile
displacements as well as plastic end rotationshef dteel H piles at the
abutments are compared. The comparison of maximack dand pile
displacements in the longitudinal and transvergectons as well as the
plastic end rotations of the steel piles at thetrmleuats are illustrated in Figs
15.1-4. The figures reveal that in the case of eatienal bridges, larger deck
and pile displacements as well as larger pile imtat are obtained. For
instance, for the single span integral bridge stibgeto earthquakes with a
peak ground acceleration of,=0,8g, the maximum deck displacement is
obtained as 22 mm. However, for the conventionatiger subjected to
earthquakes with the same level of peak groundleet®mn, the maximum
deck displacement in the longitudinal directionolstained as 90 mm. The
difference between the maximum deck displacemest&eed for the integral
and conventional bridges is about 400 %. Simil#edknces are also obtained
for the end rotations of the piles at the abutmefts instance, for the single
span integral and conventional bridges subjectedatthquakes with a peak
ground acceleration of,=0.5g, the maximum pile end rotations in the
longitudinal direction are obtained as 0.00109 a@riD305 rad respectively..
The difference between the maximum pile end rotstiobtained for the
integral and conventional bridges is about 280 9mil&r results are also
obtained for the maximum pile displacements in lmthogonal directions as
observed from Fig. 15.3 and 15.4. The main redsosuch large differences

in the seismic response of integral and conventidnalges could be
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attributed to the monolithic construction of integbridges. In the case of
conventional bridges, the superstructure is supdably flexible, elastomeric
bearings at the abutments where the superstruistdree to move due to the
presence of expansion joints. This type of a stina¢ configuration produces
very large deck displacements compared to thatntefyral bridges where the
abutment is rigidly connected to the superstructpreventing the free
movement of the deck in combination with the resise provided by the
backfill. Furthermore, conventional bridge abuttsetend to transfer larger
forces to the pile foundations due to lack of lateestraint provided by the
superstructure, the effect of dynamic active bdickfessure and large inertial
forces due to their heavier weight compared to tbkatintegral bridge
abutments. This obviously leads to larger pile endtions and displacements
at the abutments of conventional bridges. In surgmsingle span integral
bridges exhibit superior performance compared tat tbf conventional

bridges.
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Figure 15.1.Deck displacements in the longitudinal directionwsak ground
acceleration for single span integral and convealibridges
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Figure 15.2.Deck displacements in the transverse directiorpesk ground
acceleration for single span integral and convealibridges
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Figure 15.3.Pile displacements and end rotations in the lodgial direction
vs. peak ground acceleration for single span ialeagrd conventional bridges
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Figure 15.4.Pile displacements and emotations in the transverse direction
vs. peak ground acceleration for single span ialeggrd conventional bridges

15.2.2 COMPARISION OF THE SEISMIC PERFORMANCE
OF TWO SPAN INTEGRAL AND CONVENTIONAL
BRIDGES

In this section, seismic performance assessmentvofspan integral and
conventional bridges is studied. To assess thengeiperformance of two
span integral bridges in comparison to conventidmralges, the maximum
deck, pier, bearing and pile displacements as aglplastic end rotations of
the pier columns, steel H piles underneath the nabots and reinforced
concrete piles underneath the piers are comparée domparison of
maximum displacements and rotations of the bridgenbrers are illustrated in
Figs 15.5-15.12. The figures reveal that largerkddisplacements and pier
column drifts and end rotations are obtained in thse of conventional
bridges. For instance, for the two span integralde subjected to earthquakes

with a peak ground acceleration &f=0,8g, the maximum pier column drift
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and end rotation in longitudinal direction are atéal as 55 mm and 0.0087
rad. respectively. However, for the two span cotieeal bridge subjected to
the same level of peak ground acceleration, theirmax pier column drift
and rotation are obtained as 70 mm and 0.0102 espectively. The
differences between the maximum pier column daftd end rotations of the
integral and conventional bridges are 27 % and l&$pectively. However,
smaller displacements and plastic end rotationstlier steel H piles are
calculated in the case of the two span conventidmialge (Fig. 15.9 and
15.10). For instance, for the two span integralldmi subjected to earthquakes
with a peak ground acceleration &=0.5g, the maximum pile displacement
and rotation are obtained as 53 mm and 0.00428reagectively. However,
for the two span conventional bridge subjectedhi® same level of peak
ground acceleration, the maximum pile displacenaextrotation are obtained
as 36 mm and 0.00228 rad respectively. The diftmerbetween the
maximum pile displacement and rotation obtained floe integral and

