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ABS’

Experimental and Theoretical Studies of Composite Multiple Box Girder Bridges

Anwar Androus
2003, MASc, Department of Civil Engineering Ryerson University

Due to their high torsional and wrapping stiffness as well as economic and aesthetic reasons,
multi spine composite concrete-deck steel-box girder bridges became a very popular choice
in highway bridges. Currently, North American Codes of Practice have recommended some
analytical methods for the design of curved multiple-box girder bridges, providing a
geometrically defined criterion to establish when horizontally curved may be treated as a
straight bridge. To meet the practical requirements arising during the design process, a
simple design method is needed for straight and curved composite box girder bridges in the
form of load distribution factors. This study consisted of an experimental and a theoretical
investigation. The experimental investigation included testing up-to-collapse three bridge
models. While the theoretical investigation used a finite element software to examine the
behavior of 225 different bridges to extract stress distribution factors for maximum bending

stresses that occur at the mid span.
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A bridge width

B Box width

C steel top flange width

D total depth of the steel boxes

(D] constitutive matrix or elasticity matrix
DLA dynamic load allowance

Ds stress distribution factor for straight bridges
E modulus of Elasticity

F total depth of composite bridge

I moment of inertia

K] structure of global stiffness matrix

L centre line span of simply supported bridge
M applied moment

No number of boxes

Np number of lanes

N modular ratio

{P] applied loads vector at the nodes

R radius of curvature of center span of any bridge
t thickness of steel top flange

t thickness of steel web

f3 thickness of steel bottom flange



t4

[U]
W1
W2
W3
W4
Yo

Vi

(Gb)max

Gb

thickness of concrete deck slab

Displacement vector at the nodes

Outer web of outer box girder in any bridge model
Inner web of outer box girder in any bridge model
Outer web of inner box girder in any bridge model
Inner web of inner box girder in any bridge model
Distance to neutral axis from bottom of composite beam
Distance to neutral axis from top of composite beam
The generalized coordinates

displacement function

the internal displacement vector of the element
Rotation (degree of freedom)

maximum stress in bottom flange fibers obtained from finite element
analysis

maximum stress in bottom flange fibers obtained from simple beam theory
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CHAPTERI

11 General

In structural design it is necessary to obtain an appropriate geometric shape for the
structure so that it can safely carry the loads imposed on it. In densely populated cities
elevated freeways and multi-level interchange structures are necessary. Nowadays,
horizontally curved bridges became an important component in highway bridges, especially
where tight geometric restrictions are often encountered. Curved bridges allow smooth
traffic flow and create a painless directional transition at interchanges. This directly results
in fewer traffic jams, less air pollution due to idle-car emissions, and less road rage.
However, the older types of curved bridges such as beam bridges were not economical for
long spans because of the rapid increase in the ratio of dead load to total design load as the
span length increases. In dealing with this problem, the hollow concrete and concrete-steel
composite bridges usually referred to as box-girder bridges were developed. Because of its
well-known structural advantages such as light dead weight (compared to similar I-girder
bridges), having shallower depth of cross-section, and having significant longitudinal
bending and torsional stiffness, the box girder bridges became a popular solution for
medium- and long-span bridges in modern highways and even in railway bridges. Also, box
girder bridges have more resistance to vibration effects caused by live load than classical
bridges. In addition to their obvious structural benefits, the surface inside the box girder
bridges is closed from the outside environment. Theses boxes can be used to carry the
required utilities which are aesthetically more pleasing and at the same time this minimizes

the surface area vulnerable to environmental conditions compared to open-section bridge. In
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this manner maintenance costs could also be minimized throughout the life of the structure.
Due to their advantages, curved box-girder bridges became widely popular in modern
highway bridges and interchanges in large urban areas. Due to their increasing use in
modern highways, the impact of curved bridges, both socially and economically is just cause
for the intense research, which has been performed in previous years and its continuation

today.

Generally, bridges can be constructed entirely from reinforced concrete, pre-stressed
concrete, steel, or composite concrete deck-steel girders. These bridges may be comprised of
a concrete slab deck or steel deck on concrete or steel box girders or I-girders. Steel box
~ girders are constructed as segmerited cantilevers, they are prefabricated in long lengths and
in most cases lifted into position by climbing jacks and connected together. The slabs could
be of steel or reinforced concrete. In the case of curved steel plate girders, as shown in Fig.
1.1, there are two fabrications methods that are usually employed. The first method involves
cutting curved flanges from straight plates to the required curvature and then welding them
on the mechanically bent plates or webs which are curved. The second method involves
prefabrication of straight webs followed by either cold-bending or heat-curving in which a
straight girder is curved to the stipulated radius by applying heat to the edges of the flanges
to achieve the required curvature. This actual curving of girders has allowed greater span
lengths, fewer piers, and more aesthetically pleasing structures than straight girders used as
chords in forming a curved alignment. Concrete box girders are usually cast in-situ or

precast in segments which are erected on falsework or launching frame and prestressed.



A box girder bridge is supported by abutments and piers in the same way as a
simple or continuous beam bridge. The span may consist of a top and a bottom flange
plates in the case of steel box girders or otherwise top and bottom concrete slabs connected
together by a series of cylindrical or conical webs to form the closed structure. This creates
voids or “boxes”. Box girder cross-section may be composed of one or a few cells which
are either continuous or separated. In most cases the interior cells have a rectangular shape
while an edge cell has vertically inclined or rounded outside webs. Box girder bridges may
have one cell (one box) or many cells (separate boxes) or even or multi-cell with a common
bottom flange (contiguous cells or cellular shape). Examples of this can be seen in Fig 1.2.
In shorter spans, the box girder is usually of uniform depth. In longer spans, the depth is
usually variable, as shown in Fig 1.3, and is accomplished by varying the depth of the

webs to provide a curved surface under the bridge.

A two box girder bridge cross-section is shown in Fig. 1.4, while a view of a
prototype twin-box girder bridge is shown in Fig 1.5. It consists of composite
construction of concrete deck and steel boxes. The steel box consists of two top flanges
and common bottom flange connecting to the top flanges by webs. Shear connectors
connecting the steel top flanges with the concrete deck slab ensure full interaction
between them. Solid end-diaphragms are used at the support lines. While cross-bracings
and top chords (lateral ties to the steel top flanges) made of steel are used between the

support lines.



