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ABSTRACT

EFFECT OF SKEW ON LIVE LOAD DISTRIBUTION IN INTEGRAL
BRIDGES

Erol, Mehmet Ali
M.S., Department of Engineering Sciences
Supervisor: Prof. Dr. Murat Dicleli

December 2009, 145 pages

Structural analysis of highway bridges using complicated 3-D FEMs to
determine live load effects in bridge components is possible due to the
readily available computational tools in design offices. However, building
such complicated 3-D FEMs is tedious and time consuming. Accordingly,
most design engineers prefer using simplified 2-D structural models of the
bridge and live load distribution equations (LLDEs) available in current bridge
design codes to determine live load effects in bridge components. Basically,
the live load effect obtained from a 2-D model is multiplied by a factor
obtained from the LLDE to calculate the actual live load effect in a 3-D
structure. The LLDE available in current bridge design codes for jointed

bridges were also used for the design of straight and skewed integral bridges



by bridge engineers. As a result, these bridges are either designed
conservatively leading to additional construction cost or unconservatively
leading to unsafe bridge designs. Recently, LLDEs for integral bridges (IBs)
with no skew are developed. To use these equations for skewed integral
bridges (SIBs) a correction factor is needed to multiply these equations to
include the effect of skew. Consequently, in this research study, skew
correction factors for SIBs are developed. For this purpose, finite element
models of 231 different three dimensional and corresponding two
dimensional structural models of SIBs are built and analyzed under live load.
The analyses results reveal that the effect of skew on the distribution of live
load moment and shear is significant. It is also observed that skew generally
tends to decrease live load effects in girders and substructure components of
SIBs. Using the analyses results, analytical equations are developed via
nonlinear regression techniques to include skew effects in the LLDEs
developed for straight IBs. The developed skew correction factors are
compared with FEAs results. This comparison revealed that the developed
skew correction factors yield a reasonably good estimate of the reduction in

live load effects due to the effect of skew.

Keywords: Skew, Skew Correction Factor, Integral Bridge, Live Load
Distribution Factor
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INTEGRAL KOPRULERDE VEREVIN HAREKETLI YUK DAGILIMINA
ETKISI

Erol, Mehmet Ali
YiUksek Lisans, Muhendislik Bilimleri Bolim
Tez Yoneticisi: Prof. Dr. Murat Dicleli

Aralik 2009, 145 sayfa

GUnimuzde képru elemanlarindaki hareketli yik etkisinin tG¢ boyutlu sonlu
elemanlar modelleri ile yapilmasi tasarim ofislerindeki mevcut programlarla
mumkanddr. Fakat, bu tir ¢ boyutlu komplike modellerin yapilmasi zor ve
zaman alici bir surectir. Bu sebeple, tasarim muhendislerinin ¢ogu képri
elemanlarindaki hareketli yUk etkilerini belirlemek icin sadelestiriimis iki
boyutlu modelleri ve standartlarda yer alan hareketli yik dagihm katsayilarini
tercih etmektedir. Bu ydéntemde, basit iki boyutlu bir modelden elde edilen
hareketli ylk etkileri hareketli yik dagilim katsayisi ile ¢arpilarak ¢ boyutlu
yapidaki hareketli yik etkileri hesaplanir. GUnimuiz standartlarinda klasik
képriler icin bulunan bu hareketli yik dagilim denklemleri képri mihendisleri
tarafindan diz ve verevli integral kdprilerin tasariminda da kullaniimistir.

Sonug olarak, bu formullerle tasarlanan integral kdprller ya emniyetli tarafta
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kalinarak asiri maliyetli, ya da emniyetsiz tarafta insa edilmigtir. Yakin
zamanda, verevsiz integral kopriler igin hareketli yok dagihm katsayilar
gelistirilmigtir. Bu denklemleri verevli integral kdprilerde kullanmak icin verev
etkisini bu formdllere dahil edecek bir dizeltme katsayisi gerekliligi ortaya
cikmistir. Sonug olarak, bu calismada verevli integral kdpriler icin diizeltme
katsayilari gelistirilmistir. Bu amacla 231 farkl ¢ boyutlu ve ayni sayida iki
boyutlu verevli integral kdpri modeli olusturulmus ve hareketli yik altinda
analiz edilmistir. Analiz sonuclari, verevin hareketli yik momenti ve kesme
kuvveti Gzerinde kayda deger bir etkisinin oldugunu agiga ¢ikarmigtir. Ayni
zamanda, verev etkisinin genel olarak verevli integral ko&prilerin
elemanlarinin hareketli yik momentini ve kesme kuvvetini azaltma egiliminde
oldugu gdzlemlenmigtir. Analiz sonuglar kullanilarak lineer olmayan
regresyon teknikleri ile integral kdpriler icin gelistirilen hareketli yik dagihm
katsayilarina verev etkisini dahil etmek icin analitik denklemler elde edilmigtir.
Gelistirilen katsayilar sonlu elemanlar yéntemi ile elde edilen sonuglar ile
karsilastirimistir. Bu karsilastirma, gelistirilen formullerin verevli integral
képri elemanlarindaki hareketli yUk etkilerini yeterince iyi tahmin ettigini

gOstermigtir.

Anahtar Kelimeler: Verev, Verev Dizeltme Katsayisi, integral Koépri,

Hareketli YUk Dagilim Katsayisi
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CHAPTER 1

INTRODUCTION

1.1 Introduction

An integral bridge (IB) is one in which the continuous deck and the
abutments are cast monolithically to form a rigid frame structure as shown in
Figure 1. The main difference between a conventional jointed bridge (bridges
with expansion joints) and an IB is at the abutments. In IBs, the abutments
are generally thinner than those of conventional jointed bridges and are
supported on a single row of steel H-piles to provide the required lateral
flexibility for accommodating the longitudinal bridge movements due to daily
and seasonal temperature variations. IBs have many advantages when

compared to conventional jointed bridges. The main advantages of IBs are:

i.  The use of integral abutments eliminates the need for deck joints and
expansion bearings which are expensive to buy and install. Elimination
of these elements leads to significant cost savings for the construction
of bridges.

i. Conventional jointed bridge abutments are generally supported by
multiple rows of piles; on the other hand; IB abutments are supported
by single row of piles. The reduction of number of piles lowers the

construction costs considerably.



Presence of deck joints accelerates the deterioration of the bearings
and the substructures by allowing water to leak through expansion
joints. The expensive maintenance costs in conventional jointed
bridges (Wolde-Tinsae, et al. 1988a, 1988b; Burke 1988, 1990a;
Steiger, 1993) are reduced by the elimination of expansion joints in
IBs.

iv.  Since the design of IBs is not as complex as conventional bridges, it is
easier to make simple structural modifications like widening of the
bridge.

v.  Stability, durability and life expectancy of bridges are improved by the
elimination of joints.

vi.  Under seismic loading, IBs generally exhibit better overall structural
performance (Khan, 2004; Sritharan, et al., 2005).

Asphalt Asphalt
I I I I
l T i
CIo I
i Approach  Cycle Approach
' [ slab Control = Slab
T Joint !
I Abutment
-«— Abutment
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As far as the stability, durability and economy of bridges are concerned, 1B
concept becomes a viable alternative to conventional jointed bridges.
Consequently, IBs are becoming very popular and they are commonly used
as an alternative to conventional jointed bridges in most parts of USA,
Canada and Europe (Wolde-Tinsae, et al. 1988a, 1988b; Burke 1990a,
1990b, 1994; Soltani and Kukreti 1992; Dicleli 2000). When the geometry
does not allow for building a straight IB, skewed IBs (SIBs) are designed.
However, standard design methods for IBs have not been fully established
yet. Thus, many practicing engineers use the provisions for regular jointed
bridges in current bridge design specifications such as AASHTO LRFD
(American Association State Highway Transportation Officials Load and
Resistance Factor Design, 2007) to design IBs. This also includes using such
provisions for the design of IB girders and substructure components such as
abutments and piles under live load effects.

Most bridge engineers use simplified two-dimensional (2-D) structural models
and live load distribution equations (LLDEs) readily available in bridge design
specifications to determine live load effects in bridge girders. The LLDEs in
AASHTO LRFD were basically developed for straight jointed bridge girders
(skew correction factors (SCF) are used for SIBs) where the superstructure is
separated from the abutments via expansion joints. Therefore, these LLDEs
are not suitable for the design of substructure components of IBs under live
load effects. Furthermore, in the case of IBs, the monolithic construction of
the superstructure-abutment joint forces the superstructure and the
abutments to act together under live load effects. The continuity of the
superstructure-abutment joint in IBs is found to improve the distribution of live
load moment among the girders especially for short spans (Dicleli and Erhan
2008a). Accordingly, using the LLDEs in AASHTO LRFD Specifications for
the design of IB girders may result in incorrect estimates of live load effects.



To address these problems, recently, Dicleli and Erhan (2009a) conducted
an extensive research study where they obtained LLDEs for the design of 1B
girders and substructure components. In the LLDEs developed by Dicleli and
Erhan, the effect of skew was totally neglected. Therefore, these LLDEs are
not suitable for SIBs. Accordingly, SCFs that will be used with the LLDEs
developed by Dicleli and Erhan (Dicleli and Erhan 2008a, 2009a) are urgently

needed to estimate live load effects in SIB components.

1.2 Research Objectives and Scope

The objective of the present research study is to develop SCFs for LLDEs of
IBs. This research study is focused on symmetrical, single span slab-on-
girder IBs (Figure 2 (a)) with skews varying from 0 to 60 degrees. IB girders
are assumed to be commonly used AASHTO type prestressed concrete
girders. A typical single-span IB cross-section with such girders is shown in
Figure 2 (b). End-bearing steel H-piles, which are typically used in IB
construction, are used to support the abutments of IBs. A moment connection
is assumed between the piles and the abutment as well as between the
superstructure and the abutment per current state of design practice (Husain
and Bagnariol 1996). Granular material typically used in IB construction is
assumed for the backfill behind the abutments while cohesive soil (clay) is
assumed for the pile foundations (Figure 2 (a)).

Moreover, the scope of this research study is limited to short to medium
length IBs where the superimposed dead load and thermal effects are
assumed to be less significant compared to live load effects. Consequently,
yielding of the piles is not anticipated under total load effects and the
behavior of the backfill and foundation soil remains within the linear elastic
range as proven by an earlier research study (Dicleli and Erhan 2008b) due

to the small lateral displacements of the abutments and piles under live load



effects. This also ensures that potential formation of a gap behind the
abutment due to cyclic thermal movements is negligible.
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Figure 2. (a) A typical single span IB (Dicleli and Erhan 2008a), (b) Typical
slab-on-girder bridge cross-section, (c) Plan view of a SIB.



1.3 Research Outline

This research is composed of six main phases:

In the first phase of the study, an extensive literature review on the
development of the LLDEs for conventional jointed bridges and IBs is
carried out. Next, a literature review on finite element modeling
techniques for standard and skewed bridges is also carried out. The
knowledge gathered from this literature review is used to built finite
element models (FEMs) of SIBs to determine the live load effects in

the components of such bridges as precisely as possible.

In the second phase of the research study, sensitivity analyses are
performed to investigate the effect of finite element modeling
technigues on the accuracy of the analyses results under AASHTO
live load. This phase also includes the determination of geometric,
structural and geotechnical parameters, which are used in finite
element analyses (FEAs), to obtain SCFs to accurately estimate live
load effects in the components of SIBs. A set of 2-D and three
dimensional (3-D) SIB models is then built using the finite element
based program SAP2000 with regards to the determined parameters
to obtain SCFs.

This phase of the research study includes the determination of the
truck positions and loading patterns to estimate the maximum live load
effects in SIB components.



iv.  In the fourth phase of this research study, a visual basic program is
developed to prepare input data for the FEMs and extract output data

from the FEAs of the same models of SIBs.

v. In the fifth phase of this research study, 3-D and 2-D FEAs of the
aforementioned SIB models with respect to the selected parameters
are analyzed under AASHTO live load. From the analysis results the
maximum live load moments and shears in the components of SIBs
are determined. The live load effects obtained from 3-D models are
then divided by the values obtained from the corresponding 2-D

models to calculate the live load distribution factors (LLDFs).

vi.  In the sixth phase of the research study, SCFs are formulated for the
LLDEs developed by Dicleli and Erhan to accurately determine live

load effects in SIB components.

1.4 Review of Previous Studies

1.4.1 Live Load Distribution Equations

Structural analysis of highway bridges using complicated 3-D FEMs to
determine live load effects in bridge components is possible due to the
readily available computational tools in design offices. However, building
such complicated 3-D FEMs is tedious and time consuming. Accordingly,
most design engineers prefer using simplified 2-D structural models of the
bridge and LLDEs available in current bridge design codes to determine live
load effects in bridge components. The maximum moment and shear of an
individual bridge member is then determined by multiplying the maximum



moment and shear obtained from 2-D frame analysis of the bridge under
truck load by the LLDEs available in design codes (AASHTO 2007).

The AASHTO Standard Specifications for Highway Bridges' simple S/D
formulae have been used for an extended period of time as LLDFs in most
common cases for calculating the live load bending moment and shear in
bridge girder design; where S is the girder spacing and D is a constant which
depends on the type of the bridge superstructure. The AASHTO Standard
Specifications for Highway Bridges have contained LLDFs since 1931. The
earlier versions of LLDFs were based on the work done by Westergaard
(1930) and Newmark (1948), but the factors were modified as new research
results became available (Barr et al. 2001). The traditional S/D formulae are
easy to apply, although they can be overly conservative for some ranges of
span lengths while unconservative for others (Cai 2005; Puckett et al. 2005).
The applicability of these formulae in the AASHTO Standard Specifications is
limited by the fact that they were developed considering only non-skewed,
simply supported bridges. However, the S/D formulae are also used by some
bridge designers even in bridges with complicated geometries such as high
skew, curved alignment, as well as continuous and IBs (Mourad and Tabsh
1999) since design guidelines for such bridges do not exist. Therefore, these
bridges may either be designed in a conservative way which involves the
additional cost or in an unconservative way which leads to unsafe bridge
designs (Zokaie et al. 1993). The studies on the development of LLDFs
before 90's were based on the determination of new D values in the
AASHTO load distribution formula (S/D) (Hays et al. 1986; Bakht and Moses
1988). Bakht and Moses (1988) presented a procedure to calculate the
constant D which was expressed as a function of the span length. The span
length was found to be an important parameter in calculating the distribution
factor.