conventional bridges are 68 % and 87 % respectively

The smaller deck displacements in the case of nakdgidges are mainly due
to the monolithic construction of the abutmentshwthe superstructure
restraining the lateral movement of the deck inhbotthogonal directions
combined with the resistance of the backfill. Ire tbase of integral bridge
piers, the lateral displacements of the deck iregrdl bridges is mainly
accommodated by the flexible bearings over thesgseoducing smaller pier
column drifts and rotations but larger steel H piigplacements and rotations
at the abutments. In the case of the two span cdiovel bridge however, the
pier resists a greater share of the seismic loagl @u larger tributary
superstructure mass supported by the piers. Coesdguin the case of
integral bridges, while the deck displacements piet column drifts and
rotations are smaller, abutment pile displacemantsrotations are larger than
those of conventional bridges. However, in the glesif especially long I1Bs
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inelastic displacement and rotations in steel ldgpdre already expected under
thermal movement. Therefore, seismically inducedaistic displacements and
rotations in steel H-piles do not pose a problerfoag as they do not lead to
low cycle fatigue failure of steel H piles at theuaments. As earlier analyses
revealed that low cycle fatigue is not of concemnsteel H-piles at the
abutments, the larger inelastic displacements atadions in the steel H-piles
of IBs are not indicative of an inferior performancompared to that of
conventional bridges. Enlighten of these obsermat@nd explanations, it may
be concluded that IBs have superior seismic peidoca compared to
conventional bridges for the bridges under consiaans.
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Figure 15.5. Deck and bearing displacements in longitudinal aioe vs.
peak ground acceleration for two span integral@rentional bridges
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Figure 15.6.Deck and bearing displacements in transverse threes. peak
ground acceleration for two span integral and catigeal bridges
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Figure 15.7.Pier column drifts and rotations in longitudinaletition vs. peak

ground acceleration for two span integral and eotienal bridges
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Figure 15.8.Pier column drifts and rotations in transverse dion vs. peak
ground acceleration for two span integral and catigeal bridges
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Figure 15.9. Steel H-piles displacements and rotations in |amtjital
direction vs. peak ground acceleration for two spéegral and conventional
bridges
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Figure 15.10.Steel H-piles displacements and rotations in trarsev/direction

vs. peak ground acceleration for two span integnal conventional bridges
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Figure 15.11. Reinforced concrete pile displacements and rotatiam
longitudinal direction vs. peak ground accelerafiontwo span integral and
conventional bridges
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Figure 15.12. Reinforced concrete pile displacements and rotatiam
transverse direction vs. peak ground acceleratwwntvio span integral and
conventional bridges
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15.2.3 COMPARISION THE SEISMIC PERFORMANCE OF
THREE SPAN INTEGRAL AND CONVENTIONAL
BRIDGES

In this section, seismic performance assessmerhret span integral and
conventional bridges is studied. To assess thengeigerformance of three
span integral in comparison to conventional brigdgles maximum deck, pier,
bearing and pile displacements as well as plast@t mtations of the pier
columns, steel H piles underneath the abutmentseantbrced concrete piles
underneath the piers are compared. The comparisbnmaximum
displacements and end rotations of the bridge mesvdre illustrated in Figs
15.13-15.20. The figures reveal that larger decgpldcements and pier
column drifts and end rotations are obtained in ¢hse of conventional
bridges. For instance, for the two span integralde subjected to earthquakes
with a peak ground acceleration &f=0,8g, the maximum pier column drift

and end rotation in longitudinal direction are atéal as 39 mm and 0.0160
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rad. respectively. However, for the three span eatignal bridge subjected to
the same level of peak ground acceleration, theirmar pier column drifts
and end rotation are obtained as 55 mm and 0.0ad6respectively. The
differences between the maximum pier column daftd end rotations of the
integral and conventional bridges are 41 % and 1@$pectively. However,
smaller displacements and plastic rotations forstieel piles are calculated in
the case of three span conventional bridge as widdrom Figs. 15.15 and
15.16. For instance, for the three span integiidgersubjected to earthquakes
with a peak ground acceleration &=0.8g, the maximum pile displacement
and rotation in longitudinal direction are obtairfesin the analyses of three
span IB as 66 mm and 0.0109 rad. respectively.dvew for the three span
conventional bridge subjected to the same levgdeatk ground acceleration,
the maximum pile displacement and rotation are inbthas 59 mm and
0.0094 rad respectively. The difference between thaximum pile
displacement and rotation obtained for the integrad conventional bridges

are 12 % and 16 % respectively.

The smaller deck displacements in the case of nakdygidges are mainly due
to the monolithic construction of the abutmentshwthe superstructure
restraining the lateral movement of the deck inhbotthogonal directions
combined with the resistance of the backfill. Ire tbase of integral bridge
piers, the lateral displacements of the deck iregrdl bridges is mainly
accommodated by the flexible bearings over thesgseoducing smaller pier
column drifts and rotations but larger steel H piigplacements and rotations
at the abutments. In the case of the three spaveational bridges however,
the pier resists a greater share of the seismid thee to larger tributary
superstructure mass supported by the piers. Cuoasdy, in the case of
integral bridges, while the deck displacements piedt column drifts and
rotations are smaller, abutment pile displacemantsrotations are larger than