1.2 The Problem

Currently, the Canadian Highway Bridge Design Code, CHBDC, (66) reccgniées
plan curvature as a factor affecting the structural behavior of bridges. However, the
North American Codes of Practice recommend only analytical methods for the design of
straight composite multiple-box girder bridges and provide a geometrically defined
criterion to establish when horizontally curved may be treated in a similar way as straight
bridges. In both cases, there is no practical design method in the form of expressions for
moment and shear distributions factors. Also, since the structural response of curved
bridges is different from the straight ones, different design considerations and expressions
are needed for curved composite multiple-box girder bridges. Therefore, to meet the
practical requirements arising during the design process, a simple design methbd is
needed for straight and curved composite multiple-box girder bridges in the form of load
distribution factors for stresses, shear, deflection and reactions as well as expressions for

the dynamic load allowance.

On the basis of the literature review on curved multiple-box girder bridges,
experimental test data up-to complete-collapse on curved composite multiple-box girder

bridges is yet unavailable.

1.3 Objectives

The objectives of this study are:

1. To provide experimental data up-to-complete collapse on curved and straight
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composite multiple box girder bridges. This data will include results from free-
vibration testing to obtain bridge natural frequencies.

To develop simplified design method of straight and curved composite multiple box
girder bridges in the form of load distribution factors for longitudinal bending

moment.

In this thesis, a detailed analytical and experimental study on straight and curved composite

multiple box girder bridges is presented. Analysis was based on the finite-clement method.

The main key parameters studied were: bracing system, bridge aspect ratio, number of lanes,

number of boxes, degree of curvature and loading conditions.

1.4

Scope

The scope of this study includes the following:

I.

A literature review of the experimental and theoretical research work, field testing,
and codes of pfactice for straight and curved box girder bridges.

An experimental study on three composite concrete deck-steel twin-box girder
bridges of different curvatures and, number of cross-bracings between boxes.
Comparison of the experimental findings and the analytical predictions using finite-

element method with the commercially available "ABAQUS" software, and

4. Using ABAQUS software, an extensive parametric study on 180 curved and 45

straight composite box girder bridges was conducted, the analysis was performed
to evaluate their load distribution factors for longitudinal bending stress under

dead and live CHBDC truck loading.



1.5 Contents and Arrangement of this Study

In chapter 2, some previous work and literature review on box girder bridges is
presented. Chapter 3 shows the experimental program conducted on three composite twin-
box girder bridge models. This chapter includes the model details, setup of the testing
performed, instruments used to load and obtain the resulting data. Chapter 4 includes a
description of the finite element program "ABAQUS", the linear static analysis, and
idealization and modeling of the composite bridge components. Chapter 5 presents the
discussion of the results obtained from the experiment program as well as from the finite
element verification including free-vibration analysis for the experimental bridge models.
Chapter 6 provides a description of the prototype bridges used in the parametric study as
well as the loading cases considered in the study. It also includes description of the
parametric studies performed in this research work. Chapter 7 shows the results of the
parametric study performed. Chapter 8 summarizes the findings of this research, outlines

conclusions reached, and recommendations for further future research.



CHAPTER I

2.1  General

In the past, a significant amount of research was conducted to predict the behavior of
different types of box girder bridges in the elastic range. However, only few teams have
undertaken experimental studies to investigate the accuracy of existing design methods.
Due to the curvilinear nature of box girder bridges, along with the complex deformation
patterns and stress fields developed form different boundary conditions and loading cases,
approximate and conservative methods for static and dynamic analysis posed a challenge for
designers. The literature survey conducted is presented in the following manner:

1. Box girder bridges during the construction phase

2. Experimental studies on elastic response of box girder bridges
3. Ultimate response of box girder bridges

4. Dynamic response of box girder bridges

5. Load distribution and codes of practice for box girder bridges.

2.2 Box Girder Bridges during the Construction Phase

During the construction phase of box girder bridges, under variable construction
loads high distortion or twist can occur due to the flexibility of the bottom webs and flanges
in torsion. In straight right-angled bridges, cross frames and diaphragms act as secondary
members to maintain structural integrity of the bridge. However, in horizontally curved

bridges, due to their interaction between the webs and bottom flanges, cross frames and
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diaphragms become major load-carrying elements (primary elements) under the torsional
and bending loads. Up to date, very little experimental and analytical studies have been

conducted on the behavior of curved bridges during the construction phase.

In the past, bridge such as the Yarra Bridge in Australia, the Rhine River Bridge in
Koblens, the fourth Danube Bridge in Vienna, the Milford Haven Bridge in Wales suffered
damages or failures during the construction phase (12). Such failures led to questioning the
basis for the design of box girder bridges. In 1976, elastic experimental testing was
performed by MacDonald et al. (56) on two single-cell steel girder models under concentric
and eccentric loading. These models had top lateral bracing and varied the number of cross-
bracings. Open cross section models with top lateral bracing were analyzed as equivalent
closed box section with a top steel plate by using a concept introduced by Dabrowski (28) in
1968. The experimental findings were very close to the analytical results. In 1978, the
United State Steel USS (91) reported some problem that are faced during the construction
phase of steel box girder bridges, some of theses problems included excessive rotation of the
girders before and during the placement of the concrete slab deck. In 1985, Branco & Green
(13) performed experimental work on a series of simply supported scale models single cell
and interconnected box girder bridges. The main purpose of their work was to study the
effects of construction loading, bracing configuration and overall stability and deformation
on torsionally open and quasi-closed box girder bridges. Results from this work were
compared with analytical studies based on both the torsion-bending analysis of open and
quasi-closed sections and finite-strip method. In 1989, Schelling et al. (76) performed an

analytical study to examine the response of curved multi-I-girder system subjected to its



self-weight loading and the weight of the concrete deck before hardening. His study
included three-dimensional space frame modeling. Results from his work included general
dead load distribution factors, which may apply to various popular erection schemes, in
order to prevent over-stress during the construction phase when shoring is not required. In
1996, Davidson et al. (29) used the finite element method to conduct a study on the warping
stresses encountered in the horizontally curved steel I-girder bridges, however his study only
examined the influence cross bracings effect on minimizing the wrapping stresses developed

in the steel flanges just after pouring of the concrete deck.