After 90’s, additional geometric and structural parameters such as slab
thickness, bridge span, girder stiffness etc., were included in the new
AASHTO LRFD Specifications which uses live load distribution formulae to
get more accurate results. The specifications additionally require the
application of SCFs when the bridge supports are skewed. More precise but
complex LLDFs were developed under National Cooperative Highway
Research Program (NCHRP) Project 12-26 (Zokaie et al. 1991). These new
equations have been published in the AASHTO LRFD Specifications (1994)
then modified in more recent editions of AASHTO LRFD Specifications
(1998, 2007). The LLDFs in AASHTO LRFD Specifications are more
accurate than those provided in AASHTO Standard Specifications (Cai 2005;
Mabsout et al. 1997). However, designers are concerned mainly about the
complexity of the AASHTO LRFD distribution factor equations. The AASHTO
LRFD procedure includes SCFs, a different set of equations for moment and
shear, different sets of equations for interior and exterior girders as well as
limited ranges of applicability due to the bridge structural and geometric
properties imposed on the equations. Therefore, simpler and less complex
LLDEs would be welcomed by the bridge design community. As a result, a
new study under project NCHRP 12-62 was initiated for this purpose and is
on-going (Cai 2005).

1.4.2 Integral Bridges

The IB concept is defined as the practice of constructing bridges without deck
joints. Arch bridges, rigid-frame bridges and culverts can be classified as I1Bs
(Dicleli 2000). I1Bs were first considered after observing the successful
performance of older bridges with inoperative joints (Mourad and Tabsh
1999). Subsequently, bridge engineers started to eliminate the deck joints at
piers and abutments after the moment distribution method (cross method)



was first developed by Cross (1930) in early 1930s since this method allowed
for the analysis of statically indeterminate structures such as rigid frame
bridges. Therefore, concrete rigid frame bridges became very popular and a
standard type of construction for many transportation departments by the mid
of 20™ century. Currently a number of state departments of transportation
provide limited in-house design guidelines for IBs based on past experience
and performance of older IBs.

Most recent research publications on IBs are related to the effect of thermal
(Dicleli and Albhaisi 2003, 2004; Dicleli 2005) and seismic (Khan 2004;
Sritharan et al. 2005; Steinberg et al. 2004) loading on the performance of
IBs. Only few studies on live load analysis of IBs have been found in the
literature (Dicleli and Erhan 2008b; Mourad and Tabsh 1999, 1998).
Recently, Dicleli and Erhan (2008a, 2009a) conducted an extensive research
study where they obtained LLDEs for the design of IB girders and
substructure components. However, in the LLDEs developed by Dicleli and
Erhan the effect of skew was totally neglected. Accordingly, SCFs that will be
used with the LLDEs developed by Dicleli and Erhan (2009a, 2009b) are

urgently needed to estimate live load effects in SIB components.
1.4.3 Skewed Integral Bridges

When the geometry and conditions does not allow designing straight bridges,
skewed bridges are designed. Skewed bridge is a bridge, where the
abutments are not perpendicular to bridge centerline. The angle between the
abutment and a line perpendicular to the centerline of the bridge deck is
defined as skew angle (8) as shown in Figure 2 (c). Currently, two-thirds of
bridges constructed in the U.S. are skewed (AASHTO 2007). Although skew

generally decreases extreme force effects due to live load, it produces
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negative moments at the corners, torsional moments within the end zones
and redistribution of reaction forces at the supports (AASHTO 2007).
Therefore, AASHTO LRFD specifications require the application of SCFs to
the LLDFs obtained for straight bridges when the bridge is skewed. There is
also a similar need to estimate live load effects in SIB girders and
substructure components. Due to the absence of provisions for the
calculation of live load effects in SIBs, most design engineers use the
AASHTO LLDEs which are actually developed for skewed conventional
jointed bridges. Consequently, most design engineers generally calculate the
live load effects in the abutments and piles of SIBs by using the AASHTO
LLDEs developed for the girders of jointed bridges. This approach is based
on the assumption that the same rotations about a transverse axis
perpendicular to the longitudinal direction of the bridge occur both in the
abutments and the girders under live load due to the monolithic construction
of the superstructure-abutment joint in SIBs. However, it is anticipated that
the concentrated rigidity of a particular girder combined with those of the
adjacent girders connected to the abutment having a smeared rigidity, may
produce a live load distribution within the abutment and piles different than
that calculated using the LLDEs developed for the girders of jointed bridges
(Dicleli and Erhan 2009b). Therefore, using AASHTO LLDEs may results in
either conservative or unconservative estimates of the live load effects in the

piles and abutments of SIBs.

1.4.4 Modeling

The finite element method is a well-accepted method of analysis. However,
any method of analysis or modeling technique requires some degree of

approximation when applied to a real structure. Therefore, a realistic FEM is
required for an accurate determination of LLDFs. For this purpose, many
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researchers have developed FEMs to obtain accurate predictions of LLDFs
for bridge girders. One of these models developed by Hays et al. (1986) for
the Florida Department of Transportation, which predicts the lateral load
distribution of bridges with single span under flexural bending, is not only
simple but also accurate. In the FEM, linear elastic behavior was assumed.
The concrete slab was idealized as quadrilateral shell elements with five
degrees of freedom at each node and steel girders and diaphragms were
modeled as standard frame elements.

A study was performed on deck slab stresses in IBs using a finite element
program called ALGOR to simulate the bridge features (Mourad and Tabsh
1999). In this study, the deck slab and beam web were modeled with four
node rectangular shell elements, flanges and piles were modeled with two
node space beams and the abutments were modeled with eighth node brick
elements. In this study, the deck stresses determined from the FEA were
about 40% less than those calculated using AASHTO LRFD equations.

Mabsout (1997) conducted an extensive research study to compare four
finite element modeling techniques reported in the literature used in
evaluating the wheel load distribution factors of steel girder bridges. In the
first model, the concrete slab was idealized as quadrilateral shell elements
with five degree of freedom at each node and steel girders were idealized as
space frame members (Hays et al. 1986). In the second model, the concrete
slab and girders were modeled as quadrilateral shell elements and
eccentrically connected space frame members respectively (Imbsen and Nut
1978). In the third one, the concrete slab and steel girders were modeled as
quadrilateral shell elements and girder flanges were modeled as space frame
elements (Brockenbrough 1986). In the last one, the concrete slab was
modeled using isotropic eight node brick elements with three degree of
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freedom at each node and the steel girder flanges and webs were modeled

using quadrilateral shell elements.

Faraji et. al. (2001) used a 3-D FEM to simulate the behavior of a three-span
IB under thermal loading. In this model, the deck slab is modeled using
bending and stretching plate elements while the steel stringers and
diaphragms are modeled as beam elements. Abutment walls are modeled as
plate elements. The piers are modeled as beam elements. The soil response
behind the abutment walls is modeled using uncoupled nonlinear springs.
HP-Piles are modeled using beam elements. Soil response next to each pile

is modeled with 15 nonlinear springs.

The information gathered from the literature study on modeling of bridges is
used to build a simple, yet accurate model of SIBs.

1.4.5 Soil-Bridge Interaction

Soil-Bridge interaction is one of the most important factors that affect the IB
behavior especially under thermal loading. In the FEMs built for the
determination of LLDFs, these effects seem to be negligible especially for the
girders (Dicleli and Erhan 2009a).

In the literature, the interaction between the abutment and backfill soil as well
as pile and foundation soil in IBs are considered only under thermal effects
(Duncan and Arsoy 2003; Dicleli and Albhaisi 2003, 2004; Dicleli 2005). The
backfill pressure distribution behind the abutment is inherently nonlinear and
depends on depth, amount and mode of wall displacement (Clough and
Duncan 1991; Faraji et al. 2001; Khodair and Hassiotis 2005). Clough and
Duncan (1991) obtained the variation of the backfill pressure coefficient (K)
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as a function of the abutment displacement from the experimental data and
FEAs. This relationship was used recently by Dicleli (2000, 2005) and Dicleli
and Albhaisi (2003, 2004) to model abutment-backfill behavior under thermal-
induced displacements of IBs. Such thermal-induced displacements are large
and hence require a fully defined pressure-distribution versus abutment
displacement relationship over a complete range of active to passive state.
However, for live load analysis, since the lateral displacement of the
abutment results from the deck-abutment joint rotation, it is anticipated to be
very small. As a result a linear approximation of abutment-backfill interaction
may be adequate using linear springs under compression and no springs
under tension. The linear properties of these springs may be obtained from
the initial slope of abutment-backfill interaction relationship provided by
Clough and Duncan (1991). Dicleli and Erhan’s (2008b) recent research
study has proved the applicability of linear soil behavior for the live load

analysis of IBs.

Generally, the soil pile interaction for a particular point along the pile is
defined as a nonlinear load (P) — deformation (Y) curve, where P is the lateral
soil resistance per unit length of pile and Y is the lateral deflection (Faraji et
al. 2001; Dicleli and Albhaisi 2004) under lateral loading. Several nonlinear
models for P-Y curves are available (Clough and Duncan 1991; Husain and
Bagnariol 1996) in the literature. Load-deformation relationship can be
modeled as elastoplastic (Dicleli and Albhaisi 2004) as well as a nonlinear
parabolic curve (Faraji et al. 2001). However, under live load, the initial linear
portion of the P-Y curve is anticipated to be adequate due to smaller lateral
displacement of the piles. Accordingly, an analysis that incorporates the
linear response of the soil to pile movement may be adequate when studying
the live load distribution in IBs.
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CHAPTER 2

SELECTION OF PARAMETERS AND MODELING

2.1 Selection of Parameters

In earlier research studies (Dicleli and Erhan 2008b, 2009a, 2009b), the IB
superstructure and substructure properties that affect the distribution of live
load moment and shear in the components of IBs are identified. These
parameters are; span length, girder size and spacing for the superstructure
and abutment height, pile size, pile spacing and foundation soil stiffness for
the substructure. Using these superstructure and substructure parameters, a
number of SIB models are built and analyzed to develop SCFs for SIB
components. For the superstructure, the span lengths of the SIBs considered
in the analyses are assumed as 10, 15, 20, 25, 35, 40, 45 m. Furthermore, as
AASHTO prestressed concrete girders are commonly used in IB
construction, AASHTO prestressed concrete girder types; Il, IV and VI
spaced at 1.2, 24, 3.6 and 4.8 m are considered in the analyses.
Overhanging slab length for the SIBs considered in this study is assumed to
be 1.2 m excluding the cases where the effect of girder spacing is studied.
the For the cases where the effect of girder spacing is studied overhanging
slab length is taken as 0.6 m since a larger overhanging slab length may not
be suitable for the case of 1.2 m girder spacing (generally the overhanging
slab length is limited to %60 of the girder spacing (Canadian Highway Bridge
Design Code). For the slab, the thickness is assumed to be 0.15, 0.2, 0.25,
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0.3 m. The strength of the concrete used for the prestressed concrete girders
is assumed to be 50 MPa while those of the slab and abutments are
assumed to be 30 MPa. For the substructure, the abutments are assumed to
be 2.5, 3, 4 and 5 m tall and supported by 12 m long end-bearing steel HP
piles. The spacing of the piles is assumed to be 1.2, 1.8, 2.4 and 3 m. In
addition, the foundation soil surrounding the piles is assumed to be soft,
medium, medium-stiff and stiff clay with an undrained shear strength (C,) of
20, 40, 80 and 120 kPa, respectively. The granular backfill behind the
abutments is assumed to have a unit weight of 18, 20, 22 kN/m® to study the
effect of backfill compaction level on live load distribution in SIB components.
The range of values considered for each parameter is given in Table 1. For
each parameter, a commonly used design value is selected as a reference
value. When studying the effect of a certain parameter, the value of the
parameter is changed within the given range while the rest of the parameters
are assigned their reference values. Accordingly, eleven sets of analyses are
conducted as shown in the first column of Table 2. In each analysis set, one
of the parameters is considered to be dominant. For instance, in Analysis Set
1 while the number of beams is the main parameter, in Analysis Set 2 the
foundation soil stiffness is the main parameter. For the main parameter, the
full range of values considered is included in the analyses while the
remaining parameters assume constant values. To highlight the effect of
skew, each analysis set includes the full range of skews considered. For
instance, in Analysis Set 1 while the number of girders is selected as a
dominant parameter, each number of girder parameter also includes six

skews considered in these analyses.
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Table 1: Parameters considered in the analyses

Parameters Constants Variables
Number of Girders 4 6,8, 10
Skew (Degree) - 0, 10, 20, 30, 40, 50, 60
Undrained Shear Strength (kPa) 40 20, 80, 120
Pile Size 250x85 310x125
Pile Spacing (m) 2.4 1.2,1.8,3
Abutment Height (m) 3 2.5,4,5
Abutment Thickness (m) 1 1.5
Backfill Unit Weight (kN/m°) 20 18, 22
Span Length (m) 30 10, 15, 20, 25, 35, 40, 45
Girder Spacing (m) 2.4 1.2,3.6,4.8
Girder Size Type IV Type Il, Type VI
Slab Thickness (cm) 20 15, 25, 30

This resulted in a total of 231 different 3-D and corresponding 2-D structural
models of IBs and more than 25,000 analyses cases. Analyses cases include
the analyses of both 2-D and 3-D models, the analyses for various
longitudinal positions of the truck for shear and moment and the analyses for
various transverse positions of two or more trucks in the analyses of 3-D
models. Note that the combination of various parameters presented above
may not always be realistic (e.g. the combination of girder type IV and a span
length of 10 m). Although such unrealistic combinations may result in biased
interpretations of analysis results for LLDFs due to the combination of
unrealistic girder sizes with various span lengths, this was done deliberately
to solely study the effect of a certain parameter on the distribution of live load
moment and shear among the girders and substructure components of SIBs
by keeping the other parameters constant and to have adequate data
covering the full range of possible variation of the parameters to incorporate
all possible cases of scenarios. A similar approach was also used in the
development of AASHTO LLDFs.
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2.2 Modeling

Structural models of the SIBs considered in this study are built and analyzed
using the finite element based software SAP2000 (2007). The 2-D and 3-D
structural model of a typical SIB used in the analyses are shown in Figure 3
(a) and (b) respectively. The verification of similar IB models have already
been performed by Dicleli and Erhan (2009c) using the finite element based
program ANSYS (2007).