those of conventional bridges. However, in the glesif especially long I1Bs
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inelastic displacement and rotations in steel ldgpdre already expected under
thermal movement. Therefore, seismically inducedaistic displacements and
rotations in steel H-piles do not pose a problerfoag as they do not lead to
low cycle fatigue failure of steel H piles at theuaments. As earlier analyses
revealed that low cycle fatigue is not of concemnsteel H-piles at the
abutments, the larger inelastic displacements atadions in the steel H-piles
of IBs are not indicative of an inferior performancompared to that of
conventional bridges. Enlighten of these obsermat@nd explanations, it may
be concluded that IBs have superior seismic peidoca compared to
conventional bridges for the bridges under consiaans.
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Figure 15.13.Deck and bearing displacements in longitudinal afioa vs.
peak ground acceleration for three span integréicamventional bridges
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Figure 15.14.Deck and bearing displacements in transverse dreus. peak
ground acceleration for three span integral andeotional bridges
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Figure 15.15.Pier column drifts and rotations in longitudinaredition vs.
peak ground acceleration for three span integrdlcmnventional bridges
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Figure 15.16.Pier column drifts and rotations in transversedion vs. peak
ground acceleration for three span integral andeotional bridges
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Figure 15.17. Steel H-piles displacements and rotations in |amtjital
direction vs. peak ground acceleration for threengptegral and conventional
bridges
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Figure 15.18.Steel H-piles displacements and rotations in trarse/direction
vs. peak ground acceleration for three span integié conventional bridges
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Figure 15.19. Reinforced concrete pile displacements and rotatiam
longitudinal direction vs. peak ground accelerationtwo span integral and
conventional bridges
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Figure 15.20. Reinforced concrete pile displacements and rotatiam
transverse direction vs. peak ground acceleratwntvio span integral and
conventional bridges
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CHAPTER 16

CONCLUSIONS

This thesis study is composed of two parts. Infitse part of the thesis study,
the performance of IBs under live load is studiedie load distribution
formulae are developed for the components of ditafgo skew) IBs with
presetressed concrete girders. The effect of admittsuperstructure
continuity on live load distribution is also studiein comparison to
conventional jointed bridges. Furthermore, theliappility of AASHTO live
load distribution equations to IB components isestigated. In the second
part of the thesis study, the seismic performantdBs is evaluated in
comparison to conventional jointed bridges. THeafof several structural,
geometric and geotechnical parameters on the seigenformance of IBs is
also investigated.

Followings are the conclusions deduced from thst frart of this research

study;

Live load analyses of IBs are performed for thedgis and substructure
components (piles and abutments). The analysestsesyealed that the
LLDFs obtained for the interior girder shear of IBsee generally in good
agreement with those calculated using AASHTO LLDEbus, AASHTO

LLDEs for interior girder shear may be used to ghlte the live load shear in

the interior prestressed concrete girders of IBdowever, for the girder
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moment and exterior girder shear, the differende/éen the LLDFs obtained
from finite element analyses of IBs and those dated from AASHTO
LLDEs may be as much as 87%. This difference isegdly more
pronounced for bridges with shorter spans (shahan 30 m), larger girder
size (larger than AASHTO Type IV girders), smalggrder spacing (smaller
than 2.4 m), smaller slab thickness (smaller thah @) and larger bridge
width. This large difference is mainly attributes the effect of continuity at
the abutment-deck joint in IBs. Consequently, th®SATO LLDEs for the
girder moment and exterior girder shear are naedudor IBs. It is suggested
that modifications to the current AASHTO LRFD desigpecifications will
make the calculation of LLDFs for IB girders moreamningful especially for
IBs shorter than 30 m. Thus, using regression amglechniques and the
available analysis results, two sets of LLDEs areetbped to estimate the live
load girder moments and exterior girder shears BH. IThe first set of
equations are developed in the form of correctactdrs, which are used to
multiply the LLDEs present in AASHTO (2007) for Blan-girder jointed
bridges to accurately calculate the LLDFs for tiveley moment and exterior
girder shear of IBs. The second set of equatiodgveloped to directly obtain
the LLDFs for the girder moment and exterior girdbear of IBs independent
of AASHTO (2007). Comparison of the LLDFs obtairfeam finite element
analyses and those calculated using the developégatiens revealed that the
developed formulae yield a reasonably good estinoétéhe live the load
moment and exterior girder shear for short to madspan IBs with no skew.
In addition, further analyses of IBs under AASHTi@lload revealed that the
effects of substructure and soil properties on disgribution of live load
effects among the girders of IBs are negligible efBfiore, the developed
formulae are also valid for IBs with different fadation soil stiffness,
abutment and pile properties. In addition, numerboite element analyses
are conducted to obtain the live load distributiactors for the abutments and
piles of IBs as a function of various superstruetand substructure / soil

406



properties. Then, using regression analysis tecdesigand the available
analysis results, LLDEs are developed to estinfaelive load moments and
shears in the abutments and piles of IBs. Comparigsb the live load
distribution factors obtained from finite elementfyses and those calculated
using the developed equations revealed that thelojed formulae yield a
reasonably good estimate of live load moment amdrsin short to medium

span IB abutments and piles.