2.3 Experimental Studies on Elastic Response of Box Girder Bridges

In general, the objectives of the experimental work mentioned in this section were
mainly to verify and validate the accuracy of computer programs and available methods
adopted to investigate the structural behavior of box girder bridges. Till now, reported
elastic field testing of box girder bridges remains limited to a few.

In 1975, Kissane and Beal (50) performed a test on a horizontally curved composite
concrete deck-steel bridge located on the Avoca-Bath section of the Southern Tier
Expressway, carrying it over the Genes-see Expressway, in Steuben County, New York.
The bridge was a three-spine two-span continuous box bridge. One year later, Yoo et al.
(96) conducted similar testing on a three-span continuous curved composite concrete deck-
steel twin-spine box girder bridge located in the 1-695 and 1-83 interchange near Baltimore.
In 1975, Evans and Rifaie (32) performed an experimental work on box girder bridges. In
this work, eighteen simply-supported single-cell models of different curvatures were tested

elastically to validate results obtained from the finite-element method. Most of these models



were built of steel plates and the rest were built of the sand/araldite material. Rigid end-
diaphragms were provided only at the models ends. Also, Aslam and Godden (7, &)
conducted experimental work on a series of aluminum small scale straight, skew, and
curved four-cell box girder bridge models. By applying a single point load at different
locations along the span, these models were tested elastically both with and without a mid-
span radial diaphragm. In 1979, Brennan and Mandel (14) tested elastically small-scale
horizontally curved I-girder and composite concrete deck-steel multi-spine bridge models.
Data from this work was collected for possible future analysis and comparisons. Using this
data and based on folded plate method, finite-strip method, and finite-element method
Scordelis (81) summarized five representative bridge models to verify the elastic solutions.
Scordelis et al. (74, 75, 76) also performed tests on three (straight, curved, and skewed)
large scale reinforced concrete, two-lane, four-cell box girder models. These models were
continuous over a central column support. Dead and live loads at working stress, and
ultimate loading level to failure were applied on these models. Also in 1982, Buckle and
Hood (17) tested a curved two-span continuous, single cell, laboratory scale model under
point load in different locations at the mid-span cross-section. The tested model consisted of
segments of filled-epoxy resign and of diaphragms over the supports. The model was

prestressed with a draped parabolic profile.

In 1972, Heins and Bonakdarpour (39) performed elastic testing on a small scale curved
three-spine box girder bridge model made of plexiglass. His work examined the
applicability of the slope deflection theory that is based on the Vlasov's thin-walled beam

theory, considering neither cross-section distortions nor warping. In 1976, Fam and Turkstra
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(34) conducted an investigation on two, single-cell, plexiglass models having high curvature
to investigate the effects of intermediate diaphragms and the adequacy of the three-
dimensional finite-element modelling of curved single-cell structures. In 1987, Xi-jin and
De-Rong (94) tested elastically a prespex model of three span continuous curved, two-cell,
box girder bridge model to verify the accuracy of the finite-strip method in predicating the
behavior of curved multi-cell bridges. In 1988, Siddiqui and Ng (85) tested elastically two
straight plexiglass, single cell, box girder bridge models to determine the effect of transverse
diaphragms on the behavior of the box section under concentric and eccentric point loading.
In 1990, Mirza et al. (58) performed static and dynamic tests on two 1/7 scale model bridges.
Both of these models were simply supported prestressed concrete bridges, the first had one-
cell and the second had two-cells, the main purpose of his work was to provide experimental
data on the linear and non-linear response of concrete box girder bridges at different levels
of concrete cracking damage. In 1992, Ng et al. (61) conducted experimental study on 1/24
linear scale model of the Cyrville Road bridge overpassing the Queensway, east of Ottawa.
The model was a curved four-cell box girder bridge made of concrete and aluminum. The
model was continuous over the central support and was tested elastically under various

OHBD truck loading conditions.

2.4 Ultimate Response of Box Girder Bridges

In all pervious mentioned experimental and theoretical work done on box girder bridges,
only few dealt with the non-linear behavior to collapse as well as the local buckling of
individual steel plates of straight and curved box girder bridges. In 1973, Abdel-Sayed (2)

investigated the problem of the critical limit of loading and pre-buckling behavior for webs
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of curved girders under combined loading due to shear and normal stresses. In 1979, Heins
and Humphreys (40) performed up to failure testing on a series of box beam models; the
models were loaded using a combination of increasing torsional and bending forces. These
models were composed of top steel flanges, steel webs, steel bottom flange, and cross-
bracings. Only some of the models had a concrete deck slab. Results of this work were used
to verify the classical torsional theory in the elastic raﬁge and to develop a non-dimensional

equation to expedite the load factor design of curved steel box girders.

In 1984, Seible and Scordelis (81) developed a numerical method and a computer program
to trace the nonlinear response of multi-cell reinforced concrete box girder bridges under
increasing static loading. The non-linearities considered were concrete material non-
linearities such as cracking of concrete, yielding of the reinforcement, formation of plastic
hinges due to shear and moment, and crushing of concrete. A three-dimensional grillage
model has been used in order to minimize the computer effort. The results from the this
technique were compared well with results from a two-span, four-cell, reinforced concrete
box girder bridge, tested to collapse by Scordelis et al. (80). In 1985, Perry et al. (70) and
Pinkney et al. (71) tested to complete collapse a 1:12 scale prestressed concrete bifurcated
box girder bridge model. The model represented a four-lane carriageway bifurcating into
three- and two-lane spans, and was of typical single and two-cell box girder construction,
incorporating large scale cantilevers. The bridge, highly curved in plan, was continuous over
the central supports and torsionally restrained at the three outer supports. Similar study was
conducted by Owens et al. (69) but on curved composite concrete-deck steel multi-spine box