2.2.1 Superstructure Modeling for Integral Bridges

Mabsout et al. (1997) and Hindi and Yousif (2006) performed a comparative
study on FEMs of slab-on-girder bridges to select an accurate and practical
FEM. Four FEMs of slab-on-girder bridges, which are available in the
literature, are compared in these studies. The first model is based on a study
conducted by Hays et al (1986) where the concrete slab is idealized as
quadrilateral shell elements with five degrees of freedom (DOF) at each node
and the steel girders are idealized as space frame members with six degrees
of freedom at each node. The center of gravity of the slab coincides with the
girders’ center of gravity and the girder properties are transformed to the
deck center of gravity. The model is shown in Figure 4 (a). The second FEM
is based on the research study of Imbsen and Nutt (1978). The concrete slab
is idealized as quadrilateral shell elements and the girders are idealized
using eccentrically placed space frame members. This model is similar to the
first one but, rigid links are imposed to accommodate for the eccentricity of
the girders with respect to the slab as illustrated in Figure 4 (b). The third
FEM is based on the research reported by Brockenbrough (1986). The
concrete slab and the steel girder web are modeled as quadrilateral shell
elements; the girder flanges are modeled as space frame elements while the
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flange to deck eccentricity is modeled by imposing a rigid link as shown in
Figure 4 (c). The fourth and the most complicated FEM is based on the
research study of Tarhini and Frederick (1992). The concrete slab is modeled
using isotropic eight node brick (solid) elements with three DOF at each
node. The steel girder flanges and webs are modeled using quadrilateral
shell elements as demonstrated in Figure 4 (d).
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Figure 4. FEMs of slab-on-girder bridge superstructures proposed by (a)
Hays et al (Hays et al. 1986), (b) Imbsen and Nutt (Imbsen and Nut, 1978),
(c) Brockenbrough (Brockenbrough 1986), (d) Tarhini and Frederick (Tarhini
and Frederick 1992)

The studies conducted by Mabsout et al. (1997) and Hindi and Yousif (2006)
have concluded that the model proposed by Hays et al. (1986) although
simple, gives comparable results to those of the other more complicated
three models. For the slab on steel girder bridge analyzed by Mabsout et al.
(1997) (bridge length=56 feet, bridge width=30 feet, girder spacing=8 feet,
slab thickness=7.5 inches and girder size=W36x160), the maximum girder
moments are calculated as 5.396, 5.396, 4.968 and 5.206 kip-in, for the
models proposed by Hays et al. (1986), Imbsen and Nutt (1978),
Brockenbrough (1986) and Tarhini and Frederick (1992) respectively. Thus, a
finite element modeling technique similar to that proposed by Hays et al.
(1986) is used to model the slab-on-girder deck of SIBs used in this study.
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Accordingly, the bridge slab is modeled using quadrilateral shell elements
with six DOF at each node and the girders are modeled as 3-D frame
elements with six DOF’s at each node as shown in the 3-D structural models
presented in Figure 3 (b). Slab of the bridges with no skew is divided into
equal square elements with 0.6m width for each model under consideration.
For the skewed bridge models two options are available for constructing the
FEM of the slab. The slab can be modeled using either square or
parallelogram shell elements where the sides of the parallelogram shell
elements are parallel to the skewed abutments. Automatic generation of the
shell elements for the slab becomes difficult when using square shell
elements (For the case of parallelogram shell elements, automatic generation
becomes easier due to the uniform element geometry). In addition,
parallelogram shell elements facilitate the placement of the truck wheel loads
especially for the case of girder shear. Therefore, shell elements, in the
shape of a parallelogram, is used for the finite element modeling of the slab.
However, to test the effect of using parallelogram shell elements on the
accuracy of analysis results sensitivity analyses are conducted. For this
purpose, two 30 m long SIBs with skew angles of 30° and 60° are
considered. Both bridges are modeled using rectangular and parallelogram
shell elements for the slab. The analyses results are presented in Table 3.
There is a slight difference between pile moment and shears in favor of the
diagonal modeling technique (responses of square model is smaller). It is
observed that the difference between the two modeling techniques is
negligible.

Table 3: Difference of parallel and square modeling technique for constant

model
Skew M, M, Vo M, Va
30 0.04% -0.92% -0.65% 0.12% -0.18%
60 -0.24% -1.64% -0.80% 0.32% -0.14%

23




Full composite action between the slab and the girders is assumed in the
models. For that reason, the moment of inertia, I, of the girder used in the
FEM is calculated as the moment of inertia, /;, of the composite slab-on-
girder section minus the moment of inertia, /s, of the slab tributary to each
girder (i.e. Iy = I - Is.). Table 4 shows the contribution of the girders and the
girder+slab to the total girder moment. As observed from the table the
difference is negligible. In spite of this negligible difference, the full
contribution of girder+slab is considered in the analyses.

Table 4: Comparison of frame results with frame and shell results for square
and parallelogram modeling of deck slab

Tl\ggﬁﬁlim?e Skew | Model Mg Girder Gir d(lavrlg-SIab Difference
Parallel 30 Constant 1032.388 1038.554 0.60%
Square 30 | Constant 1029.993 1038.944 0.87%
Parallel 60 | Constant 906.820 911.474 0.51%
Square 60 | Constant 903.511 909.270 0.64%

Furthermore, in order to improve the accuracy of the analysis results for the
bridges with the AASHTO type prestressed concrete girders; an exact
solution for the torsional constant of the girders is used in the FEM (Chen
and Aswad 1996). In addition, the abutment-deck joint is assumed to be rigid.
Accordingly, the abutment-deck joint is modeled by assigning a large
modulus of elasticity to the deck shell elements and part of the girders
located within the joint area. This modeling technique has already been
verified by Dicleli and Erhan (2008a).
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2.2.2 Substructure Modeling for Integral Bridges

The literature study conducted on the finite element modeling of abutments
and piles has revealed that the piles are modeled using 3-D beam elements
(Mourad and Tabsh 1999; Faraji et al. 2001) while the abutments are
generally modeled using either 8-node brick elements (Mourad and Tabsh
1999) or shell elements (Faraji et al. 2001). Modeling the abutments using 8-
node brick elements requires the integration of stresses to calculate the
shears and moments. Accordingly, in this study, the abutments are modeled
using Mindlin shell elements (Cook 1995) with six DOF at each node to
accurately simulate shear and bending deformations with minimal
computational effort and the piles are modeled using 3-D beam elements.
Rectangular shell elements are used to model the behavior of the skewed
abutment. In addition, to model the rigidity of the deck-abutment joint, the
abutment shell elements located within the joint area are assigned a large
modulus of elasticity.

2.2.3 Modeling of Soil-Structure Interaction for Integral Bridges

For modeling the soil-structure interaction in SIBs, although the behavior of
the backfill and foundation soil is nonlinear in nature, a linear elastic behavior
is assumed due to the small lateral displacements of the abutments and piles
under live load. The linear soil behavior under live load has already been
validated in an earlier research study by Dicleli and Erhan (2008b). The linear
backfill-abutment and soil-pile interaction modeling is summarized below. A
more detailed description of soil-structure interaction modeling for IBs can be
found elsewhere (Dicleli and Erhan 2008b).
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Figure 5. (a) Deformed shape of an IB under live load (Dicleli and Erhan

|
0.049

2008a), (b) Variation of the backfill pressure coefficient as a function of the
ratio of the abutment movement to abutment height (actual and linear
simulation) (Dicleli and Erhan 2008a)

Under live load effects while the portion of the abutment below the
superstructure centroid moves towards the backfill, the portion of the
abutment above the deck centroid moves away from the backfill as observed
from Figure 5 (a). When the abutment moves towards the backfill as a result
of the rotation at the deck-abutment joint under live load effects, the intensity
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of the backfill pressure depends on the magnitude of the abutment
displacement. The actual earth pressure coefficient, K, may change between
at rest, Ko, and passive, K,, earth pressure coefficients depending on the
amount of displacement. Clough and Duncan (1996) modeled the variation of
the lateral earth pressure coefficient, K, as a function of the ratio, A/H, of
abutment movement to abutment height using experimental data and finite

element analyses.

To model backfill-abutment interaction, a set of linear springs connected at
the abutment-backfill interface nodes below the superstructure centroid along
the height and width of the abutment are used as illustrated in Figure 3. To
calculate the stiffness of these springs, first the coefficient of subgrade
reaction modulus for the granular backfill is calculated using the following
equation (Dicleli and Erhan 2008b).

Assuming small lateral abutment displacements due to live load effects, the
secant slope of the solid curve shown in Figure 5 (b), between A/H=0 and
A/H =0.001 is used to obtain a subgrade reaction modulus, ksn, representing
the relationship between the abutment movement and passive resistance of
the backfill soil (The dashed line in Figure 5 (b)). For this reason, first, the
variation of earth pressure, AP, from at rest (A/H =0) to passive state at A/H
=0.001 is formulated for an arbitrary location, z, measured from the top of the
abutment as;

AP=(K,-K,) 7z (1)
The above equation is divided by the displacement of the wall at A/H =0.001
to obtain ks as;

_(KP_KO)'7'Z 2)
sh —
0.001-H,
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The values of K, at A/H =0.001 and Ky for the backfill are obtained from
Figure 5 (b) as 1.125 and 0.4 respectively. Assuming a unit weight of 20
kN/m?®for the backfill, ks, is computed as;
14500
H

a

ksh

(3)

The stiffness of the linear springs connected at the abutment-backfill
interface is then calculated by multiplying ks by the area tributary to the node
in the 3-D structural model. The backfill stiffness model described above
considers only the passive resistance of the backfill to the movement of the
abutment below the superstructure centroid (Figure 5 (a)) and excludes the
at-rest portion of the backfill pressure which is not directly related to the
loading on the bridge. Consequently, only the resistance of the backfill
mobilized by live load is taken into consideration in the analyses. Note that
under live loads, since the movement of the abutment occurs away from the
backfill above the superstructure centroid (Figure 5 (a)), no spring is
introduced between the superstructure top and the superstructure centroid in
the model. Above the superstructure centroid, the active backfill pressure will
immediately develop behind the abutment at a negligibly small displacement;
that is as soon as the bridge abutment slightly moves away from the backfill.
At that instant, the active backfill pressure simply becomes a load (pressure)
behind the abutment (i.e no stiffness to restrain the movement), which is
already taken into consideration (either as active or as at-rest backfill
pressure depending on the flexibility of the abutment) regardless of the
presence of the live load to incorporate the effect of the backfill pressure at
zero temperature condition in the design of the bridge. However, when the
portion of the abutment underneath the superstructure centroid moves
towards the backfill as a result of the rotation at the superstructure-abutment
joint under live load effects, the restraining effect of the backfill creates a true

abutment-backfill interaction condition affecting the lateral and rotational

28



stiffness of the abutment (i.e. it is not simply a load due to backfill pressure
as in the case of active condition) and it is considered in the structural model.
In fact, as stated earlier, the passive pressure modeling only includes the
portion of the passive resistance (that is, the compression stiffness of the
backfill) mobilized by the movement of the abutment under live load effects
since the at-rest (or in some cases active) earth pressure condition is already
there at zero temperature state. This modeling technique is valid at any
temperature level for short to medium length SIBs since the model takes into
consideration only the portion of the backfill resistance mobilized by the

movement of the abutment due to live load.

Generally, the soil-pile interaction for a particular point along the pile is
defined by a nonlinear load (P)-deformation (Y) curve or P-Y curve, where P
is the lateral soil resistance per unit length of pile and Y is the lateral
deflection. A typical P-Y curve for soil subjected to lateral movement of a pile
is shown with a solid line in Figure 6 (a). This highly non-linear behavior is
simplified using an elasto-plastic curve displayed on the same figure with a
dashed line. The elastic portion is defined with a slope equal to the secant
soil modulus, Es (kN/m?), and the plastic portion is defined as the ultimate soil
resistance per unit length of pile, Qu. In this study, only the elastic portion (Es)
of this elasto-plastic model is used to simulate the force-deformation
response of the soil due to small lateral displacement of the piles under live
load effects (soil response is practically linear). The calculation of the initial
soil modulus Es for clay requires the calculation of the ultimate soil resistance
Qu and the pile deflection, Asy, at 50% of the ultimate soil resistance as
described below.
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Figure 6. (a) Idealization of a typical P-Y curve for soil modeling (Dicleli and
Erhan 2008a), (b) c, versus €5, plot (Evans 1982)

Two types of soil behavior are generally considered in estimating Q, for
laterally moving piles in clay. The first type of behavior occurs near the
surface, where the pile may push up a soil wedge by lateral movement
resulting in so-called wedge action (Dicleli and Erhan 2008b). The second
type of behavior occurs at some depth below the ground surface, where the
soil attempts to flow around the pile. In the case of SIBs, the backfill and the
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embankment soil exert surcharge pressures on the foundation soil and may
prevent the wedge action. Accordingly, the ultimate soil resistance per unit
length of pile, Q, is expressed considering only the second type of behavior.
Thus,

0,=9-C,d, (4)
where C, is the undrained shear strength of the clay and d, is the pile width
(Dicleli and Erhan 2008Db).

Skempton (1951) proposed a method based on laboratory test data,
correlated with field test to calculate the elastic soil modulus, Es. Skempton
found that about one-half of the ultimate soil resistance for a beam resting on
soil (or pile pushing on soil) is developed at a structure deflection, Asy, as
follows;

Ay =2.565d, (5)
where €5 is the soil strain at 50% of ultimate soil resistance. For C, = 20, 40,
80 and 120 kPa used in the analyses, corresponding €50 values of 0.02, 0.01,
0.0065 and 0.0050 are obtained using the range of suggested values (Evans
1982) shown in Figure 6 (b). If the ultimate soil resistance, Qy, is determined,
and the deflection, Asg, at half resistance is computed, then the soil modulus
for clay can be calculated using the following expression;

0,12 _9C,

E, =
Asy ST

(6)

The estimated values for Qy, €50 and the pile width, d, are substituted in Eq.
(4) to calculate the soil modulus. The elastic stiffness, k, of the springs along
the pile is then calculated by multiplying the initial soil modulus, Es, by the
tributary length, h, between the nodes along the pile. Thus:

_ Quh

= 7
5-&-d, (7)
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2.2.4 Two Dimensional Structural Model

For each 3-D structural model of the SIBs considered, a corresponding 2-D
frame version is also built to enable the calculation of LLDFs. The 2-D
structural model of a typical IB used in the analyses is shown in Figure 3. The
model is built using 2-D elastic beam elements considering a single interior
girder. In the structural models, the tributary width of the slab and abutments
is set equal to the spacing of the girders (Figure 7). For the superstructure,
full composite action between the slab and the girders is assumed. The
stiffness properties of the composite slab-on-girder deck are expressed in
terms of the properties of the slab using the transformed section method. The
stiffness properties of the pile elements in the 2-D model are calculated as
the stiffness properties of a single pile multiplied by the number of piles per
girder. The deck-abutment joint is modeled using a horizontal and a vertical
rigid linear elastic beam element (an elastic beam element with large
modulus of elasticity). The soil-structure interaction modeling for the 2-D
model is similar to that for the 3-D model except the spring constants are
calculated using a tributary area equal to the girder spacing times the vertical

spacing between the nodes.

1 Strip 1
|<_>|

rry r

24m 24m 24m

Figure 7. Cross section of a four girder bridge and a strip used in 2-D

modeling
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CHAPTER 3

LOADING

3.1 Live Load Model

The FEAs are performed using the AASHTO LRFD (2007) design live load
designated as HL-93. The AASHTO LRFD design live load includes a design
truck or a tandem and a lane load. The design lane load is not included in
this research, as it was not considered in the development of LLDFs in
AASHTO LRFD (Patrick et al. 2006). In addition, influence line analyses
conducted in earlier studies (Dicleli and Erhan 2008b) have revealed that the
tandem load does not govern the design for the bridges under consideration.
Consequently, the analyses are performed using the design truck alone.