Followings are the conclusions deduced from thersggart of this research
study;

Nonlinear time history analyses conducted to ast#essffect of modeling
simplification on the seismic response of IBs rée@dhat nonlinear soil-pile
and abutment-backfill interaction have remarkabifects on the seismic
response of IBs under medium and large intensityhgaakes. In addition, the
soil column model used to simulate the free fieltkats in the structural
model is found to have significant effects on tlegsmic response of IBs.
Therefore, for seismic analyses of IBs, the nomlingoil-pile and abutment-
backfill interactions as well as free-field effeatsust be considered in the
structural models. Thus, for the seismic analy$dB®y the most complicated
structural model that includes complete soil-bridgeraction effects (Model
1) is used to accurately assess the seismic peafarenof IBs. Analyses of
IBs using such complicated structural models reage#that cumulative fatigue
damage in steel H-piles of IBs due to seismic dispient cycles is
negligible. Thus, for the design of small and medigpan IBs, low cycle
fatigue effects due to seismic displacement cyulethe steel H piles at the
abutments do not need to be considered. Furthelysasa conducted to
investigate the seismic performance of IBs as atfan of various structural
and geotechnical parameters revealed that the #&viemd soil stiffness,

abutment height and thickness have significantceffen the maximum deck,
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bearing, pier column and pile displacements of IBsler large intensity
earthquakes. However, the backfill compaction lagefound to have only

negligible effects on the maximum displacement e teck, bearing, pier
columns and piles at the abutments. In additiore sind orientation of the
steel H piles at the abutments are found to hageifsiant effects on the
abutment pile displacements, but negligible effectgshe displacement of the
deck, bearing, pier column and reinforced concpdes underneath the pier.
Moreover, the parametric study revealed that 1Bt vehorter and thinner
abutments as well as large steel H piles orierddobhd about their strong axis
exhibit better seismic performance especially undarge intensity

earthquakes.

Finally, comparison of the seismic performancestdgral and conventional
bridges reveals that single span integral bridggmsbé superior performance
compared to that of conventional bridges. For mapan IBs, it is found that
the deck displacements and pier column drifts ami@tions are smaller
nevertheless; abutment pile displacements andigntatre larger than those
of conventional bridges. However, in the design especially long IBs
inelastic displacement and rotations in steel ldpdre already expected under
thermal movement. Therefore, seismically inducedaistic displacements and
rotations in steel H-piles do not pose a problerntoag as they do not lead to
low cycle fatigue failure of steel H piles at theuaments. As earlier analyses
revealed that low cycle fatigue is not of concemnsieel H-piles at the
abutments, the larger inelastic displacements atadions in the steel H-piles
of IBs are not indicative of an inferior performancompared to that of
conventional bridges. Enlighten of these obsermatind explanations, it may
be concluded that IBs have superior seismic peidioca compared to

conventional bridges for the bridges under consitans.

408



REFERENCES

AASHTO. (2007) “Load and Resistance Factor DesighRHD)
Specifications” Washington, D.C.

Alfawakhiri, F. and Bruneau, M. (2000) “Flexibilitgf superstructures and
supports in the seismic analysis of simple bridges'thquake Engineering &
Structural Dynamics29:711-729,

Anandarajah, A., Zhang, J. and Ealy, C. (2005) il¢ation of dynamic
analysis methods from field test dateBoil Dynamics and Earthquake
Engineering 25(7-10):763-772,

Angelides, D.C. and Roesset, J.M. (1981) “Nonlirlateral dynamic stiffness
of pile” Journal of the Geotechnical Engineering Divisid@7: 1443-1460.

API (2000) "Recommended practice for planning, gieisig and constructing
fixed offshore platforms—Working stress design.""2Bdition, American
Petroleum Institute, Washington, DC.

Barker, R.M. and Puckett J.A. (1997) “Design ofghivay Bridges.” John
Wiley and Sons, Inc.

Barr, P.J., Eberhard, M. O., and Stanton, F. (20@iye-load distribution
factors in prestressed concrete girder bridgedcurnal of  Bridge
Engineering ASCE 6(5), 298-306.

Bakth, B., and Moses. F. (1988). “Lateral Distribat Factors for Highway
Bridges.”Journal of Structural EngineerindASCE 114(8), 1785-1803

Basha B. M., Sivakumar Babu G.L (2009) “Computation sliding
displacements of bridge abutments by pseudo-dynamathod” Soil
Dynamics and Earthquake Engineer;jra9, 103-120.

Boulanger, R.W., Curras, C.J., Kutter, B.L., Wilsdd.W., Abghari, A.

(1999) "Seismic soil-pile-structure interaction exments and analyses."
Journal of Geotechnical and Geoenvironmental Engiiimg, ASCE, 125(9),

750-759.

409



Brandenberg, S.J., Singh, P., Boulanger, R.W.,déuB.L. (2001) “Behavior
of piles in laterally spreading ground during equakes”Proc. Sixth Caltrans
Seismic Research Worksh@p106.

Brockenbrough, R.L. (1986) “Distribution factors fourved I-girder bridges”
Journal of Structural EngineerindASCE, 112(10), 2200-2215.

Buckle, 1.G., Constantinou, M.C., Dicleli, M., Gleasi, H., (2006) “Seismic
Isolation of Highway Bridges” Special Publication QBER-06-SP07,
Multidisciplinary Center for Extreme Events Reséaiuffalo, NY.

Burdette, E.G., Ingram, E.E., Tidwell, J.B., Goasfure, D.W., Deatherage,
J.H., Howard, S.C. (2004) “Behavior of Integral Atments Supported by
Steel H-Piles, Transportation Research Board Meeting and pubtisimethe
Transportation Research Recofdashington, D.C., USA.