girders assemblage.
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In 1986 and 1988, Choudhury (25) and Choudhury and Scordelis (26) combined the Bazant-
El Nimeiri, and Zhang-Lyons models to develop a curved non-prismatic thin-walled single-
cell box beam element for nonlinear analysis of reinforced and prestressed concrete box
girder bridges. In 1988, Mari et al. (55) developed a straight box-beam of non-deformable
cross-section composed of concrete panels with steel layers to model curved prestressed box
girder bridges. In 1989, Razaqpur and Nofal (73) constructed a finite-element computer
program to predict the materially non-linear behaviour up to collapse of structures made of
plain concrete, reinforced concrete, presiressed concrete, steel, and composite concrete-steel.
1/7 Scale models of single-cell and two-cell prestressed concrete box girder bridge models,
tested to destruction by Mirza et al. (59) were analyzed using the proposed nonlinear
technique. In 1989, Lopez and Aparicio (54) developed similar mathematical model for
nonlinear analysis of reinforced and concrete structures. A Prestressed concrete curved,
double-trapezoidal-cell, curved bridge, located at the Santamarca junction in La Paz
Highway in Madrid, Spain, was used to present the application of the proposed model. The
bridge consisted of five-span continuous construction with radius of 103.5 m and total
length of 155.56 m. In 1993, Ng et al. (62) developed similar finite-element program to trace
the nonlinear response of only reinforced concrete structures. A two-span, four-cell,
reinforced concrete box girder bridge, previously tested by Scordelis et al. (80), was used to

compare with this analysis.
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In 1994, Soliman and Elmekaway (87) conducted a nonlinear finite-element analysis
to investigate the effect of bottom slab provided near the intermediate support region on the
deformation behaviour of reinforced concrete girder type bridges. In 1994, Soliman and
Ghali (86) extended the theoretical study using a nonlinear finite-element technique to
examine the effect of the intermediate diaphragms and end-diaphragms on the behaviour of
short, medium, and long span, single-cell, box girder bridges. In 1995, Yabuki et al. (95)
presented a numerical method for predicting the influence of local buckling in component
plates and distortional phenomenon on the nonlinear behaviour and ultimate strength of
thin-walled, welded steel box girders curved in plan and stiffened by intermediate
diaphragms. The theoretical predictions obtained using the proposed method were compared
to experimental test results of two large-scale curved steel box girders with different
numbers of interior diaphragms. On the basis of the literature review on curved bridges,
experimental test data up to complete collapse on curved composite box girder bridges is as

yet unavailable.
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esponse of %@X Girder Bridges

2.5 Dynamic R

With rcent advancements in materials over the past three decades, the development
of newer high strength materials such as high strength steel has lead to the use of more
slender members in bridges. Along with the benefits of longer spans that can be achieved
with theses new materials, excessive dynamic deflections and or vibrations can occur due to
heavy truck loading, wind or seismic excitations. This can be a discomfort to riders and
pedestrians traveling on such bridges. To solve this problem, analytical and experimental
studies have been and still are being conducted to study the dynamic response of box girder

bridges.

In 1967 and 1972, Culver (27) and Shore and Chaudhuri (84) used a closed form-
solution of the equation of motion to study the effect of transverse shear deformation and
flexural rotatory inertia on the natural frequencies of a horizontally circularly curved beam.
Such a study used the differential equation of motion for a freely vibrating horizontally
circular curved beam. In 1968, Tan and Shore (89, 90) used the differential equations that
represent the out-of-plane vibrational motion of a horizontally curved beam to model a
simply-supported horizontally curved girder bridge by idealizing the bridge as a slender,
prismatic curved beam subjected to a moving force of constant magnitude. In 1966 and
1970, Komatsu and Nakai (52,53) used the fundamental equation of motion along with the
Vlasov's thin-walled beam theory to conducted several studies on the free-vibration and
forced-vibration of horizontally curved single-box, and twin-box girder bridges. They also

used results of experimental data from tests on existing simply-supported and continuous
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box bridges in Japan to verify their theoretical analysis. In 1972, Cheung and Cheung (24)
described the application of the finite-sirip method to determine the natural frequencies and

mode shapes of vibration of straight and curved box-girder and beam-slab bridges.

In 1972 and 1973, Tabba (88) and Fam (33) used the finite-element method to apply
dynamic loads in order to determine the behavior of curved box section bridges. They also
performed experimental work on two curved two-cell box girder plexiglas models which
confirmed the reliability of the proposed analysis methods. In 1975, Rabizadeh and Shore
(72) presented a finite-element method for the dynamic analysis of curved multiple box
girder bridges, which formed the basis for the previous impact factor adopted by the
American Association of State Highway and Transportation Officials (AASHTO, Guide
Specification 1980) (5). In their research,‘ Rabizadeh and Shore used two sets of
concentrated forces to simulate a moving vehicle; the moving vehicle had component forces
in the radial and transverse directions and moved with constant angular velocity on
circumferential path of the bridge. In 1981, Heins and Lee (42) presented the experimental
results obtained from vehicle-induced dynamic field testing of a two-span continuous curved

composite concrete deck-steel single cell bridge, located in Seoul, Korea.

In 1984, Billing (11) summarized the results of dynamic testing done in 1980 on 27
bridges of various configurations and span lengths. Results from this study formed the basis
for the dynamic load allowance adopted by the Canadian Standard Association, CAN/CSA-
S6-88, (18) and the Ontario Highway Bridge Design Code, OHBDC second edition 1983,

(67). This dynamic load allowance, DLA, was calculated on the basis of the flexural beam
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theory and depends on the bridge first flexural frequency. However, this dynamic load
allowance/frequency relationship was revised in the third edition of the OHBD code, 1992,
(67) as well as the CHBD code, (66). The new DLA was to be a constant value depending
on the number of axles. In 1997, Akoussah et al (3) questioned this new revision. Using
three-dimensional finite element modeling, Akoussah et al. investigated the interaction
between vehicle and the bridge and then the dynamic amplification factor of simply-
supported reinforced concrete bridges of spans of 20 to 32 m. The bridge code of the
American Association of State Highway and Transportation Officials, AASHTO 1996, (6)

has traditionally applied an impact factor depending only on the bridge span.

In 1985, based on the predetermined mode shape function, Chang et al. (19) used a
method developed by Rayleigh-Ritz to predict the seismic response of a single, two, three
and four-span continuous curved girder bridges, supported on single pier bents. In 1985 and
1986, Mirza et al. (59) and Cheung and Mirza (23) conducted both a theoretical and
experimental investigation on the influence of bracing systems on the dominant frequency
of composite concrete steel model bridge. The theoretical part was based on using the
finite-element method. The experimental part was performed by building one straight
composite twin box girder bridge model. The model was continuous over two spans, with
varying depth at the intermediate support. The study investigated only the bridge’s
fundamental frequency. In 1987, Inbanathan and Wieland (47) presented an analytical
investigation on the dynamic response of a simply-supported box girder bridge due to a
moving vehicle over a rough deck surface. They found that the stresses developed by a

heavy vehicle moving over a rough surface at high speeds exceed those recommended by
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current bridge design codes. In 1988, Abdel-Salam and Heins (1) presented the results of a
comprehensive study of the seismic response of curved continuous composite concrete-steel
multiple box girder bridges. The El Centro earthquake ground motion acceleration record
and its corresponding response spectrum were used as dynamic input and the bridge was
modeled using three-dimensional space frame elements in which special elements were
introduced to account for the curved geometry and boundary conditions. The study showed
that the higher modes of vibration have a significant effect on the seismic response of this

type of bridges.