3.2 Estimation of Most Critical Live Load Effects

The maximum load effect on a bridge is based on the position of the truck
both in the longitudinal and transverse directions, the number of loaded
design lanes and the probability of the presence of multiple loaded design
lanes. To calculate the maximum live load effects in the bridges under
consideration, the position of the truck in the longitudinal direction as well as
both the position and the numbers of trucks in the transverse direction are
considered. The AASHTO LRFD spacing limitations, used in the analyses for

the transversely positioned trucks, is shown in Figure 8 (a).
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Figure 8. (a) Minimum clearances for design truck loading for a typical slab-
on-girder bridge cross-section (Dicleli and Erhan 2008a), (b) Truck loading

considered in analyses

First, the design truck longitudinal position is obtained by influence line
analyses. The analyses results are found to be in good agreement with the
findings of a recent research study conducted by Dicleli and Erhan (2008a)
which revealed that a truck longitudinal position for maximum girder moment
(Mg) for an IB is nearly equal to that of a simply supported bridge (Figure 9
(a)). To obtain the maximum shear force in the girder (Vy), the design truck is
positioned such that the 145 kN rear axle of the truck is placed at the deck
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abutment interface for the SIB as illustrated in Figure 9 (a). Then, the design
trucks are moved transversely along the bridge width to obtain the maximum
live load effects (moment and shear) in the girders. This procedure is
repeated for the estimation of critical truck transverse positions for the
maximum abutment moment (M,), abutment shear (Va), pile moment (M)
and pile shear (V,) due to live load. In the estimation of live load effects, the
probability of the presence of multiple loaded design lanes is taken into
consideration by using the multiple-presence factors defined in AASHTO
LRFD (2007).

A sample of two and three lane truck loadings is shown in Figure 9 (b) where
the hatched girder represents the girder where the maximum live load
moment is calculated for an IB with zero skew. Note that the number of
trucks and the arrangement of the transverse truck positions to produce the
maximum live load effect changes based on the number of girders and girder
spacing as shown in Figure 9 (b). The arrangement of transverse truck
position does not change with the remaining parameters considered in this
research study. Accordingly, for all the bridge models considered in this
research study, only the cases where the bridges have various number of
girders (4, 6, 8, 10) and girder spacings (1.2, 2.4, 3.6, 4.8) are loaded with
different transverse truck configurations. This resulted in eight different

transverse truck loading configurations.

In this research, the main live load effects considered are girder moment
(Mg), girder shear (Vg), abutment moment (M,), abutment shear (V,), pile
moment (M,) and pile shear (V). Preliminary analysis revealed that,
maximum values of these live load effects may occur with different truck
configurations and positions. Truck configurations and positions which are
used in this research are determined by influence line analyses to produce
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the maximum live load effects for the considered output parameters. The
number of trucks (Nt) and the transverse position of first truck from the slab
edge (x (m)) is given in Table 5 for various geometric configurations of the
bridges considered (the table is presented for the most critical loading pattern
as described in the following subsections).

35KN  145KN  145kN 35KN  145KN 145 kN
164.3 m 9164.3 m 91 164.3 m 9164.3 m 91
M, v, 1

At abutment face

(a)

1.8m 1.2m 1.8m

[L A 4 A 4 A 4 A

1
IS S

N
/l
24 m 24 m

12m 1.8m 1.2m 1.8m 12m 1.8 m
I | | |
| “1 | |
2.4

| SN I
| “1 |
4 m 24 m 24 m 24 m 24m 24m

(b)
Figure 9. (a) Location of calculated maximum girder shear (Vy) and moment
(My) for IB (Dicleli and Erhan 2008a), (b) A sample of transverse position of
design trucks to produce maximum moment in the hatched girders for the
cases where two- and three-lanes are loaded (Dicleli and Erhan 2008a)
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Table 5: Sample of transverse positions and number of trucks for the
maximum live load effects of bridge with 50 °skew where two or more design

lanes are loaded

Parameters My M. Va Mo Ve
Nt | X(m) | Nt | x(m) | Nt | x(m) | Nt | x(m) | Nt | x(m)
Cons. 2 3 2 | 42 | 2] 42 [ 2| 42 [ 2| 42
Cu 20 2 3 2 | 42 | 2| 42 | 2| 42 | 2 | 42
Cy 80 2 3 2 | 42 | 2| 42 | 2| 42 | 2 | 42
Cu 120 2 3 2 | 42 | 2| 42 | 2 | 42 | 2 | 42
Pile Size | 310x125 | 2 3 2 | 42 | 2| 42 [ 2| 42 [ 2| 42
Se 1.2 2 3 2 | 42 | 2| 42 | 2| 42 | 2| 42
So 1.8 2 3 2 | 42 | 2| 42 | 2| 42 | 2 | 42
So 3 2 3 2 | 42 | 2| 42 | 2| 42 | 2 | 42
w 1.5 2 3 2 | 42 | 2| 42 | 2 | 42 | 2 | 42
y 18 2 3 2 | 42 | 2| 42 | 2 | 42 | 2 | 42
y 22 2 3 2 | 42 | 2| 42 | 2 | 42 | 2 | 42
L 10 2 3 2 | 42 | 2| 42 | 2| 42 | 2 | 42
L 15 2 3 2 | 42 | 2| 42 | 2 | 42 | 2 | 42
L 20 2 3 2 | 42 | 2| 42 | 2 | 42 | 2 | 42
L 25 2 3 2 | 42 | 2| 42 | 2| 42 | 2| 42
L 35 2 3 2 | 42 | 2| 42 | 2| 42 | 2 | 42
L 40 2 3 2 | 42 | 2| 42 | 2| 42 | 2 | 42
L 45 2 3 2 | 42 | 2| 42 | 2 | 42 | 2 | 42
GT Typell | 2 3 2 | 42 | 2| 42 | 2| 42 | 2| 42
GT Type VI | 2 3 2 | 42 | 2| 42 | 2| 42 | 2 | 42
t 15 2 3 2 | 42 | 2| 42 | 2| 42 | 2 | 42
t 25 2 3 2 | 42 | 2| 42 | 2| 42 | 2 | 42
t 30 2 3 2 | 42 | 2| 42 | 2 | 42 | 2 | 42
Ha 25 2 3 2 | 42 | 2| 42 | 2| 42 | 2| 42
Ha 4 2 3 2 | 42 | 2| 42 | 2| 42 | 2 | 42
Ha 5 2 3 2 | 42 | 2| 42 | 2| 42 | 2 | 42
Ny 6 3|06 | 2| 06 | 4 3 4 3 4 3
N, 8 3|06 | 2| 06 | 3| 06 | 4| 06 | 4] 06
N, 10 3|06 | 2] 06 | 3|156| 4| 06 | 3| 06
S 1.2 2| 24 | 2 3 2 3 2 3 2 3
S 2.4 1| 24 | 1 1.8 | 1| 24 |1 ]| 24 | 1| 24
S 3.6 3|12 | 2| 66 | 4| 06 | 4| 06 | 4| 06
S 4.8 3|18 | 3| 24 | 4| 06 | 4| 42 | 4| 06

Nt: number of trucks
x: transverse position of the first truck from the slab edge
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In the case of straight bridges, the truck loading position along the length of
the bridge in a 3-D model completely coincides with that of the 2-D frame
model (Figure 10 (a)). However, in the case of skewed bridges this is not the
case (Figure 10 (b)). The truck longitudinal position in a 3-D model may be
determined by taking as a reference either the lower (bottom) or upper (top)
boundaries of the bridge in the transverse direction or the centerline of the
bridge. Accordingly, in the case of skewed bridges, different loading patterns
arise due to the geometry of the bridge. These loading patterns are
categorized with respect to the way they are aligned along the length of the
bridge. Three of them are straight loading patterns, where all the trucks are
placed on the same line perpendicular to the bridge length, with different
longitudinal alignment points as bottom, center and top of the bridge as
shown in Figure 11. In this type of an arrangement, the longitudinal position
of each transversely positioned truck changes with respect to the abutment
(Figure 11). There is also an additional loading pattern where the trucks are
aligned with respect to the skew of the bridge as shown in Figure 11. In this
type of an arrangement, the longitudinal position of each transversely
positioned truck does not change with respect to the abutment (Figure 11).
The effect of these loading patterns on the maximum live load moment and
shear in SIB components is studied in detail in the following section. This is
done to determine the most critical loading pattern for obtaining maximum
live load effects. The most critical loading pattern is then used in the

remainder of this research study.
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Figure 10. 3-D and 2-D models of bridges with truck loading (grey truck
shows strip 1, black truck shows strip 2) (a) Straight (b) Skewed

Bottom

Center

Top Diagonal

Figure 11. Sample of two lane truck loading pattern for bottom, center, top
and diagonal loading patterns (distance of trucks to bridge abutment for
straight and diagonal loading patterns shown with d1, d2 and d3)
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3.3 Determination of the Most Critical Loading Pattern

In this section, more detailed information is given about the various loading
patterns mentioned above in addition, the analyses results for the selection of
the most critical loading pattern is outlined.

3.3.1 General Information about Loading Patterns

For bridges with no skew the trucks are positioned at equal distances from
the abutment (Figure 11). Therefore, each truck produces the same static live
load moment per truck along the same line for each loaded strip along the
bridge. This means that, there is only one loading pattern for straight bridges.

For skewed bridges however, three loading patterns arise depending on
which part of the bridge is taken as a reference to coincide with the 2-D
model as far as the truck positioning is concerned. These loading patterns
are; bottom, center and top. In the case of the bottom loading pattern, the
lower edge of the bridge (Figure 11) is taken as a reference to coincide with
the 2-D model whereas, for the center and top loading patterns the centerline
and the upper edge of the bridge (Figure 11) are respectively taken as
reference to coincide with the 2-D model. There is an additional loading
pattern for skewed bridges. This is called the diagonal loading pattern. In this
loading pattern, all the trucks are positioned at equal distances from the
abutment. Therefore, in such a loading case each loaded strip exactly
coincides with the 2-D model as far as the truck positioning is concerned
(Figure 11).

In the case of the straight loading patterns (bottom, center, top), the trucks
are positioned along a line perpendicular to the centerline of the bridge. Such

a positioning results in each truck being at a different distance from the
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abutment for skewed bridges (Figure 11). This, in turn, produces different
static live load moments per truck along the same line for each loaded strip.
For instance, for the case where the bottom of the bridge is taken as a
reference to coincide with the 2-D model (bottom loading pattern), when the
trucks are placed to produce the maximum live load moment, only the truck
positioned at the bottom produces the maximum live load effect, while the
other trucks generate smaller live load effects (Figure 10 (b)). This may be
the main reason for having smaller LLDFs for skewed bridges as evident
from the cases considered in this research study and AASHTO.
Consequently, loading pattern becomes an important parameter for
determining the maximum live load effects for SIBs. In the case of straight
loading patterns, some problems exist concerning the truck loading position
to produce the maximum live load effect. For girder shear, the maximum live
load effect is observed when the rear axle of the design truck is positioned at
the deck abutment interface as observed from Figure 9 (a) (Dicleli 2009b). In
the case of straight loading patterns however, this not possible, as the
distance of the truck rear axle from the deck abutment interface increases as
one moves away from the reference loading position (bottom, center or top)
due to skew. Another problem with the straight loading patterns is that, for
the case of short-to-medium length bridges with high skews some of the
truck's wheels may remain outside the bridge boundaries (Figure 12). For
instance, in the case of maximum girder shear loading of a 10 m long bridge
with a skew of 60°, some of the trucks front axle wheels may remain outside

the bridge boundaries.

For the diagonal loading pattern, as mentioned earlier, all the trucks are
positioned at equal distances from the abutment (Figure 11). This, in turn,
produces the same static live load moments per truck along the same line for
each loaded strip. In the case of bridges with no skew, diagonal loading
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becomes a straight loading pattern (Figure 12). Furthermore, compared to
straight loading patterns, this loading pattern generally makes possible the
placement of all trucks wheels within the bridge boundaries (Figure 12).
Diagonal loading pattern is also a better option for girder shear loading as all
the rear axles of the trucks are positioned closer to the abutment deck
interface. However, there are some exceptions for the cases of 10 and 15 m
bridges with high skews as far as the placement of the trucks wheels within
the bridge boundaries is concerned. This is mainly due to one of the 1.8 m
apart wheels not being accommodated within the boundaries of the bridge
due to the effect of high skew (Figure 12).

Bottom

L—

Center

L

S

Figure 12. Effect of skew on truck loading patterns for a sample bridge model

3.3.2 Determination of Most Critical Loading Pattern

In this section, the most critical loading pattern producing the maximum live
load effect is determined. For this purpose, eight 30 m long SIBs with 30°
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skew and eight 30 m long SIBs with 50° skew are considered. Four of the 30°
and 50° skew bridges have 4, 6, 8 and 10 girders with 2.4 m spacings, while
the other four have 4 girders with 1.2, 2.4, 3.6 and 4.8 m spacings. In
addition, two sets of bridges with 30° and 50° skew and span lengths of 10,
15, 20, 25, 35, 40 and 45 m are considered. This is done to cover a wide
range of bridge geometric properties including the span length to accurately
choose the most critical loading pattern producing the maximum live load
effect. The bridges considered in this part of this research study are analyzed
under the aforementioned four loading patterns to obtain the maximum girder
live load moment as well as abutment and pile live load shear and moments.
This resulted in 30 different SIB models and 4088 analyses cases. It is
anticipated that, the diagonal loading will produce the maximum live load
shear in the girders, as this is the only loading pattern where the truck wheel
loads are placed closest to the deck abutment interface. Therefore, no

analysis was conducted for the girder shear.

The analyses results are presented in Figures 13-21. Figures 13-17 display
detailed analyses results for the 30 m long bridge with six girders and 30°
skew. The results for the other cases are similar. In Figure 13-17 the
horizontal axis represents the relative distance (x/W where, x: distance from
the bottom end of the bridge, W: bridge width) of the first transversely placed
truck across the bridge width while the vertical axis represents the maximum
live load effect in a specific component. The figures are plotted for the cases
of one, two, three and four transversely positioned trucks across the width of
the bridge. The analyses results presented in these figures also includes the
multiple presence factors to take into consideration the probability of
presence of more than one truck across the width of the bridge. Figures 18-
21 summarizes the analyses results for all the cases considered in a bar
chart form. In the figures, the horizontal axis represents the model
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considered in the analyses (For instance, Ny=4, S=2.4 represents a bridge
with 4 girders spaced at 2.4 m) while the vertical axis represents the
maximum live load effect in a specific component from all the truck loading
cases considered.