Burke, M. P., Jr., (1988) “Bridge Deck JointsNCHRP Synthesis of
Highway Practice No 141, Transportation Research Bogrd\ational
Research Council, Washington, D.C., USA.

Burke, M. P., Jr., (1990a) “Integral Bridge Designon The Rise” AISC
Modern Steel Constructiopn30 (4), 9-11.

Burke, M. P., Jr., (1990b) “Integral BridgesTransportation Research
Record No 1275, Transportation Research Board, NatioRalsearch
Council, Washington, D.C., USA.

Burke, M. P., Jr., (1994) “Semi-Integral BridgesoWments and Forces”,
Transportation Research Record, No 1460, Trangpmt&esearch Board,
National Research Council, Washington, D.C., USK, 1

Cai, S. C. (2005) “Discussion on AASHTO LRFD Loadstibution Factors
for Slab-on-Girder BridgesPractice Periodical on Structural Design and
Construction Vol. 10, No. 3.

Cai, Y.X., Gould, P.L., Desai, C.S. (2000) “Nomar analysis of 3D seismic
interaction of soil-pile-structure system and amlon” Engineering
Structures 22(2),191-9.

California Dept. of Transportation (CALTRANS) (2006Seismic design

criteria, ver. 1.4."CALTRANS Division of Engineering Services, Office of
Structure Design, Sacramento, California.

410



Chao, S.H. and Loh, C.H. (2007) “Inelastic respoasalysis of reinforced
concrete structures using modified force analogytho@ Earthquake
Engineering & Structural Dynamics36(12), 1659 — 1683.

Chen Y, Aswad A. (1996) “Stretching span capabitifyprestressed concrete
bridges under AASHTO LRFD.”Journal of Bridge EngineeringASCE
1(3), 112-120.

Coduto, D.P. (2001) “Foundation Design: Principtexl Practices, 2nd ed.
Upper Saddle River, NJ: Prentice Hall.

Cole, R. T., and Rollins, K. M. (2006) “Passive tagoressure mobilization
during cyclic loading.”Journal of Geotechnical and Geoenvironmental
Engineering, 132(9), 1154-1164.

Cook R. D. (1995Finite element modeling for stress analysis, NewkYo
NY: John Wiley & Sons.

Clough, C. W., and Duncan, J. M. (1991) “Earth Buess.” Chapter 6,
Foundation Engineering Manuall“Ed.

Crouse, C.B., Hushmand, B., Martin, G.R. (1987) riBmic soil-structure
interaction of a single span bridgdburnal of Earthquake Engineering and
Structural Dynamicsl5: 711-729

Dehne, Y. and Hassiotis, S. (2003) “Seismic Analysi Integral Abutment
Bridge: Scotch Road [-95 Project.Proceedings, 16th Annual ASCE
Engineering Mechanics Conferendelly 16-18, University of Washington.

Dicleli, M. (2000). “Simplified Model for Computedided Analysis of
Integral Bridges”Journal of Bridge EngineerindASCE Vol. 5, No.3.

Dicleli M. (2005) “ Integral Abutment-Backfill Belvéor on Sand Soil-
Pushover Analysis ApproachJdournal of Bridge EngineeringASCE Vol.
10, No.3.

Dicleli M. and Albhaisi (2003)'Maximum Length of Integral Abutment
Bridges Supported on Steel H-piles Driven in Sakaigineering Structures
Elsevier Science, Vol. 25, No.12, pp. 1491-1504930

Dicleli M. and Albhaisi (2004) “ Estimation of Letig Limits for Integral
Bridges Built on Clay”Journal of Bridge Engineering/ol. 9, No.6.

411



Dicleli M. and Albhaisi (2005) “Analytical Formuliain of Maximum Length
Limits for Integral Bridges Built on Cohesive Sdjl€Canadian Journal of
Civil Engineering Vol. 32, No.5, pp. 726-738, 2005.

Dicleli, M. (2007) “Supplemental Elastic Stiffnres® Reduce Isolator
Displacements for Seismic-Isolated Bridges in NeBault Zones.”
Engineering Structuresklsevier Science, 29(5), 763-775.

Dicleli, M. and Erhan, S. (2008[ffect of Soil and Substructure Properties on
Live Load Distribution in Integral Abutment BridgesJournal of Bridge
Engineering ASCE, Volume 13, Issue 5, pp. 527-539.

Dicleli, M. and Erhan, S. (2010) “Effect of Superstructure-Abutment
Continuity on Live Load Distribution in Integral Abment Bridge Girders”,
Structural Engineering and Mechanjdgolume. 34, Issue 5, pp. 635-662

Dicleli M. and Mansour M. (2003) “Seismic Retraifiig of Highway Bridges
in lllinois Using Friction Pendulum Seismic Isotat Bearings and Modeling
Procedures’Engineering Structure5(9), 1139-1156.

Dou, H. and Byrne, P.M. (1996) “Dynamic respongsingle piles and soil—
pile interaction” Canadian Geotechnical Journ&3(1), 80-96.