Based on a planar grid finite-element analysis, in 1988, 1990, and 1992, Galdos (36),
Galdos et al. (37), and Schelling et al. (75) studied the dynamic response of horizontally
curved multi-spine box girder bridges, of different spans. In their work, a moving vehicle is
represented by two constant forces, with no mass, traveling with constant angular velocity
along the same curvature as the bridge. From their findings, the current impact factors
currently used by AASHTO (Guide specification for horizontally curved highway bridges,
1993) for curved multi-spine box girder bridges were developed (5). In 1990, Mirza et al.
(58) conducted free-vibration tests on two prestressed concrete simply-supported bridge
models. The first model was one-cell and the second was a two-cell box girder bridge
model. In this study, the fundamental frequency of vibration and damping ratios of the
bridge models at different levels of cracking damage, were examined. These dynamic
characteristics could be used to estimate the cracking damage in the bridge. In 1991,
Cheung and Magnount (22) used the finite-element method to investigate the influence of

diaphragms, cross-bracings, and bridge aspect ratio on the dynamic response of a straight
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twin-box girder bridge of 45 m span. In 1990 and 1992, Kashif and Humar (50), and Kashif
(49) developed a finite-element technique to analyze the dynamic response of simply-

supported multiple box girder bridges considering vehicle-bridge interaction.

In 1993, Richardson et al. (74) presented the results of a field test, using simulating
carthquake loads, on a curved highway overpass of box girder cross-section. In the test,
large horizontal loads were applied to the superstructure of the bridge and quickly released,
causing the bridge to vibrate. The vibration modes were used to verify the analytical model
of the bridge dynamic response. The model was verified using only the fundamental

vibration mode, which was primarily a horizontal vibration mode.

In 1995, Huang et al. (45) studied the dynamic response of curved I-girder bridges
due to truck loading. In this work, Huang et al. (46) presented a method for obtaining the
dynamic response of thin-walled box girder bridges subjected to truck loading. The box
girder is divided into a number of thin-walled beam elements. Both warping torsion and
distortion were considered in the study. Four different classes of road-surface roughness
generated from power spectral density function for very good, good, average, and poor
roads were used in the analysis. The analytical results show that the dynamic response is
greatly affected by the higher modes. In 1996, Wang et al. (92) studied the free-vibration
characteristics and the dynamic response of three-span continuous and cantilever thin-
walled single-cell box girder bridge when subjected to multi-vehicle load moving across a
tough bridge deck. Results showed that the continuous-and-cantilever bridge with only one

hinge at mid-span is much more susceptible to vibration than that with middle suspension
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span. In 1997, Senthilvasan et al. (82) investigated the bridge-vehicle interaction in curved
box girder bridges. In their investigation Senthilvasan et al. combined the spline finite-strip

method of analysis and a horizontally curved folded-plate model to perform the analysis.
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2.6 Load Distribution and Codes of Practice for Box girder bridges

Due to their larger torsional stiffness, bridges of concrete deck over steel boxes are
more efficient and economical than those of composite steel-concrete I-girders. Composite
box girder bridges exhibit better transverse load distribution than the usual composite steel-
concrete I-girders. Below is a summary of the research work done on load distribution of

different composite bridge types.

The effect of cross-bracing on the warping and bending stresses of curved I-girders
were first studied by Yoo and Littrell (97) in 1985 by using a full three-dimensional finite-
element model. In 1986, Brockenbrough (16) also used the finite-element modeling to reach
load distribution factors, including warping effects, of curved composite I-girder bridges as
a function of the span length, radius of curvature, girder spacing, and cross-bracing spacing.
In 1967, and 1968, Johnston and Mattock (47), and Fountain and Mattock (35) studied the
lateral distribution of load in simple span composite multiple box girder bridges without
transverse diaphragms, they used a computer program for the analysis of folded plate
structures. Also, experimental work was done to verify the analysis and computer program.
In the experimental work, two bridges were built, the first is a one-quarter scale, two-lane,
80 ft span bridge supported by three box girders, the second is a fifth scale model of a two-
lane, 100 ft span bridge supported by two box girders. Both bridges were built and tested
under concentric and eccentric AASHTO truck loadings. Results from their work were used
to develop expression for the only live load bending moment distribution factor for each box

girder as a function of the roadway width, and number of boxes. The summary of their



results formed the basis for the lateral distribution of loads for bending moment currently
used by AASHTO, 1996 (6) and the first two editions of the Ontario Highway Bridge
Design Code (OHBDC 1979; OHBDC 1983) for multi-spine box girder bridges. However,
this expression did not take into account the beneficial effect of the cross-bracing inside and
between the boxes. It also limited the application to bridges where the number of spines
was the same as the number of lanes. The AASHTO LRFD, 2000 (4) provides another
expression for load distribution at ultimate limit state to obtain the live load bending

moment and shear force in each box of the multiple box girder bridge cross-section.

In 1985, and 1992, Bakht and Jaeger (9, 10) proposed a load distribution factors for
bending moment and shear, which forms the basis for live load distribution used by the third
edition of the OHBDC, 1992, (68) for multi-spine bridges. Their work was based on multi-
spine bridges having at least three spines, zero transverse bending stiffness, and load transfer
between the various spines through transverse shear. In 1994, Normandin, and Massicotte
(63) determine the distribution patterns in multi-spine box girder bridges with different
characteristics and geometry by using the results of a refined finite-element analysis. In their
work, they considered parameters such as: the type of live load, the use of external bracing,
and the presence of the internal diaphragms. Their investigation proved that internal
diaphragms, inside boxes, are essential components in box girder since they largely reduce
distortion of the cross-section under different loading. They also found that in the case of a
fully loaded bridge, the external bracing between boxes does not significantly influence the
distribution characteristics for bending moments and shear. Their results also indicated that,

in some cases, both OHBDC, 1992, and, AASHTO, 1996, distribution factors under predict
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the live load effects by a significant amount. However, the proposed method is also limited
to bridges having the same number of spines as lanes.