The analyses results presented in Figures 13-17 reveal that the diagonal
loading pattern produces similar or larger live load effects compared to the
straight loading patterns (bottom, center or top). The live load effects in
bridge components produced by the straight loading patterns become only
more significant when the trucks are located closer to the reference point
(bottom, center or top). For the case of short and / or highly-skewed bridges,
the bottom and top loading patterns produce smaller live load effects in
bridge components as one or more of the truck wheels generally remain
outside the bridge boundaries. Center loading pattern on the other hand,
produces larger live load effects in bridge components compared to those
produced by bottom and top loading patterns. However, for highly skewed
bridges (e.g. skew>40) even the center loading pattern cannot accommodate
the placement of all truck wheels within the boundaries of the bridge when

three or more trucks are placed across the bridge width.

The analyses results presented in Figures 18-21 reveal that the diagonal
loading pattern produces the maximum live load effects in all the bridge
components. Therefore, based on the analyses results from the 30 bridges
considered, the diagonal loading pattern is selected to study the effect of
skew on the distribution of live load effects among the components of SIBs
for the remainder of this research study. However, to test the applicability of
this important conclusion for bridges with substructure properties different
than those used in the 30 base bridges considered as part of this research
study further verification analyses are conducted. The analyses are
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conducted for 30 m long bridges with 30° and 60° skew and four girders
spaced at 2.4 m. For these bridges, two pile spacings of 1.8 and 3.0 m and
two abutment heights of 2.5 and 5 m are considered. The bridges are then
subjected to the diagonal truck loading pattern, the analyses results are
compared in terms of the location where maximum live load effect occurs in
various bridge components. The analyses results are presented in Table 6-
Table 9. The results presented in these tables reveal that the maximum live
load effects occur exactly at the same location (longitudinal and transverse)
regardless of the substructure properties. Earlier, it was also found by Dicleli
and Erhan (2010) that the pile and foundation soil stiffness does not alter the
location of maximum live load effects. These further confirm the applicability
of these finding to bridges with different substructure properties.
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Figure 13. Girder moment comparison for 6 girder model with 30 ° skew and
B-C-T-D loading patterns for different trucks
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Figure 14. Abutment moment comparison for 6 girder model with 30 ° skew

and B-C-T-D loading patterns for different trucks
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Fig 15. Abutment shear comparison for 6 girder model with 30 ° skew and B-

C-T-D loading patterns for different trucks
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Figure 16. Pile moment comparison for 6 girder model with 30 ° skew and B-
C-T-D loading patterns for different trucks
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Figure 17. Pile shear comparison for 6 girder model with 30 ° skew and B-C-

T-D loading patterns for different trucks
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Figure 21. Maximum values of bottom, center, top and diagonal loading

patterns for SIB where two or more design lanes are loaded 50 ° skew

Table 6: Comparison of applicability of maximum live load effects for skew 30

with respect to pile spacing

Skew Pile Spacing 1.8m Two Pile Spacing 3m Two Trucks
30 Trucks
x/W M, M. Va Mg M. Va
0.143 | 1014.036 | 217.638 | 88.498 | 1035.242 | 193.368 | 82.040
0.286 | 1019.996 | 178.840 | 87.817 | 1041.162 | 154.594 | 82.057
0.429 | 1005.062 | 181.993 | 87.373 | 1026.081 | 157.802 | 82.143
0.571 | 984.443 | 176.112 | 87.173 | 1005.096 | 151.986 | 82.288
0.714 | 1021.590 | 174.170 | 87.300 | 1042.120 | 147.965 | 82.500
0.857 | 1020.327 | 175.457 | 87.975 | 1040.686 | 150.755 | 83.020
1.000 | 999.362 | 214.341 | 88.835 | 1019.616 | 190.207 | 83.955
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Table 7: Comparison of applicability of maximum live load effects for skew 60
with respect to abutment height

Skew | Abutment Height 2.5m Two Abutment Height 4m Two
30 Trucks Trucks
x/W M, M. Va M, M, Va
0.143 | 1070.401 | 163.067 | 63.485 | 926.988 | 322.624 | 117.978
0.286 | 1076.159 | 121.615 | 63.060 | 933.035 | 272.539 | 117.758
0.429 | 1061.119 | 124.902 | 63.059 | 918.222 | 275.108 | 117.649
0.571 | 1040.488 | 119.352 | 63.239 | 897.684 | 268.444 | 117.637
0.714 | 1077.664 | 114.900 | 63.591 | 934.692 | 257.455 | 117.734
0.857 | 1076.427 | 122.192 | 64.110 | 933.065 | 271.826 | 118.355

1.000 | 1055.568 | 159.775 | 64.786 | 911.835 | 313.164 | 119.574

Table 8: Comparison of applicability of maximum live load effects for skew 60
with respect to pile spacing

Skew Pile Spacing 1.8m Two Pile Spacing 3m Two Trucks
60 Trucks
X/W Mg Ma Va Mg Ma Va

0.143 | 901.253 | 90.741 | 37.744 | 926.156 | 79.816 35.711
0.286 | 888.750 | 77.253 | 37.087 | 913.880 | 66.240 35.220

0.429 | 891.033 | 66.652 | 36.863 | 916.275 | 53.508 35.013

0.571 | 863.647 | 68.602 | 36.877 | 888.258 | 53.917 35.037

0.714 | 900.840 | 70.521 | 37.119 | 925.054 | 58.212 35.293

0.857 | 894.307 | 82.383 | 37.582 | 918.073 | 70.241 35.775

1.000 | 903.673 | 94.837 | 38.261 | 926.975 | 82.890 | 36.476

Table 9: Comparison of applicability of maximum live load effects for skew 60
with respect to abutment height

Skew | Abutment Height 2.5m Two Abutment Height 4m Two
60 Trucks Trucks

X/W Mq Ma Va Mq Ma Va

0.143 | 952.660 | 68.889 | 29.390 | 829.169 | 129.623 | 47.537

0.286 | 939.373 | 56.086 | 28.957 | 817.802 | 114.626 | 46.982

0.429 | 941.120 | 44.108 | 28.754 | 820.803 | 100.662 | 46.779

0.571 | 913.623 | 43.914 | 28.733 | 793.943 | 95.229 46.865

0.714 | 951.022 | 50.170 | 28.900 | 830.225 | 105.679 | 47.239

0.857 | 944913 | 61.501 | 29.250 | 822.482 | 118.821 | 47.888

1.000 | 954.926 | 73.331 | 29.775 | 830.227 | 132.747 | 48.810
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CHAPTER 4

AUTOMATED ANALYSES PROCEDURE

4.1 General

In this research, the effects of skew and several selected parameters on the
distribution of live load effects among the components of SIBs are
investigated. Due to the nature of the large parametric study conducted as
part of this research, 231 SIB models were built and more than 25000
analyses were conducted under various AASHTO LRFD truck loading cases.
The large number of bridge models and loading cases required an automated
analysis procedure. For this purpose, a set of programs were coded using
Visual Basic programming language and calculation tables (IO worksheet)
were created with Microsoft Excel. The Visual Basic program and the
Microsoft Excel tables were used to prepare the loading input data for the
already created FEMs of SIBs in the structural analysis program SAP2000
v11 (Computers and Structures inc, 2007) and to extract the necessary data
such as girder shear and bending moment from the output files generated by
SAP2000.

4.2 Properties of the |10 Worksheet

The 10 worksheet requires as input data the length, width and the skew of
the bridge, the coordinates used for building the FEMs in SAP2000,
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dimensions of shell elements, distance between the axles of the truck and
axle loads, the longitudinal position of the truck obtained by influence line
analysis and the truck loading pattern (Bottom, Center, Top or Diagonal).
Then, the 10 worksheet calculates the values and the coordinates of the truck
loading with built-in Microsoft Excel functions for each bridge model by using
the assigned geometric properties (Figure 22). In the figure the term "row"
represents the row of wheels of the trucks positioned on the bridge and the
grey hatched cells show the required input data. For instance, if there are two
trucks positioned on the bridge there will be four rows of wheels. Details of

these calculations and assumptions are explained below.

Bridge Length 30 [First Coord. -15 Shell Dim. 06
Shells along width 26 |Bridge Width 156 Skew Effect 0.715
Skew 50 | Longitudinal position of first axle to reference point | 3.572 | funandtake
Transverse Position 1 Horizontal distance of first axle to bridge center 2857 r:;::tiif
Loading Type D Y
Axle Loads 17.5 725 | 725 | Axle Distance | 43 |
X Coaordinates of Truck Loading Y Coordinates
8 Row -8.151 -7.551 -12551 | -11.951 -16.951 -16.351 36
7. Row -7.896 -7.296 -12.296 | -11.696 -16.696 -16.096 1.8
6. Row -4.576 -3.976 -8.976 -8.376 -13.376 -12.776 06
5. Row -4.321 -3.721 -8.721 -§.121 -13.121 -12.521 1.2
4 Row -1.001 -0.401 -5.401 -4 801 -9.801 -9.201 24
3. Row -0.746 -0.146 -5.146 -4 546 9546 -8.946 42
2 Row 2575 3175 -1.825 -1.225 5225 -5.625 54
1. Row 2830 3430 -1.570 -0.970 -5.970 -5.370 72
Values of Truck Loading
8. Row 9.259 8.241 26.276 46.224 14.193 58.307
7. Row 16.692 0.808 57.070 15.430 44 986 27.514
6. Row 9259 8.241 26276 46 224 14.193 58.307
5. Row 16.692 0.808 57.070 15430 44 986 27514
4 Row 9259 8.241 26276 46 224 14193 58.307
3. Row 16.692 0.808 57.070 15430 44 986 27514
2. Row 9 259 8241 26276 46 224 14.193 58.307
1. Row 16.692 0.808 57.070 15.430 44986 27514

Figure 22. The 10 worksheet formed for the calculation of values and

coordinates of truck load
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4.2.1 Parameters Used for Calculation

Presence of various span lengths and skews brings out the necessity of
defining a reference point to define the position of the truck loading on the
bridge. Variation of span length as well as the skew leads to a change in
start-end coordinates of the bridges under consideration. Therefore, a
reference point is defined as the bottom-left corner of the bridge deck for the
ease of calculations (Figure 23). The reference point does not change as a
function of skew. It is only dependent on the span length. The coordinates
and values of truck loading are calculated with respect to the reference point.

{/ 7
Reference Point

Figure 23. Reference point for different skews (dashed lines represents the

skewed bridge deck for different skews)

Truck loading parameters, such as distance between the axles of the truck
and axle loads, are also defined as input to broaden the application of the
developed IO worksheet to various truck loading cases other than the
AASHTO truck. In this research, AASHTO LRFD Specifications HL-93 design
truck (Figure 8) is used to obtain the maximum live load effects. HL-93

design truck is composed of three 1.8 m wide axles spaced at 4.3 m. Loading
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values and geometric properties of the design truck are added to the 10

worksheet as an input parameter.

As discussed earlier, four types of truck loading patterns (bottom, center, top
and diagonal) are considered in this research (Figure 11). These loading
patterns are also added to the IO worksheet as input parameters and used
for the calculation of the longitudinal position of the design trucks with respect
to the corresponding reference position (bottom, center, top) across the width
of the bridge. Moreover, a transverse position parameter is also used as an
input parameter to determine the position of the first design truck across the
width of the bridge (this is done to position the truck relative to an existing
curb or barrier / railing on the bridge and for greater flexibility). Then, these
parameters are used for the calculation of values and coordinates of the
design truck loading. Detailed information about the calculation procedure is
explained in the following section.

4.2.2 Calculation Procedure

First, the IO worksheet calculates the coordinates of the reference point with
respect to its span length. Then, the skew angle and the length of the bridge
are used to calculate the coordinates of each shell. The skew angle, the
length of the bridge and the longitudinal position of the design truck obtained
from influence line analyses are also used to calculate the coordinates of the
longitudinal position of the truck wheels with respect to the reference point.
The transverse position of the design trucks as well as the type of the loading
pattern (bottom, center, top and diagonal) under consideration are taken into
account when calculating the longitudinal coordinates of the truck wheels.
SAP2000 requires the wheel loads to be assigned to the shell nodes only.

However, the calculated wheel positions may not coincide with the exact
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positions of the shell nodes. Therefore, in such cases, an inverse ratio
procedure is used to distribute the wheel loads to the shell nodes. According
to this procedure, the wheel load is distributed inversely proportional to the
distance between the wheel load and the neighboring shell nodes (similar to
the calculation of support reactions in a simply supported beam due to a
point load applied on the beam). This procedure is carried out for each
loading point which is not coinciding with the existing shell nodes. For the SIB
models considered in the analyses, the wheel loads needed to be distributed
to the shell nodes in the majority of the cases.

The 10 worksheet, which is formed for the calculation of the design truck
loading values and coordinates, normally works with manual input. For
analyzing numerous models and analyses cases, an automated procedure is
required. A Visual Basic program is coded for this purpose. The Visual Basic
program prepares the required input data for the 10 worksheet, automatically
assigns the design truck loads to FEMs in SAP2000, conducts the analyses
of the models and extracts the response values from the output files. Detailed
information about the Visual Basic program is presented in the following

section.

4.3 Visual Basic Program

Visual basic is a well known programming language for its ability to work in
combination with various programs. Most of the Microsoft software supports
this programming language, which is embedded within the Microsoft modules
such as Excel. The finite element based program SAP2000 vi1 also
supports the visual basic commands via a specific feature named OAPI
(Open Application Interface). This feature of the program makes possible the

automation of tedious and time consuming repetitive modeling and analysis
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procedures as well as output reading in SAP2000. For example, the loading
values and coordinates are calculated by the 10 worksheet and are assigned
to SAP2000 by the visual basic program utilizing the OAPI feature of
SAP2000. A flowchart demonstrating the way the Visual Basic program and

the 10 worksheet works is presented in Figure 24.

Although SAP2000 brings many time-saving innovations through its OAPI
feature, it has some drawbacks. One of these drawbacks is that the stress
values at a specific nodal point on a shell element may differ with the output
reading method. Stress values of shell elements obtained from the Graphical
User Interface (GUI) of the program are not similar to those of the output
tables. This difference occur because the stress averaging method, which is
the correct procedure for estimating shell stresses, is available for the GUI
but not for the output tables (SAP2000 2007). The stress output for shell
elements can only be taken from output tables via the OAPI feature.
Therefore, some simplifications and extra calculations, which are described

below, were performed in order to obtain accurate results.

For instance, assume that in a structural system there are four shell
elements; A, B, C and D as shown in Figure 25. Joint 5 shown in the figure is
common to all these shell elements. Each of these shell elements has
different internal stresses at joint 5 (for instance, for a beam sectioned at a
specific point, the shear forces in the beam segments to the left and to the
right of the point are different). Stress averaging option combines these four
different internal stresses and takes their average as the stress at joint 5.
Finer meshes will result in smaller differences between neighboring shells’
joints. Nevertheless, when finer meshing is not possible, stress averaging

method minimizes the error of the finite element analyses results.
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e

Assign the corresponding parameters to the 10
worksheet for corresponding bridge model

» skew, loading type, coordinates of reference point
* length, width and height of bridge
* longitudinal and transverse position of truck loading

AL

Receive the calculated values from the IO worksheet

for the corresponding model

* Model name, number of trucks, transverse position
of the trucks

* Loading values and coordinates

Open SAP2000 and corresponding pre-built model

Assign corresponding values to SAP2000 model

Analyze the model

Receive results from SAP2000

Receive processed final results from the 1O
worksheet

If the analysis results for the bridge with the same
loading conditions exists go to the result taking step,
if not go to the first step

Figure 24. Flowchart of Visual Basic program used for each analysis
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The absence of stress averaging method in the output tables renders the
OAPI feature of SAP2000 ineffective for reading the correct shell stresses for
the abutments. To use this useful feature of SAP2000, extra calculations are
required to process the data extracted from the output tables. For this
purpose, the stresses of each shell element at their intersection joint are
taken and averaged by the IO worksheet created as part of this research.