Dowell, R.K., Seible, F. and Wilson, E.L. , (1998)vot hysteresis model for
reinforced concrete member&CI Structural Journab5(5), 607-617

Duncan M. J. and Arsoy S. (2003) “ Effect of Brd§oil Interaction on
Behavior of Piles Supporting Integral BridgeStansportation Research
Record 1849Paper No. 03-2633

Duncan, M. J., and Mokwa, R. L. (2001) “Passivdtepressure: Theories and
tests.”Journal of Geotechnical and Geoenvironmental iBegring 127(3),
248-257.

Dutta, S. C. and Das, P. K, (2002) “Inelastic s&smesponse of code-
designed reinforced concrete asymmetric buildingk strength degradation”
Engineering Structure24(10), 1295-1314.

Eberhard, M. O. and Marsh, M. L. (1997) “LateraladoResponse of a
Reinforced Concrete Bridgdournal of Structural Engineering.23(4), 451-
460.

El-Gamal, M. and Siddharthan, R.V. (1998) "Stiffees of Abutments on
Piles in Seismic Bridge Analysesbils and Foundation$88(1), 77-87.

412



El Naggar, M.H. and Bentley, K.J. (2000) “Dynamicadysis for laterally
loaded piles and dynamic p-y curveSanadian Geotechnical Journa7(6),
1166-1183.

Evans, L. T. (1982). Simplified Analysis of Latdyal.oaded Piles Ph.D.
Thesis, University of California, Berkeley, Califoa, page 211.

Faraji, S., Ting, J.M., Crovo, D.S., Ernst, H., @20. “Nonlinear analysis of
integral bridges: finite element modelJournal of Geotechnical and
Geoenvironmental EngineeringSCE 127(5): 454-462.

FHWA, (1986), Seismic Design of Highway Bridge Fdations — Volume II:
Design Procedures and Guidelines, Publication NBWRA-RD-94-052,
Federal Highway Administration, US Department of affgportation,
Washington, D. C.

Haliburton, T.A. (1971) “Soil structure interactio Numerical analysis of
beams and beam columns.” Tech. Publication No.&dhool of Civil
Engineering, Oklohama State Univ., Stillwater, Okla

Hays, C. O., Jr (1990). “Lateral Distribution Fastdor Highway Bridges.”
Journal of Structural EngineeringASCE 116(3), 868-871

Hays, C.O, Sessions, L.M., Berry, A.J. (1986) “Rart Studies on Lateral
Load Distribution Using a Finite Element Methodlfansportation Research
Record1072, 6-14.

Hindi, R. and Dicleli, M. (2006) “Effect of Modifyig Bearing Fixities on the
Seismic Response of Short-to-Medium Length Bridgegh Heavy
Substructures'Earthquake Spectr&EERI, 22(1), 65-84.

Huo, S. X., Wasserman, E. P., and Igbal, A. R. $200Simplified Method
for Calculating Lateral Distribution Factors forviei Load ShearJournal of
Bridge EngineerindASCE, Vol. 10, No.5.

Husain, 1., and Bagnariol, D. (1996).” Integral &hant bridges.” Rep. No.
S0-96-01, Struct. Ofc.Ministry of Transportation of Ontario Toronto,
Canada.

llki, A. and Kumbasar, N. “Hysteresis Model for RfErced Concrete

Members”, Proc. ASCE 14th Engineering Mechanics ConfereAcestin, on
CD, University of Texas, Austin (2000).

413



llki, A. and Kumbasar, N. “Hysteresis Model for RfErced Concrete
Members”, Proc. ASCE 14th Engineering Mechanics Conferemagstin, on
CD, University of Texas, Austin (2000).

Imbsen, R.A. and Nutt, R.V. (1978) “Load distrilmrti study on highway
bridges using STRUDL finite element analysis calit#as” Proceedings,
Conference on Computing in Civil Engineering (ASQ&w York, NY.

Imbsen, R. and Penzien, J. (1986) “Evaluation ofrgy absorption
characteristics of highway bridges under seismiaddemns”, Vol. |,
UCB/EERC-84/17, Earthquake Engineering ResearchieCebiniversity of
California, Berkeley, CA.

Itani, A.M., Alex Krimotat A., Rubeiz G.C., (1999)Seismic Modeling,
Analysis, and Design of Modern Steel BridgeMlid-America Highway
Conferencest. Louis, Missouri.

Jain, S. K., and Scott, R. F. (1989) "Seismic asialpf cantilever retaining
walls." Proc., of Struct. Mech. in Reactor Technol. (SMIRRaheim, Calif.,
241-246.

Kato, B. (1989) “Rotation capacity of H-section nimrs as determined by
local buckling”,Journal of Constructional Steel Researd8(2-3), 95-1009.

Kotsoglou, A. and Pantazopoulou, S. (2007) “Briégebankment interaction
under transverse ground excitatioBarthquake engineering and structural
dynamics 36(12), 1719-1740.

Kawashima, K. and Penzien, J. (1976) “Correlativesestigation on
theoretical and experimental dynamic behavior eialel bridge structure”,
[EERC76-26], Earthquake Engineering Research Centériversity of
California, Berkeley, USA.

Khodair Y. A. and Hassiotis H. (2005). “ Analysis Soil-Pile Interaction in
Integral Abutment.”Computers and Geotechni8 (2005) 201-209.