In 1978, Heins (38) proposed a modification factor which would extend the applicability of
the straight multiple box girder moment distribution equation provided by Fountain and
Mattock (35) to horizontally curved composite multiple box girder bridges. The
modification factor proposed is a function of the radius of curvature only in the case that
cross-bracings are used inside the boxes. In 1980, Mukherjee and Trikha (60) used the
finite-strip method and developed a set of design coefficients for moment, shear, transverse
moment, and vertical deflection under webs for twin cell curved box girder reinforced
concrete bridges. The coefficients served as an aid to practical design of such bridges.
However, they were limited only to concrete bridges of two-lane, span length between 20

and 40 m, and radius of curvature between 45 and 150 m.

The AASHTO (Guide Specification for Horizontally Curved Highway Bridges,
1993) (5) is pertained to both curved composite concrete deck-steel I-girder bridges and
multiple box girder bridges. The specifications for load distribution for both curved I-girders
and multiple box girders were based on a design-oriented research work done by Heins and
Jin in 1984 (41) on live load distribution of single and continuous curved composite I-girder
bridges by a space frame idealization. The space frame modeling has incorporated the
interaction of diaphragms (cross-bracing in the radial direction) and bottom lateral bracing
in some or in all bays. Appropriate design equations were presented for use in conjunction
with a plane grid solution. For both curved I-girders and curved multiple box girders, the

AASHTO (Guide Specification for Horizontally Curved Highway Bridges, 1993) specifies
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that the moments and shears required to proportion the individual members shall be based
on a rational analysis of the entire structure which takes into account the complete
distribution of loads to the various members. Moreover, if the rational analysis considers the
system as a plane gird and not as a space frame and bottom lateral bracing is specified in
some bays or in all bays, the code modifies the resulting maximum live load stresses, using
Heins-Jin design equation, considering additional warping stresses beside the normal

bending stresses.

In 1981, Davis and Bon (30, 31) presented correction factor for curvature for load
distribution in concrete and prestressed concrete multi-cell box girder bridges. For the
outmost girder (farthest from the centre of curvature), they proposed straight bridge load
distribution just as it is without any modifications. For all other girders, this factor is a ratio
of the distance from the centre of curvature to the girder-to-radius of curvature. However,
this method did not consider the beneficial effect of the transverse diaphragm. In 1988, Nutt
et al. (65) proposed a set of equations for moment distribution in straight, reinforced and
prestressed concrete, multi-cell box girder bridges as a function of number of lanes, cell
width, span length, and number of cells. In 1989, Ho et al. (44) used the finite-strip method
to analyze straight simply-supported, two-cell box girder and rectangular voided slab
bridges without intermediate diaphragms. Empirical expressions for the ratio of the
maximum longitudinal bending moment to the equivalent beam moment were formulated.
The span lengths of the bridges in this study were up to 40 m in case of two-lane, 50 m in
case of three-lane, and 67 m in case of four-lane. However, the empirical expressions were

developed only for straight two-cell bridge section made of either concrete or steel. In 1995,
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Cheung and Foo (21) used the finite-strip method to develop expressions for the relative
behaviour of curved and straight multiple box girder bridges as a function of span length,
number of lanes, box spacing, and radius of curvature. In his study, there was no
consideration made for the effect of number of boxes and dead load distribution. Also the
beneficial effect of diaphragms inside the boxes and cross-bracings between boxes were

neglected.

Using specified load distribution factors suggestions made by California design
engineers in 1959. The AASHTO, 1996, (6) refined the specified load distribution factors
for bending moment in straight reinforced concrete box girder bridges (S/8 for one-lane
traffic and S/7 for two or more traffic lanes where S is the cell width). However, these
distribution factors do not give any indication on the structural behavior of the bridge or the
parameters influencing the response of the bridge. In 1991, Zokaie et al. (97) proposed other
moment and shear distribution factors for reinforced and prestressed concrete multi-cell
bridges. Their findings formed the load distribution factors for moment and shear currently
used in AASHTO LRFD, 1994 (4) for straight concrete multi-cell bridges. In 1996,
Brighton et al. (15) described a study to determine a live load distribution factor for a new
type of precast concrete double cell box girders that was proposed for a prefabricated bridge

system for rapid construction of short-span bridges.

The Canadian high bridge design code (66) provides no specifications or aids for the
design of horizontally curved bridges including those of multiple box-girder cross-sections.

Because of its high torsional-to-bending stiffness when compared to other I-girder cross-
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sections, the multi-spine box girder bridge cross-section is one of the best solutions in
sharply curved alignments to allow better load distribution characteristics and reduce
material content in a structure. The American Association of State Highway and
Transportation Officials, AASHTO 1996 (6) states that the curved bridge may be designed
as a straight bridge if the central angle < 12°. On the other hand, the Canadian Highway
Bridge Design Code, CHBDC 2000, (66) states that for horizontally curved bridges, the
effect of curvature may be neglected in structural design calculations as long as the L*bR
ratio is less than 1.0, where L is the curved span length, b is half the bridge width, and R is
the radius of curvature. These limitations are questioned in case of moment and shear in case
of curved composite multi-cell bridges. Therefore, due to the lack of knowledge about the
distribution of moment and shear in composite concrete-steel straight and curved box girder

and multi-cell, research work is required.



Chapter I1I

3.1 General

In curved box girder bridges, torsional moments and deformations are of great
importance even for concentric loading. In order to develop a better understanding of the
ability of behavior of box girder bridges under these loading conditions, an experimental
work was performed at the Structural laboratory at Ryerson University. The experimental
program was undertaken to investigate the behavior of curved and straight box girder
bridges under static and free-vibration loading conditions, and the influence of curvature on
the structural response. In the experimental program, bridge models were built and loaded

up to failure. Results such as deflections and strains were recorded.