1 2 3
° ° °
A B
4 5 6
° ° °
C D
° ° °
7 8 9

Figure 25. Sample for stress averaging method

Girder moment and girder shear results are obtained from the summation of
frame and shell results. This can be automatically done by using the section
cut feature of SAP2000. Section cut in SAP2000 is a feature which combines
the results along a selected line from GUI and obtains the total internal forces
as a resultant force. Although, this feature includes stress averaging and
gives more precise results, automation of this feature is harder because
SAP2000 OAPI lacks the necessary command for creating a section cut. In
SAP2000, results of frames, shells, asolids, planes and solids can be
obtained with this feature. Stress averaging method for these elements is
automatically performed at the location of the section cut. For instance,
assume that in a bridge deck there are four shell elements; A, B, C and D
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and a beam element FR1 as shown in Figure 26. A GUI section cut, which is
shown with a grey double arrowed line, determines the resultant moment and
the shear values from the beam element FR1 and shell elements B and C.
Section cut determines this resultant effects at the center of the selected line
with an angle measured counterclockwise from the positive global X-axis to
the positive X-axis of the local coordinate system (SAP2000 2007). This
angle is very important for receiving correct results of girder moments,
especially when skewed section cuts are considered (the angle must be 90°
to obtain the correct moment in the girders in a skewed bridge). On the
contrary, angle of section cut does not affect girder shear values because the

plane of girder shear force remains unaffected with the change in skew.

1 2 3
° o/\ °

A B
4 5 6
O
=Y
C D
[ [ [
7 8 9
Section Cut

Figure 26. Section cut for frame and shell elements
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CHAPTER 5

PARAMETRIC STUDY AND EVALUATION OF RESULTS

5.1 General

In this chapter, first general details about the calculation of LLDFs are given.
Then, the effect of skew as well as other parameters considered in this
research study on the distribution of live load effects among the interior and
exterior girders, abutments and piles are presented.

5.2 Calculation of Live Load Distribution Factors

LLDFs are calculated for the composite interior and exterior girders,
abutments and piles. For the composite interior and exterior girders, the
maximum live load effects (moment and shear) from 3-D analyses are
calculated as the summation of the maximum effects in the girder element
and within the tributary width of the slab (equal to the girder spacing) at the
same location along the bridge. For the abutments, the maximum live load
effects from 3-D analyses are calculated as the summation of the forces
within the tributary width of the abutment. The maximum live load effects for
the piles from 3-D analyses are directly obtained as the related effect (shear
or moment) at the top of the pile. The live load distribution factors are then
calculated as the ratio of the maximum live load effects obtained from 3-D

analyses to those obtained from 2-D analyses under a single truck load.
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In this research study, LLDFs for interior and exterior girders are calculated
for the cases where only one design lane and two or more design lanes are
loaded. LLDFs for abutments and piles are calculated with the maximum
values obtained along the bridge width for the cases where only one design

lane and two or more design lanes are loaded.

5.3 Evaluation of Analyses Results with Respect to the Skew Angle

The results of Analysis Set 1 where the number of girders is taken as a
dominant parameter together with the skew angle are depicted in Figure 28.
The figure presents the analyses results for the case where two or more
design lanes are loaded. In the figure, the variations of LLDFs are plotted as
a function of the skew angle. It is observed from the figure that the skew
angle has a significant effect on LLDFs for interior and exterior girder shears
and abutment moment. The main reason for this is that in the case of the
girder shear, the presence of the skew results in one of the truck wheels
being further away from the support. In addition, the distribution of live load
shear to the most critical girder from the second and other trucks becomes
less effective due to the effect of skew. These produce, smaller girder live
load shear for larger skew angles. In the case of the abutment moment, the
presence of the skew results in smaller bending moments (Ms1) about an axis
parallel to the width of the abutment, which is shown in Figure 27.
Consequently, the abutment live load bending moment and hence, the LLDF
decreases with increasing skew angle. The effect of skew angle on the
LLDFs for the interior and exterior girder moments, abutment shear as well
as pile moment and shear is less significant.

It observed that LLDFs for the interior and exterior girder shears decrease
nearly linearly as the skew angle increases. Nonetheless, LLDFs for the
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interior and exterior girder moments as well as pile moment and shear are
practically constant up to a skew angle of 50°. For skew angles larger than
50° a slight reduction in LLDF is observed. In the case of the abutment
moment however, the LLDFs are observed to decrease slightly up to a skew
angle of 20° and for skew angles larger than 20° a significant reduction in
LLDFs is noted. A less pronounced, but similar variation as a function of

skew angle is also observed for the LLDFs of abutment shear.
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Figure 27. Abutment moment for IBs (a) for straight IB (b) for SIB

The results of Analysis Set 1 where the number of girders is taken as a
dominant parameter together with the skew angle are depicted in Figure 29
for the case where one design lane is loaded. The variation of the LLDFs as
a function of the skew angle is similar to that of the case where two or more
design lanes are loaded except for the interior girder shear. The LLDFs for
the interior girder shear are nearly constant regardless of the skew angle.
This is mainly due to the lack of additional number of trucks (compared to the
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two or more design lanes loaded case) where their load distribution to the

critical girder is more affected by the presence of skew.
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Figure 28. Effect of skew on LLDFs of SIBs for Analysis Set 1 where two or

more design lanes are loaded

65



17 Interior Girder 17 Interior Girder
- 0.8 - - 0.8 -
> ——TT
E/ 0.6 - I 0.6 -
3 04 = =T 3 0.4 -
- 02 - Number of Girders - 0.2 -
—4 — .6 - -8 ...... 10
0 T T T T T 1 0 T T T T T 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
17 Exterior Girder 1 Exterior Girder
- 0.8 - 0.8 -
>
§ 06 f = 06
Q 04 - Q 04 -
| -
0.2 0.2 -
0 T T T T T 1 0 T T T T T 1
0 10 20 30 40 50 60
1 .
- -~ 0.8 -
= >
I I 0.6 -
(=) Q ,
- - 04
-l -l o —
0.2 - 02 o s s o oo ===
0 T 0 ;
0 10 20 30 40 50 60 0 10 20 30 40 50 60
1 1
—~ 08 - —~ 08 -
= S
T 06 o 06 -
=) (m)
= 04 - 04 -
| -
02 L mmrm e e = 0.2 T s e T e
0 T T T T T 1 0 T T T T T 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Skew () Skew ()

Figure 29. Effect of skew on LLDFs of SIBs for Analysis Set 1 where one
design lane is loaded
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For the cases where the remaining parameters other than the girder spacing
are taken as dominant parameters together with the skew angle similar
variations in LLDFs as a function of the skew angle is observed. The figures

related to these parameters are presented in the Figures 32-49.

For the case where the girder spacing is taken as a dominant parameter
together with the skew angle, the variation in LLDFs as a function of the skew
angle is different. The analyses results in the form of LLDFs vs. skew angle
are presented in Figures 30-31 for the cases where two or more design lanes
are loaded and one design lane is loaded respectively. In the analyses, the
number of girders was kept same for all girder spacings considered. This
resulted in very narrow bridges for smaller girder spacings. As observed from
the figures the effect of skew on LLDFs becomes less significant as the
girder spacing and hence the bridge width decreases. This is mainly due to
the smaller width of the bridge and the number of trucks that can be

accommodated within this small width.
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Figure 30. Effect of skew on LLDFs of SIBs for Analysis Set 9 where two or

more design lanes are loaded
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Figure 31. Effect of skew on LLDFs of SIBs for Analysis Set 9 where one

design lane is loaded
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5.4 Evaluation of Analyses Results with Respect to the Other

Parameters

In this section, the effect of the parameters other than the skew angle on the
distribution of live load effects among the components of SIBs is discussed.

Figures 28-29 display the LLDFs for the SIB components as a function of
skew angle for various number of girders (4, 6, 8, 10) for the cases where
two or more design lanes are loaded and one design lane is loaded
respectively. As observed from the figure, for the cases of interior and
exterior girder shears as well as abutment moment, the plots for SIBs with
various number of girders overlap. This clearly shows that the effect of
number of girders on the LLDFs for the interior and exterior girder shears as
well as abutment moment is negligible. For the remainder of the LLDFs, the
number of girders is observed to have noticeable effect. This effect is more
pronounced for LLDFs for abutment shear as well as pile moment and shear
as the dispersion of the plots becomes larger in these cases. Similar findings
were also reported by Yalcin and Dicleli (2009).

Figures 30-31 display the LLDFs for the SIB components as a function of
skew angle for various girder spacings (2.4, 3.6, 4.8 m) for the cases where
two or more design lanes are loaded and one design lane is loaded
respectively. As observed from the figure, for the cases of interior and
exterior girder moment and shears, abutment moment and shear as well as
pile moment and shear, girder spacing is observed to have significant effect.
This effect is less pronounced for LLDFs for exterior girder moment as the
dispersion of the plot becomes smaller in this case. Similar findings were also
reported by Dicleli and Erhan (2009a).
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Figures 32-36 display the LLDFs for the SIB components as a function of
skew angle respectively for various foundation soil stiffnesses (20, 40, 80,
120 kPa), pile sizes (250x85, 310x125), pile spacings (1.2, 2.4, 3.6, 4.8 m),
abutment thickness’s (1, 1.5m) and backfill compaction levels (18, 20, 22
kN/m?®) for the case where two or more design lanes are loaded Figures 37-
41 display similar information but for the case where only one design lane is
loaded. As observed from the figures, for the cases of interior and exterior
girder moment and shears, abutment shear as well as pile moment and
shear, the plots overlap in each figure. This clearly shows that the effect of
foundation soil stiffness, pile size, pile spacing, abutment thickness and
backfill compaction level on the LLDFs for the interior and exterior girder
moment and shears, abutment shear as well as pile moment and shear is
negligible. For the abutment moment however, the above mentioned
parameters are observed to have noticeable effect. This effect is less
pronounced for backfill compaction level as the dispersion of the plot
becomes smaller in this case (Figure 36 and Figure 41). Similar findings were
also reported by Dicleli and Erhan (2009b).

Figures 42-43 display the LLDFs for the SIB components as a function of
skew angle for abutment heights (2.5, 3, 4, 5 m) for the cases where two or
more design lanes are loaded and one design lane is loaded respectively. As
observed from the figure, for the cases of interior and exterior girder shears
as well as pile moment and shear, the plots for SIBs with various abutment
heights overlap. This clearly shows that the effect of abutment height on the
LLDFs for the interior and exterior girder shears as well as pile moment and
shear is negligible. For the remainder of the LLDFs, the abutment height is
observed to have noticeable effect. This effect is more pronounced for LLDFs
for abutment moment and shear as the dispersion of the plots becomes
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larger in these cases. Similar findings were also reported by Dicleli and
Erhan (2009b)

Figures 44-45 display the LLDFs for the SIB components as a function of
skew angle for various span lengths (15, 20, 25, 30, 35, 40, 45 m) for the
cases where two or more design lanes are loaded and one design lane is
loaded respectively. As observed from the figure, for the cases of interior
girder moment and shear, exterior girder moment as well as pile moment and
shear, the plots for SIBs with various span lengths overlap. This clearly
shows that the effect of span length on the LLDFs for the interior girder
moment and shear, exterior girder moment as well as pile shear and moment
is negligible. For the remainder of the LLDFs, the span length is observed to
have noticeable effect. This effect is more pronounced for LLDFs for exterior
girder shear as well as abutment moment as the dispersion of the plots
becomes larger in these cases. Similar findings were also reported by Dicleli
and Erhan (2009a).

Figures 46-47 display the LLDFs for the SIB components as a function of
skew angle for girder types (AASHTO II, AASHTO IV, AASHTO VI) for the
cases where two or more design lanes are loaded and one design lane is
loaded respectively. As observed from the figure, for the cases of interior
girder moment, exterior girder shear as well as pile moment and shear, the
plots for SIBs with various girder types overlap. This clearly shows that the
effect of girder type on the LLDFs for the interior girder moment, exterior
girder shear as well as pile moment and shear is negligible. For the
remainder of the LLDFs, the girder type is observed to have noticeable effect.
This effect is more pronounced for LLDFs for abutment moment as the
dispersion of the plot becomes larger in this case. Similar findings were also
reported by Dicleli and Erhan (2009a).
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Figures 48-49 display the LLDFs for the SIB components as a function of
skew angle for various slab thicknesses (15, 20, 25, 30 cm) for the cases
where two or more design lanes are loaded and one design lane is loaded
respectively. As observed from the figure, for the cases of interior girder
moment, abutment shear as well as pile moment and shear, the plots for
SIBs with various slab thicknesses overlap. This clearly shows that the effect
of slab thickness on the LLDFs for the interior girder moment, abutment
shear as well as pile moment and shear is negligible. For the remainder of
the LLDFs, the slab thickness is observed to have noticeable effect. This
effect is more pronounced for LLDFs for abutment moment as the dispersion
of the plot becomes larger in this case. Similar findings were also reported by
Dicleli and Erhan (2009a).
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Figure 32. Effect of skew on LLDFs of SIBs for Analysis Set 2 where two or
more design lanes are loaded
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Figure 33. Effect of skew on LLDFs of SIBs for Analysis Set 3 where two or

more design lanes are loaded
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Figure 34. Effect of skew on LLDFs of SIBs for Analysis Set 4 where two or

more design lanes are loaded
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Figure 35. Effect of skew on LLDFs of SIBs for Analysis Set 6 where two or
more design lanes are loaded
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Figure 36. Effect of skew on LLDFs of SIBs for Analysis Set 7 where two or
more design lanes are loaded
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Figure 37. Effect of skew on LLDFs of SIBs for Analysis Set 2 where one
design lane is loaded
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Figure 38. Effect of skew on LLDFs of SIBs for Analysis Set 3 where one
design lane is loaded
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Figure 39. Effect of skew on LLDFs of SIBs for Analysis Set 4 where one

design lane is loaded
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Figure 40. Effect of skew on LLDFs of SIBs for Analysis Set 6 where one
design lane is loaded
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Figure 41. Effect of skew on LLDFs of SIBs for Analysis Set 7 where one
design lane is loaded
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Figure 42. Effect of skew on LLDFs of SIBs for Analysis Set 5 where two or

more design lanes are loaded
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Figure 43. Effect of skew on LLDFs of SIBs for Analysis Set 5 where one
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Figure 45. Effect of skew on LLDFs of SIBs for Analysis Set 8 where one
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Figure 46. Effect of skew on LLDFs of SIBs for Analysis Set 10 where two or
more design lanes are loaded
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Figure 47. Effect of skew on LLDFs of SIBs for Analysis Set 10 where one

design lane is loaded
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Figure 48. Effect of skew on LLDFs of SIBs for Analysis Set 11 where two or

more design lanes are loaded
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Figure 49. Effect of skew on LLDFs of SIBs for Analysis Set 11 where one

design lane is loaded
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CHAPTER 6