Lemnitzer, A., Eric R. Ahlberg, E.R., Nigbor, R.IShamsabadi, A., Wallace,
J.W. and Jonathan P. Stewart, J.P. “Lateral pedoom of full-scale bridge
abutment wall with  granular backfill"Journal of Geotechnical and
Geoenvironmental Engineerin@35(4), 506-514, (2009).

414



Mabsout, M.E., Tarhini, K.M., Frederick, G.R., Tay&. (1997) “Finite Element
Analysis of Steel Girder Highway BridgesJournal of Bridge Engineering
(ASCE) 2(3), 83-87.

Maheshwari, B.K., Truman, K.Z., El Naggar, M.H., @b P.L. (2004)
“Three-dimensional nonlinear analysis for seismioil-ile-structure
interaction”Soil Dynamics and Earthquake Engineerity 343—-356.

Maleki, S. (2002) “Deck modeling for seismic anadysf skewed slab-girder
bridges.”Engineering Structure4(10): 1315-1326.

Mander, J. B., Priestley, M. J. N., and Park, R®8@) "Observed stress-strain
behavior of confined concreteJournal of Structural EngineeringASCE,
114(8), 1827-1849.

Maroney, B. H. (1995) “Large-scale abutment testddtermine stiffness and
ultimate strength under seismic loading.” Ph.DsiheUniv. of California,
Davis, Calif.

Matlock, H. , (1970) *“Correlations for designlaferally loaded piles in soft
clay” Proc., 2nd Annu. Offshore Technol. CokD). 1, 577-594.

Memory. T.J., Thanbiratham. D.P., Brameld, G.H.98) “Free vibration
analysis of bridgesEngineering Structured,7(10), 705-713.

Mourad, S., and Tabsh, W. S.(1999) “ Deck Slab sS&#e in Integral
Abutment Bridges'Journal of Bridge EngineeringSCE, Vol. 4, No.2.

Nogami, T., Otani, J., Konagai, K., and Chen, H1992) “Nonlinear Soil-
Pile Interaction Model for Dynamic Lateral Motionldurnal of Geotechnical
and Geoenvironmental Engineerjrigl8(1), 89-106.

NCHRP (National cooperative Highway Research Pmogra(2000).
“Comprehensive Specification for the Seismic DesijrBridges”. Revised
LRFD Design Specifications (Seismic Provisions)rdiBraft of Specification
and Commentary.

Newmark, N. M. (1948) “Design of I-beam bridgegurnal of Structural
Division, 74(1), 305-330.

Nogami, T., Otani, J., Konagai, K., and Chen, H1992) “Nonlinear Soil-

Pile Interaction Model for Dynamic Lateral Motionldurnal of Geotechnical
and Geoenvironmental Engineerjrigl8(1), 89-106.

415



Novak, M. and Aboul-Ella, F. (1978) “Impedence ftiaos of piles in layered
media”,J. Eng. Mech. Diy ProcASCE, 104, 643-661.

Patrick, M.D., Huo, X.S., Puckett, J.A., Jablin, &hd Mertz, D. (2006).
“Sensitivity of live load distribution factors toehicle spacing”Journal of
Bridge EngineeringASCE, 11(1), 131-134.

Ramachandran, J. (2005) “Analysis of pile foundaiander seismic loading”
CBE Institute Final Report.

Reese, L.C. (1997) "Analysis of laterally loadebttpiin weak rock.Journal
of Geotechnical and Geoenvironmental Engineerih§CE, 123(11), 1010-
1017.

Reese, L.C., Cox, W.R. and Koop, F.D. (1974) "Asa\of laterally loaded
piles in sand."Proceedings, VI Annual Offshore Technology Confszen
Houston, TX, II(OTC 2080), 473-485.

Reese, L.C., Cox, W.R. and Koop, F.D. (1975) "Figlsting and analysis of
laterally loaded piles in stiff clay.'Proceedings, VII Annual Offshore
Technology Conferencelouston, TX, II(OTC 2312), 672-690.

Reese, L.C. and Welch, R.C. (1975) “Lateral logdih deep foundations in
stiff clay." Journal of Geotechnical EngineeringSCE, 101(GT7), 633-649.

Romo, M.P. and Ovando-Shelley, E. (1999) “P-Y Carver Piles under
Seismic Lateral LoadSGeotechnical and Geological Engineerjrig(4), 251-
272.

Ruangrassamee, A. and Kawashima, K. (2003) “Comtfaionlinear bridge
response with pounding effect by variable dampedEsi§jineering Structures
25, 513-606.

Saadeghvaziri, M.A., Yazdani-Motlagh A.R., Rashifli, (2000) “Effects of
soil-structure interaction on longitudinal seismesponse of MSSS bridges,
Soil Dynamic and Earthquake Engineeri2@(1-4), 231-242.

Saatcioglu, M. and Yalcin, C. (2003) “External #tressing Concrete
Columns for Improved Seismic Shear Resistand®trnal of Structural
Engineering ASCE,Vol. 129(8), 1057-1070.

Shamsabadi, A., Rollins K. M., Kapuskar, M. (200°Nonlinear Soil-
Abutment-Bridge Structure Interaction for SeismicerfBrmance-Based

416



Design” Journal of Geotechnical and Geoenvironmental Engjiimg, ASCE,
133(6), 707-720.