The main purpose of this experimental study was:

1. To use the experimental data collected in order to verify the structural response of
the type of bridges predicted by the analytical modeling using the commercially
available finite element "ABAQUS" software;

2. To obtain data related to the free-vibration response of such bridges;

3. To examine the nonlinear up-to-failure behavior of box girder bridges.

In this chapter a detailed description of the bridge models is presented including the
geometry, material properties, construction of the models, instrumentation, test equipment,
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and experimental setup. An outline of test procedure 1s later listed.

3.2 Description of the Bridge Models

The experimental program was carried out on Three 1:10 linear-scale composite
concrete deck-steel twin-box girder bridge models under free-vibration, elastic and up-to-
collapse loadings. All of the three models were simply-supported. Two of the models (M1
& M2) were curved in plan while the third one (M3) was a straight bridge. To study the
effect of the presence of cross-bracing between boxes on the structural response, the first
model M1 had five cross-bracing and top-chord systems between the radial support lines
inside and between boxes, while the second model M2, of the same curvature as the first
model, did not have any bracing systems between the boxes except at the support lines. To
study the effect of curvature on the structural response, both the second and third bridges,
had the same number of cross-bracing with the exception that the second model was curved
while the third one was straight in plan. The details of the geometry are shown in some of

the following sections.

3.2.1 Simply-Supported Curved Bridge Model (M1)

The first bridge was a 1:10 linear-scale twin-box girders bridge model; it was built
and tested under three loading conditions. The bridge was simply-supported with composite
construction of concrete deck and steel box girders. The cross-sectional dimensions are
shown in Fig. 3.1. The concrete deck was 800 m wide, 35 mm thick, and was supported by

two 111 mm deep steel box girders. The box girders consisted of two top flanges each 38x3

mm, four webs each 111x3 mm, and a common bottom flange 200x3 mm thick. Two
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diaphragms, 3 mm thick, were placed at the extreme end sections in the radial direction of
cach box girder. Access holes measuring 50x50 mm were provided in each diaphragm.
This model contained five braces inside the box girders equally spaced to section the girder
into six equal sections, from support to support along the span. All braces had a top chord
and two diagonal members crossing form corner to corner on a diagonal angle. This bridge
model was also braced between the boxes dividing the span into six equal sections from
support to support, and thus seven braces similar to the ones inside the boxes were used
starting from one support to the other. Finally stiffeners were added at and between the
support and the location of the first brace line on each side of the box girder, plan details of
the locations of all the braces, stiffeners and diaphragm locations are shown in Fig. 3.2.-a.
To fasten the concrete deck and the girders together, channel shear connectors were used
with length of at 25 mm, and spaced at 125 mm, along each top flange. Two meshes of steel
reinforcement, 100x100x3.2 mm directed tangentially and radially, were used in the

concrete deck slab.

3.2.2 Simply-Supported Curved Bridge Model (M2)

The second simply supported bridge model M2 was very similar to bridge model M1. Both
M1 and M2 models had the same overall dimensions and curvature. The only difference
here is that no bracing was provided between the boxes except at the supports for bridge

model M2. Figure 3.2-b shows the plan view details of the model.

3.2.3 Simply-Supperted Straight Bridge Model (M3)

The last bridge model constructed was a straight composite concrete deck-steel twin-
29



box girder model. Just like the curved models, this one spanned 3000 mm from support to
support at center, this model was the same as those for model M2 with the exception that it
is straight in plan. It had braces between the boxes only at the supports and the rest of its
details in terms of locations of stiffners, shear connectors, diaphragms and concrete deck
were exactly the same as those for model M2. Plan view details of this model are show in

figure 3.2-c.

3.3 Materials

Local available materials were used to construct all the bridge models used in this

study.

3.3.1 Steel

All the steel plates were provided in sheets. Three coupon specimens were cut from
the sheets and tested up-to-failure using a Universal Testing Machine. Figure 3.3 shows the
dimensions of the specimens tested. Average stress-strain relationship for the tested
coupons are shown in Fig. 3.4. The 3-mm plates had yield strength of 260 MPa, with a

modulus of elasticity of 200 GPa.

3.3.2 Reinforcing Steel

The concrete deck slab for all the bridge models was reinforced by using two
meshes of stainless steel reinforcement, 100x100x3.2 mm directed tangentially and radially.
Three specimens of 300 mm long were tested in tension up-to-failure. The average stress-

strain relationship for the tested specimens is shown in Fig. 3.5. The yield strength was
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found to be 820 MPa, with a modulus of elasticity of 200 GPa.

33.3 Concrete

A ready mixed concrete having a 28 day minimum specified strength of 35 MPa was
used for the concrete deck slabs of all bridge models. The cement was normal-strength
Portland cement, CSA Type 10, manufactured by Canada Cement Company. Since the slab
was only 35 mm thick, th¢ aggregate used in this concrete mix had a maximum nominal size
of 10 mm to ensure low air gaps between the concrete and steel mesh. Natural tap water
was used in the concrete mix. The water-cement ratio of the mix was 0.45. Three standard
cylinders were cast concurrently with the casting of the concrete deck slab of each model.
The cylinders were kept beside the model bridges to ensure the same curing conditions after
casting. The concrete cylinders were tested on the same day the bridge model was tested to
determine the compressive strength. Table 3.1 shows the average compression strength of

the concrete cylinders for each model.

3.3.4 Shear Stud Connectors

The channel shear connectors were welded to the top steel flange of the box girders
at 125 mum spacing. The channels were welded on both sides of the contact area between it
and the flange over the channel length of 25 mm. The channel was of 19 mm height, 3 mm
flange width, 3 mm web thickness, and 25 mm web depth. Figure 3.6 shows a view of a

channel stud welded on top of the flange in one of the bridge models.
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3.3.4 Construction of the Bridge Models

Using the commercially available AutoCAD software, all the steel parts were plotted with
one to one scale on 910 mm wide role of paper, then cut and taped onto the steel sheets.
This was done to make the cutting boundaries of the different elements accurate. An electric
cutter available at the workshop of the Civil Engineering Department was used to cut the
plates and strips. To form the steel grid of each model, the webs, end-diaphragms, cross-
bracings, and top flanges were first clamped in position and then spot welded to each other
at first. They were then moved to a local steel welding and fabrication shop off campus to
apply the welds along the full span. To minimize the heat generation problem that was
encountered in the welding process, proper clamping and stabilization before welding were
ensured. Also, the welds were applied in 50 mm increments and staggered along the span of
the girders by careful utilization of 2 mm continuous welds using a medium-heat welding
machine. The bottom flange plate of each model was then clamped to the steel grid and
welded to the webs. Channel shear connectors, along the top flanges, were then welded.
Views of all the bridge models after completion of the welding (non composite stage) are

shown in Figs. 3.7 to 3.9.