SKEW CORRECTION FACTORS FOR SIBs

6.1 Determination of the Dominant Parameters for the Derivation of
SCFs

The ratio of the LLDFs for various skews to that for zero skew angle, Rs, is
used to determine the parameters which will be included in the skew
correction factor that will be developed as part of this research study. For this
purpose, for each sets of dominant parameters (analyses sets) considered
the ratio of the LLDFs obtained from the analyses to that for zero skew angle
is plotted as a function of the skew angle. Figure 60 shows the plot of this
ratio as a function of the skew angle for the case where the slab thickness is
taken as a dominant parameter. In the figure, the thick solid line is a
reference line representing a 1.0 ratio where the skew has no effect. The
comparison of the plots in the figure with this reference line determines
whether skew affects the LLDF associated with a particular component
response. Similar figures are also obtained for other dominant parameters
(analyses sets) considered in the analyses and presented in Figures 50-60.
As observed from Figure 60, the skew has no effect on the LLDFs for the
exterior girder moment as well as pile shear, since all the plots overlap the
reference line. From the same figure, it is also observed that slab thickness
has a noticeable effect on the effect of skew on LLDFs for the interior and
exterior girder shears, since the plots for various slab thicknesses are largely
dispersed. Furthermore, it is also observed that in some cases the effect of

skew becomes noticeable only beyond a certain skew angle. For instance,
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for the interior girder moment the effect of skew becomes more noticeable
only beyond a skew angle of 30° These facts are all considered in the
development of SCFs. Similar observations are made from the other plots
presented in Figures 50-60. The observations are summarized in Table 10
for the case where two or more design lanes are loaded. In the table, the
effect of a particular dominant parameter on the effect of skew on LLDFs is
reported as either negligible (N) or significant (S). For instance, if the plots for
the various values of the parameters are dispersed (e.g. Figure 60, slab
thickness for interior girder shear), then this parameter need to be included in
the development of the SCF. The parameters which are reported as N in the
table are not included in the development of SCFs. Furthermore, the effect
skew angle is also reported in the same table (SA) either negligible (N) or
skew angle (0, 10, 20, 30, 40, 50, 60) beyond which the effect of skew
becomes noticeable. For instance, for the exterior girder moment, skew has
negligible effect but for the abutment moment, the skew has significant effect
which becomes noticeable beyond a skew angle of 10° as shown in Figure
60. The SCFs are only developed for angles greater than those reported in
the table for a particular component response. As observed from the table
skew has only a negligible effect on the LLDFs for the exterior girder moment
and pile shear. For the case where only one design lane is loaded, the
observations are similar except for the interior girder shear where skew has
no effect on LLDFs. Therefore, for these components there is no need for
SCFs.

As mentioned earlier, some of the bridge configurations considered in this
research study are unrealistic (such as 10 m long, 9.6 m wide bridge with
four girders spaced at 2.4 m and 30 m long, 4.8 m wide bridge with four
girders spaced at 1.2 m). For instance, in the case of the 10 m long SIB,
some of the truck wheels remain outside the boundaries of the bridge due to
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the skew. This may not happen if the skew angle is zero. This results in
smaller load effects obtained from the 3-D model in short SIBs although the
live load effects obtained from the 2-D model remains unchanged. Since,
LLDF is calculated as the ratio of the 3-D effect to the 2-D effect, this results
in smaller LLDFs for such odd cases (10 m long bridge with high skew angles
is very rare). This is obviously not directly due to the structural effect of skew.
In addition, for the case where there are only four girders spaced at 1.2m (4.8
m wide bridge) it is only possible to place a single truck on the bridge. This
results in a totally different trend in LLDFs for the case where two or more
design lanes are loaded. Such a case is also very rare (There are not that
many bridges which accommodate only a single lane of loading; for instance,
a 30 m long bridge with 4.8 m width). Such odd cases will result in biased
interpretation of the effect of skew on LLDFs. Consequently, in the
development of the SCFs for SIBs such odd cases are excluded.
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Figure 50.Effect of skew on Rs for Analysis Set 1 where two or more design

lanes are loaded
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Figure 52.Effect of skew on Rs for Analysis Set 3 where two or more design
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Figure 53.Effect of skew on Rs for Analysis Set 4 where two or more design
lanes are loaded
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Figure 54.Effect of skew on Rs for Analysis Set 5 where two or more design
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Figure 55.Effect of skew on Rs for Analysis Set 6 where two or more design

lanes are loaded
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Figure 56.Effect of skew on Rs for Analysis Set 7 where two or more design

lanes are loaded

101




1.2 7 Interior Girder 1.2 7 Interior Girder
- 1 — w 1 —
) o ) — ey
g 0.8 - a 0.8 - e
nt:n 0.6 - n‘:” 0.6
0.4 4 Span Length 0.4 -
00 —=-15 ==20 - 25 =+ 30 02 |
— 35 —-40 ---45
0 T T T T T 1 0 T T T T T 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
1.2 1 Exterior Girder 1.2 7 Exterior Girder
—% g
> ! > 1 =
g 0.8 3 0.8 | ~—
— — -
w 0.6 - O 0.6
o (1
0.4 - 0.4 -
02 T 02 4
0 T T 0 T 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
1.2 4 1.2
1 1 R —
’?‘ — -~ A‘“ 3
= 08 Tl |2 08 e,
_— = -
»w 0.6 - ~ O 0.6 -
o o
0.4 - 0.4 -
0.2 - 0.2 -
0 T T O T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
1.2 - 1.2 1
1  — | —————e Tt gy
- 3
= 08 > 08 -
o 06 P 06 -
0.4 1 0.4 -
02 - 0.2
0 T T 0 . .
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Skew (0) Skew (0)

Figure 57.Effect of skew on Rs for Analysis Set 8 where two or more design
lanes are loaded
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Figure 58.Effect of skew on Rs for Analysis Set 9 where two or more design
lanes are loaded
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Table 10. Effect of skew and selected parameters on Rs where two or more
design lanes are loaded

Mg.nt | Vgant | Mgext | Vgext | Ma Va M, Vp
P/ SA|P SA|/P/SA|P/SA|P|SA|P|SA| P|{SA|P|SA
Np N|40 [ N| O |[N| N [N| O [N|10 |N| 30 |S| 20 |S | 50
Cu N[{30[N| O |[N| N |N|] O S|/10| S| 20 |[N| 40 |[N| N
PileS.|[N|30|N| O [N| N |[N| O |N|10|N|20 |IN| 20 |N| N
Sp N30 [N| O |[N| N |N| O |[N|10|N|10 [N| 40 |N| N
Ha N[ 30 |N| O |[N| N|N| O |N|10|S|10 | N| 20 |N| N
w N30 |N| O |N| N|N| O [N[10 | N| 20 |N| 40 |[N| N
Y N[ 30 [N| O |[N| N |N| O |[N|10|N| 20 [N| 40 |N| N
L N[{30[N| O |[N| N |S 0 S/ 10|S| 20 [N| N |[N| N
S S{30|S|, 0O (N|I N|S| O |S|10|S|20|S |30 |S| N
GT S|30|S| 0O [N| N|S| O |N|10(S|20|S |40 | S| N
t N[30|S| O |N| N|S| O [N[10 | N|20 |N| 40 |[N| N

P: parameter effect

SA: the skew angle where the effect becomes pronounced
S: Significant

N: Negligible

6.2 Formulation of SCFs for SIBs

In this section, SCFs are developed to accurately calculate the LLDFs for the
girders and abutments and piles of SIBs, for the cases where two or more
design lanes are loaded and only one design lane is loaded. The ratio (Rs) of
the LLDFs for various skew angles to that of the case where skew angle is
zero is used in the formulation of the SCFs. These SCFs will be used with the
LLDEs developed by Dicleli and Erhan (2009a, 2009b) for IBs with zero skew
to obtain the LLDFs for SIBs. LLDEs for straight IBs are presented in

Appendix. In the developed SCFs all the parameters are measured in mm.
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6.2.1 SCFs for Interior Girders

Girder Moment - Two or More Design Lanes Loaded:

To calculate the LLDFs for the girder moment of SIBs, results obtained from
SIB models with zero skew angle (LLDFy) is simply multiplied by a correction
factor, SCF4. Accordingly, LLDFs (LLDFg) for the girder moment of SIBs is
expressed as;

LLDF, = SCF, x LLDF, (8)

The FEAs results reveal that the variation of Rs (the ratio of the LLDFs for
various skews to that for zero skew angle) for the interior girders of SIBs is a
function of the skew angle, 6, girder spacing, S and girder type (Table 10).
Accordingly the SCF is assumed to have the following form;

b3
SCF, = a (b1+b2 tan 0) (Nij K" (9)

b
where a, b1, b2, b3 and b4 = constants to be determined via regression
analyses using the ratio Rs obtained from FEA results, S/N,= a parameter
representing both the effect of the girder spacing (S) and the number of
girder (Np) (Dicleli and Erhan 2009b). In the above equation, the effect of
girder type is included by the parameter K, representing the longitudinal
stiffness of the composite slab-on-girder section of the bridge expressed as
(AASHTO 2007);

K, =nll+Ae) (10)
In the above equation, n = the ratio of the modulus of elasticity of the girder
material to that of the slab material, / = the moment of inertia of the girder, A
= cross-sectional area of the girder and g4 = distance between the centers of

gravity of the girder and the slab.
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To obtain these constants, first, the calculated Rs values are plotted as a
function of the tangent of the skew angle, (tan®), as shown in Figure 61. Note
that, the plot only includes the data beyond the skew angle where the effect
of skew becomes noticeable (see Table 10). Tan® is used instead of “9” to
produce SCFs compatible with those presented in AASHTO for conventional
jointed bridges and to obtain a more normalized representation of the skew
angle. Then, a minimum least square fit of the logarithm of the tan8-Rs data
is performed to obtain the following equation;

R, =1.0606 - 0.1042 tan & (11)

1,2
1,0 1 H\‘\‘
0,8 A

o 06 -
0,4 -

0,2 1
0,0 . .

Figure 61. Rs versus tan@

The above equation, which is plotted using a solid line in Figure 61, gives the
ratio of LLDF for various skew angles to those LLDFs for zero skew angle as
a function of the skew angle. The term 1.0606 in Eqgn. (11), represents the
term b1 in Egn. (9) and the term -0.1042xtan® in Eqn. (11) represents the
term b2xtan® in Eqgn. (9). Thus, b1=1.0606 and b2=-0.1042. The scatter
present in Figure 61 with respect to the plot of Eqn. (11) is mainly due to the
error introduced by the absence of the other parameters, S/Np and Ky in the
equation. This error will be corrected by involving the effect of these
remaining parameters in the equation. For this purpose, a new ratio, Ro, is
first calculated as;
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R, =— 12
=k (12)

In the above equation, R represents the ratio Rs, corrected with respect to
the skew angle, 8. Then, the ratio R is plotted as a function of the S/Ny in
Figure 62. Next, the minimum least square fit of the logarithm of the data is

performed to obtain the following equation;

S -0.04
R, :1.2583[—J (13)

b

1.2

101 $+—4—¢

0.8
0.6

0.2
0.0 | | |

0 500 1000 1500
S/Nb (mm)

Figure 62. R, versus S/N,,

The above equation is plotted using a solid line as shown in Figure 62. The
term (S/N,)%% in Eqgn. (13), represents the term (S/Np)*® in Egn. (9). Thus,
b3=-0,04. Following a procedure similar to that described above, the
parameter, b4 is calculated as 0.02. The constant in Egn. (9) is obtained as
50/61 by multiplying a by b1. The coefficient of tan6 in Eqgn. (9) is obtained as
2/25 by multiplying a by b2. Accordingly, the final form of the SCF becomes;

SCF =1  for6<30
(14)

8

0.04
N
SCF, = (g _% tan 9) (Tbj K®”  for30<6<60
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For the remainder of the cases except the girder shear, a similar analytical
expression as given in Eqgn. (9) but with either more or less number of
variables is assumed for the SCFs. For the girder shear however, based on
the observed correlation between the skew angle and girder spacing, the
following analytical expression is assumed for the SCFs.

S b3 S b4
SCF =a (bl +b2 (mj tan 6’] (N_j K? Lt (15)

b

A procedure similar to that outlined above for the interior girder moment is
followed to calculate the constants given in the SCFs for the shear and
moment LLDFs of each particular component of SIBs for the cases where
two or more design lanes are loaded and only one design lane is loaded.

Girder Moment - One Design Lane Loaded:
SCF, =1  for8<30

(16)

0.03
N,
SCF, :(g—s—%tané’j [?”j Ko for30<6<60

Girder Shear - Two or More Design Lanes Loaded:
SCF, =1  for8<10

12 0.07 0.018
N K
SCF, :(2_2_;_3 [%ooj tane] (Tbj f . for10<0<60
0

(17)
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6.1.2 SCFs for Exterior Girders

Girder Shear - Two or More Design Lanes Loaded:
SCF, =1  for <10

0.1 0.06 0.02 70.03
K™ L
scr, <[ L (S ] wne| (] EEED p0sosa
25 10 \ 2400 N, t

Girder Shear - One Design Lane Loaded:
SCF; =1  for8<10

) 25 200 (2400 N,

6.2.3 SCFs for Substructure

&~ frl0<0<60

0.04 0.012 70.064
K L
0.17

t

A similar procedure to that described in the previous sections is used to
obtain SCFs for the shear and moment LLDFs of substructure components of
SIBs for the cases where two or more design lanes are loaded and only one

design lane is loaded.