Shirato, M., Koseki, J. and Fukui, J. (2006) “ Ameonlinear hysteretic rule
for winkler type soil-pile interaction spring thabnsider loading pattern
dependencySoil and Foundation Japanese Geotechnical Soclkéifz), 173-
188.

Skempton, A. W. (1951), “The bearing capacity @ysl’, Building Research
Congres, Division,IPart 3, London, 180-189.

Soltani, A. A., Kukreti, A. R., (1992) . "Performaa Evaluation of Integral
abutment Bridges"”, Transportation Research Record, No 1371
Transportation Research Board, National Researcinglo Washington,
D.C., USA, 17-25.

Spyrakos, C. and Loannidis, G. (2003) “Seismic badreof a post-tensioned
integral bridge including soil-structure interacti¢SSI).” Soil Dynamics and
Earthquake Engineerin@3, 53-63.

Steiger, D. J., (1993) . "Jointless Bridges Providesl For Controversy,
Roads and Bridges1 (11), 48-54.

Takeda, T., Sozen, M.A., Nielsen, N.N. (1970) “Refned Concrete
Response to Simulate Earthquakigurnal of the Structural DivisioASCE,
Vol. 96, No. ST12 2557-2573.

Tarhini, K. M. , Frederick R.G. (1992) “ Whell Lodistribution in I-Girder
Highway Bridges” Journal of Structural Engineering/0l.118, No.5

Tseng, W. and Penzien, J. (1973) “Analytical iniggions of the seismic
response of long multiple-span highway bridges’rtiitpuake Engineering
Research Center, University of California, Berkel@p

Wang, S., Kutter, B. L., Chacko, J. M., Wilson, W., Boulanger, R. W.,
Abghari, A. (1998) “Nonlinear seismic soil-pilergtture interaction.”
Earthquake Spectrd 4(2), 377-396,

Westergaard, H. M. (1930) “Computation of StresseBridge Slabs due to
Wheel Loads’Public Roads11 (1), 1-23.

Wilson, J. C. (1988) "Stiffness of non-skew morotitbridge abutments for

seismic analysisEarthquake Engineering and Structural Dynamit8: 867—
883.

417



Wilson, D. W., Boulanger, R. W., Kutter, B. L. (ZD0"Seismic lateral
resistance of liquefying sandJournal of Geotechnical & Geoenvironmental
Eng, 126(10): 898-906.

Wolde-Tinsae, A. M., Klinger, J. E., Mullangi, K1988a) . "Bridge Deck
Joint Rehabilitation or Retrofitting - Final Report Department of Civil
Engineering, Maryland University, College Park, MIGA.

Wolde-Tinsae, A. M., Klinger, J.E., White, E.J.98Bb). "Performance of
Jointless Bridges"ASCE Journal of Performance of Constructed Faetti
2 (2), 111-128.

Wu, G. and Finn, W.D.L. (1997) “Dynamic nonlineanadysis of pile
foundations using finite element method in the tith@main” Canadian
Geotechnical JournalB4: 44-52.

Veletsos, A.S. and Younan, A.H. (1993) “Dynamic mloty and response of
soil-wall systems'Journal of Geotechnical EngineeringSCE, Vol. 120, No.
12 2155-2179 R.A.

XTRACT v3.0.7 (2009) Cross-sectional X Structuraladysis of Components.
Rancho Cordova CA. TRC/Imbsen Software Systems.

Yousif, Z. and Hindi, R. (2007) “AASHTO-LRFD Livedad Distribution for
Beam-and-Slab Bridges: Limitations and Applicapilittlournal of Bridge
Engineering ASCE 12(6), 765-773.

Zanardo, G., Hao, H., Modena, C. (2002) “Seism&pomse of multi-span
simply supported bridges to a spatially varyingtleguake ground motion”
Earthquake Engineering & Structural Dynami@&$(6), 1325 — 1345.

Zokaie, T., Osterkamp, T.A., and Imbsen, R. A. (99 Distribution of
Wheel Load Highway Bridges.National Cooperative Highway Research
Program Report 12-26/1Transportation Research Board, Washington, D.C.

Zokaie, T. (2000) “AASHTO-LRFD Live Load Distribwin Specifications”
Journal of Bridge EngineeringASCE,Vol. 5, No.2.

418



CURRICULUM VITAE

Department of Engineering Sciences
Middle East Technical University
Ankara, 06531 Turkey

TEL: +90(312) 210-2396
FAX: +90(312) 210-4462
esemih@metu.edu.tr

EDUCATION

Ph.D.Engineering Sciences, Middle East Technical Uniters

B.Sc.Civil engineering, Cukurova University

PUBLICATIONS
Journal Publications

* International Refered Journals (SCI & SCI Expanded
index)

1. Dicleli, M. andErhan, S. “Effect of Soil and Substructure Properties on
Live Load Distribution in Integral Abutment BridgesASCE Journal of
Bridge EngineeringVolume 13, Issue 5, pp. 527-539, 2008.

2. Dicleli, M. and Erhan, S., “Effect of Soil-Bridge Interaction on the
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