Abutment Moment - Two or More Design Lanes Loaded:
SCF, =1  for0<10

(20)

0.03
SCF, =(3—3tanej S u*r L for10<6<60
25 N
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Abutment Moment - One Design Lane Loaded:
SCF, =1 for8<10

0.04
SCF, = B—itamsv S ut L for10<6<60
50 10 N

b

Abutment Shear - Two or More Design Lanes Loaded:
SCF, =1 for 8 <20

0.09 0.017 ,,0.03
3 N, K
SCF8 :(3—5&11’19) (?J L(i”—]—[co()s fOl" 20<0<60

Abutment Shear - One Design Lane Loaded:
SCF, =1 for 8 <20

K, "u

W for20< 6 <60

SCF, = Z—Qtanﬁj N,
50 S

JO.O() 0.018 ,,0.034

Pile Moment - Two or More Design Lanes Loaded:
SCF,=1  for8<30

0.06
schy=[ 2 - Liang|| 2| k™ for30<6<60
50 25 N, ¢

Pile Moment - One Design Lane Loaded:
SCF,, =1  for8<30

0.07
sck, =113 || = for30<6<60
25 100 N,
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6.2 Comparison and Verification of SCFs

In this section, the SCFs developed for girders and substructure components
of SIBs are verified against the available FEA results. For this purpose, the
SCFs for the girders and substructure components of SIBs are calculated
using the developed equations. Then, the calculated SCFs and FEA results
are plotted as a function of the skew angle, 8 in Figures 63-73 for various
parameters which are observed to significantly affect the SCF. These
parameters are; girder spacing, S, span length, L and girder type. AASHTO
skew correction factors which are originally developed for conventional
jointed bridges are also included in the plots for the interior and exterior
girders for comparison purposes. As observed from the Figures, the derived
equations produce reasonable estimates of the SCFs calculated from FEAs
results for girders and substructure components of SIBs. It is also observed
that AASHTO SCFs are generally unconservative or smaller (smaller SCFs
results in smaller live load effects in bridge components when multiplied with
LLDFs obtained for straight bridges) especially for SIBs with larger skew
(6>30°). This is mainly due to the torsional rotational rigidity provided by the
monolithic abutments to the girders and the slab of SIBs which enhances the
distribution of live load among the bridge components when compared to
conventional jointed bridges.

Furthermore, for the entire data used in the development of the SCFs, the
averages and standard deviations of the ratios of the SCFs obtained from the
derived equations to those from FEA are calculated for the girders and
substructure components of SIBs and presented in Table 11. As observed
from the table, the calculated average values of the ratios range between
0.99 and 1.02 while the standard deviations are between 0.02 and 0.06. The
small deviations of the values of the calculated average ratios from 1.0 and
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relatively small standard deviations also indicate that the derived correction
factors produce reasonably good estimates of the SCFs calculated from
FEAs results for girders and substructure components of SIBs for the range
of parameters considered in this research study.

Table 11. Averages and standard deviations for developed SCFs

Number of . ue
. Statistical Mg Vg Vg
Design Lanes Parameters Int. Int. Ext. Ma | Vva | Mp
Loaded
Mean 1.01 1.01 1.02 |0.99|1.001.00
Std. Dev. 0.02 0.03 0.06 | 0.04|0.03|0.02
Two or More
Min. 0.98 0.91 0.67 |0.77]10.92|0.94
Max. 1.13 1.13 1.20 |1.22]1.26|1.19
Mean 0.99 - 099 |1.02|1.00|1.01
Std. Dev. 0.01 - 0.05 |0.03|0.03|0.03
One
Min. 0.93 - 0.71 |0.83|0.92|0.96
Max 1.05 - 1.08 |1.14|1.14 |1.21
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Figure 69. Plot of FEAs results, proposed SCFs and AASHTO SCFs for

abutment moment of selected models where only one design lane is loaded

121



1.2
1.0
0.8
0.6
0.4
0.2
0.0

SCF

1.2
1.0
0.8
0.6
0.4
0.2
0.0

SCF

1.2
1.0
0.8
0.6
0.4
0.2
0.0

SCF

- Vv, 1.2
S 1.0
- \ 0.8
17 §=24m 0.6
7 ¢ FEM 0.4
1 —aento 0.2
———————— 0.0
0 10 20 30 40 50 60
1 1.2
e 1.0
. \\ 0.8
7 L=20m 0.6
. 0.4
. 0.2
———————— 0.0
0 10 20 30 40 50 60
1 1.2
9 o 1.0
. 0.8
1 Girder Type Il 0.6
. 0.4
. 0.2
———————— 0.0
0 10 20 30 40 50 60

Skew (0)

0O 10 20 30 40 50 60

7 L=40m

0 10 20 30 40 50 60

—

Girder Type VI

0 10 20 30 40 50 60
Skew (0)

Figure 70. Plot of FEAs results, proposed SCFs and AASHTO SCFs for

abutment shear of selected models where two or more lanes are loaded

122



1.2
1.0
0.8
0.6
0.4
0.2
0.0

SCF

1.2
1.0
0.8
0.6
0.4
0.2
0.0

SCF

1.2
1.0
0.8
0.6
0.4
0.2
0.0

SCF

1.0 +
0.8 ‘N
<

10 20 30 40 50 60

—

L=40m

10 20 30 40 50 60

—

Girder Type VI

1 V, 1.2 7
O

7 8S=24m 0.6 1

41  © FEM 0.4 -

| AAGHTO 0.2 1
. . . . . 0.0

0 10 20 30 40 50 60 0

. 1.2 -
S 1.0

1 \ 0.8 -

1 L=20m 0.6 1

1 0.4 -

1 0.2
. . | . . 0.0

0O 10 20 30 40 50 60 0

1 1.2 1

4 o 1.0

d_\\ 0.8 -

1 Girder Typelll 0.6 -

1 0.4 -

1 0.2
. . | . . 0.0

0O 10 20 30 40 50 60 0

Skew (8)

10 20 30 40 50 60
Skew (6)
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123



1.2 1 M, 1.2
1.0 —— o, 10
0.8 0.8
L 061 s=24m 0.6
N 04 < FEM 04
02 Tieese 02
0.0 . . . . . 0.0
0O 10 20 30 40 50 60
1.2 1 1.2
1.0 a—a o o . 1.0
0.8 0.8
5 061 L=20m 0.6
» 04 - 04
0.2 0.2
0.0 . . . . . 0.0
0 10 20 30 40 50 60
1.2 1 1.2
1.0 — o 10
0.8 0.8
w 0.6 1 Girder Typell 0.6
8 0.4 - 0.4
0.2 0.2
0.0 . . . . . 0.0
0O 10 20 30 40 50 60

Skew (0)

O o
_ (o]

7 S=4.8m
0O 10 20 30 40 50 60
o —

L=40m
O 10 20 30 40 50 60
—_—0 0

{1 Girder Type VI
0O 10 20 30 40 50 60
Skew ()

Figure 72. Plot of FEASs results, proposed SCFs and AASHTO SCFs for pile

moment of selected models where two or more lanes are loaded

124



1.2
1.0
0.8
0.6
0.4

SCF

0.2 1

0.0

1.2
1.0
0.8
0.6
0.4
0.2
0.0

SCF

1.2
1.0
0.8
0.6
0.4
0.2
0.0

SCF

_ Mp
4 —
7 S=24m
b ¢ FEM
—Proposed
------ AASHTO
0 10 20 30 40 50 60
7 L=20m
0O 10 20 30 40 50 60
T S
1 Girder Type ll
0 10 20 30 40 50 60

Skew (0)

1.2
1.0
0.8
0.6
0.4
0.2
0.0

1.2
1.0
0.8

0.6 1

0.4
0.2
0.0

1.2
1.0
0.8
0.6
0.4
0.2
0.0

10 20 30

40

50 60

L=40m

0

10 20 30

40

50 60

Girder Type VI

0

10 20 30

40

Skew (0)
Figure 73. Plot of FEASs results, proposed SCFs and AASHTO SCFs for pile
moment of selected models where only one design lane is loaded

50 60

To further verify the SCFs developed as part of this study, the LLDEs
developed by Dicleli and Erhan (2009a, 2009b) for straight IBs (skew effect
was totally neglected) are plotted as a function of the skew angle together

with FEAs results and the results obtained by multiplying these LLDEs by the

developed SCFs. The results are presented in Figures 74-79 for the case
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where two or more design lanes are loaded. The plots for the case where

only one design lane is loaded are similar. As observed from the figures,
using the SCFs together with the LLDEs developed by Dicleli and Erhan
(2009a, 2009b) resulted in a considerable improvement in the prediction of

live load effects in SIB components.
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Figure 74. Plot of FEAs results, LLDEs and LLDEs multiplied by SCFs for

interior girder moment of selected models where two or more lanes are

loaded
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Figure 75. Plot of FEAs results, LLDEs and LLDEs multiplied by SCFs for

interior girder shear of selected models where two or more lanes are loaded
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Figure 77. Plot of FEAs results, LLDEs and LLDEs multiplied by SCFs for

abutment moment of selected models where two or more lanes are loaded
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Figure 78. Plot of FEAs results, LLDEs and LLDEs multiplied by SCFs for

abutment shear of selected models where two or more lanes are loaded
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Figure 79. Plot of FEAs results, LLDEs and LLDEs multiplied by SCFs for pile

moment of selected models where two or more lanes are loaded
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CHAPTER 7

CONCLUSIONS

This research study is conducted to study the effect of skew on live load

distribution in SIB components and to obtain SCFs for SIB girders and

substructure components. Followings are the conclusions deduced from this

research study:

1.

The analyses results reveal that for the case of SIBs, different truck
loading patterns arise when compared to conventional jointed bridges
due to the presence of skew. Trucks, which are placed diagonally
across the width of the bridge, are observed to produce the most
unfavorable live load effects in bridge components.

It is observed that the effect of skew angle on LLDFs for exterior girder
moment and pile shear is negligible both for the case where two or
more design lanes are loaded and only one design lane is loaded. The
effect of skew angle on LLDFs for interior girder shear for the case
where only one design lane is loaded is also negligible.

The analyses results reveal that the effect of skew on the distribution
of live load moment and shear is significant (excluding the above
mentioned live load responses in the girders and piles). Skew
generally tends to decrease live load effects in girders and
substructure components of SIBs.

It observed that the LLDFs and hence, the SCFs for the interior girder
moment, abutment moment and shear as well as pile moment are

generally constant up to skew angles of 30° 10° 20° and 30°
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respectively (i.e. skew has no effect on live load distribution). Beyond
these skew angles the LLDFs and hence, the SCFs decrease as the
skew angle becomes larger.

. It is also noted that interior and exterior girder SCFs for live load
shears for the case where two or more design lanes are loaded
decrease nearly linearly as the skew angle increases for the range of
skew angles considered.

. It is observed that effect of bridge parameters, such as slab thickness
and girder spacing, on LLDFs for girders and substructure
components of SIBs becomes more pronounced as the skew angle
increases.

. SCFs are developed to accurately estimate the reduction in LLDFs for
the girders and substructure components of SIBs as a function of the
skew angle. The developed SCFs are compared with FEAs results
and those of AASHTO, which are originally developed for conventional
jointed bridges. This comparison revealed that the developed SCFs
yield a reasonably good estimate of the reduction in live load effects in
SIBs while AASHTO SCFs generally produce unconservative

estimates of live load effects in SIB girders.
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APPENDIX

A LLDEs for Straight Integral Bridges

A.1 LLDEs for Interior Girders

Girder Moment - Two or More Design Lanes Loaded:

Girder Moment - One Design Lane Loaded:

3 S 0.72

llJDEﬁ:=g66E§I;

Girder Shear - Two or More Design Lanes Loaded:

LLDE gy = 0364 ——

7600

Girder Shear - One Design Lane Loaded:

S s Y
LEDE o = 0.2+ 000 {10700)

A.2 LLDESs for Exterior Girders

Girder Moment - Two or More Design Lanes Loaded:

LLDE L0.09 S 0.53t0.06 0 5 d
= S+—=
' 80K 5000

Girder Moment - One Design Lane Loaded:

0.06 ¢ 0.45
LLDE,B=1L—S(O.4+ d. j

0.02K0.04 6000

142

(27)

(29)

(30)

(31)



Girder Shear - Two or More Design Lanes Loaded:

LLDE LO.IOS O.43t0.03 0 4 d
= A4+—=
" 14K %% 3000

8

Girder Shear - One Design Lane Loaded:

0.05 ¢0.34
LLDE,B=125L—S(O.5+ d. j

t0.01K0.04 3000

4

A.3 LLDESs for Substructure

Abutment Moment - Two or More Design Lanes Loaded:

0.5 0.2
LLDE, = 5K,
IB 7 .Nb0.44 H 0.25 .LO'ZS I 0.08 .IUO'%.N 0.06
c )4 p

Abutment Moment - One Design Lane Loaded:

0.33 0.3
S*PK,

LLDEIB = 2.NbO.ZS.HCO.3‘LO.53‘IPO.08'ﬂ0.06'Np0.08

Abutment Shear - Two or More Design Lanes Loaded:

0.54
S

LLDEIB = 44 N 0.54 H 0.04
AV, AT

Abutment Shear - One Design Lane Loaded:

052
S

LLDEIB = 90 N 0.52 H 0.02
AV, AT

Pile Moment - Two or More Design Lanes Loaded:

0.5
LLDE,, =é[Nij H'®
b

Pile Moment - One Design Lane Loaded:

0.5
1
LLDE,, :E[Nij H 0
b
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Pile Shear - Two or More Design Lanes Loaded:

0.5
LLDE,, =6—10[ij H " (40)

b

Pile Shear - One Design Lane Loaded:

0.5
LLDE,, :é(}%] H"® (41)
b

A.4 An Example for the Calculation of LLDF Including Skew Effects

The reference model employed in this study used as an example to
demonstrate the calculation of LLDF including skew effect (L=30 m, S=2.4 m,
t=20 cm, 6=60, detailed information can be found in Table 1). Corresponding
2-D view and 3-D plan view of the model is shown in Figure 10 (b) (not to
scale). The interior girder moment, where two or more design lanes are
loaded, is calculated in this example. Remaining component responses can
be calculated with a similar procedure.

For the calculation of interior girder moment for straight 1B, first, interior girder
moment of 2-D model is obtained as 1725.38 kNm. Then, Eqn. 26 (LLDE
developed by Dicleli and Erhan (2009a)) is used to -calculate the
corresponding LLDF for straight 1B as 0.637.

S 0.82 24000.82
LLDE, = = =0.637
B 5001%%  500x30000%%

Then, the interior girder moment due to live load is obtained as the moment
of a 2-D model multiplied by the LLDF and found as 1099.07 kNm.
M, prsp =M o LLDE ;; =1725.38x0.637 =1099.07 kNm

Results of FEAs for this response is 1052.344 kNm which shows that the

LLDE predicts the interior girder moment quite accurate. However, this
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moment is only for straight IB. For the case of SIB, a SCF (Eqgn. 24) is

calculated as 0.907.

8

0.04
SCF, = (g —%tan 0] (%j K*”  for30<6<60

0.04
for 8=60 SCF, = [% - 2—25 X tan 60) [ﬁj 6.07E +11"% =0.907

Then moment found for straight IB is multiplied with SCF to obtain the interior
girder moment of SIB due to live load as 996.86 kNm.
=M ,_pr_sp SCF, =1099.07 % 0.907 = 996.86 kNm

M g—INT -3D-6=60

Results of FEAs for this response is 919.58 kKNm which shows that the LLDE

and SCF predicts the interior girder moment quite accurate.
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