Styrofoam insulation sheets measuring 2438 x 1219 x 25 mm are shown in Fig. 3.10.
These sheets were used for the concrete stay-in-place formwork between the cells and on the
outside of the cells. Small cubes of Styrofoam were placed inside the cells to support the
Styrofoam sheets. Views of the formwork for the bridge models are shown in Figs. 3.11 to
3.13. Afier the forms were prepared, duck tape was put on all area to prevent leaking of the

concrete mix between the form work and steel. Then, two meshes of steel reinforcement,
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100x100x3.2 mm directed tangentially and radially, were placed over the formwork as
shown in Figs 3.13 to 3.15. These steel meshes were formed by using common thin gauge
tie wire to strap them at 100 mm spacing and were held apart by using bobby pins (Fig. 3.16)
around the reinforcing steel mesh to keep the top mesh erected while the bottom mesh rested

just on top of the flanges.

In the concrete slab pouring process, the concrete was poured from one end to the
other for each bridge model. As the concrete was poured the top of the concrete slab was
worked with a wooden 2x4" to obtain a level surface. The top surface of the concrete slab
was then given smooth final finish by trowelling. Figures 3.17 to 3.20 show photos taken
during the casting and finishing of the concrete work. Since it was not possible to
continuously moist cure the concrete after it was poured and set, it was sprayed with water
for the following four days to ensure a better hydration and prevent evaporation. After that,

the bridge models were left to be air-cured till the testing time.

3.5 Instrumentation

3.5.1 Strain Gauges

To measure the strain on the top surface of the reinforced concrete slab of the bridge
models, electrical strain gauges, type KFG-30-120-C1-11, were used. The concrete strain
gauges had a length of 30 mm, a resistance of 120+2% ohms, and a gauge factor of
2.11£1%. In order to measure the strain on the outer sides and bottom of the steel box
girders bridge models, electrical strain gauges, types EA-13-250BG-120 and in certain cases

EA-06-240L7-120, were used. The first type of the steel strain gauges had a length of 13
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mm, a resistance of 120.0 ohms, and a gauge factor of 2.09+0.5% (figure 3.21). While the
second type of the steel strain gauges had a length of 6 mm, a resistance of 120.0 ohms, and
a gauge factor of 2.045+0.5%. However, it is important to note that the second type of
strain ganges used (EA-06-240LZ-120) were only as a replacement in case of a defected
gauge problem. These second type gauges were used only on three locations in bridge
model M1 because the original stain gauges were not working properly. All the strain
gauges were placed at the mid span of each bridge model. Figure 3.22 shows the locations

of the concrete and steel strain gauges on the tested bridge models.

3.5.2 Linear Variable Displacement Transducers, LVDT's

Linear variable displacement transducers (LVDT's), of 50 mm electrical stroke, were
used at various locations to measure deflections in all the models. In the case of the first two
bridge models (M1 & M2) four LVDT’s were mounted under the steel girders to collect
deflection data for the determination of the natural frequency, and three LVDT’s were
mounted at three different locations at the mid-span locations to measure deflections during
the loading stage. In the case of the third bridge, four LVDT’s were mounted under the
girders to measure displacements. In all cases, LVDT’s were placed in locations at 0.25
and/or 0.5 of the span length. These locations for all bridge models are shown in Figs. 3.23

to 3.25.

3.53 Mechanical Dial Gauges
Where LVDT’s were not possible to mount due to physical limitation, mechanical

dial gauge having a travel sensitivity 0.01 mm were used to measure the deflections at mid-
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span section. This was the case for the first two model bridges at the most outer web. The
dial gauge readings were manually taken at each increment of loading throughout the test

procedure.

3.6 Testing Equipment

3.6.1 Hydraulic Jack
A hydraulic jack having a capacity of 200,000 Ibs was used for the application of the
load. The jack was mounted on a w-shape steel member supported by a rigid portal frame as

shown in Fig. 3.26.

3.6.2 Load Cells
One loading cell was used in this experimental work. A universal flat load cell, of 900 kN
capacity, was used to measure the applied loads on all bridge models. Figure 3.26 shows

loading cell mounted on the bottom of the hydraulic jack.

3.6.3 Automatic Strain Indicator

Automatic strain indicator supplied by Intertechnology was used to record the strain
during the application of the loads. The strain indicator consisted of two devices: the V1E-
21 switch balance and ten digital strain indicator SB-10. The SB-10 strain indicator unit

was used to measure strains on top of the concrete surface in all bridge models.

3.64 Data Acquisition System

During natural frequency testing, the data from the LVDT sensors were captured by
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a test control software (TCS) using 2 SYSTEM 6000 data acquisition unit. The test control
software, TCS, is a powerful tool developed specially for acquiring; reducing and analyzing
the dynamic analog data captured using the SYSTEM 6000. It simplifies the process for
collecting and converting data captured by strain gauges and LVDT’s. The TCS was
adjusted to sample the data at a rate of 500 readings per second for the LVDT’s during the

natural frequency test and 10 readings per second during the loading process.

3.7 Experimental Setup and Testing Procedure

Each bridge model was supported at its ends by a simple system under each web.
Figure 3.27 shows the details of the support under the web ends. A tie-down system was
used over each support line to prevent any possible torsional uplift. The supporting system
was firmly tied down to the supporting beams that the model bridges rest on to ensure that
there is no uplift during loading. Figure 3.28 shows the testing setup. Figure 3.29 shows
view of the tie down system of the bridge support line, while Fig. 3.30 shows a view of the
tie down system to the bridge supporting beam. Each model was tested in three stages as

follows:

3.7.1 Stage (1), Free-Vibration Tests on the Bridge Models

The free-vibration tests on all bridge models were performed by first mounting the
LVDT's under the girders as described earlier. A round bowling ball, weighing 4.53 kg, was
then dropped from a height of 0.5 m over the concrete deck along the centre line at 300 mm
from the mid span. The LVDT’s data captured by the SYSTEM 6000 data acquisition unit

was fed into the test control software (TCS) for reduction into a ASCI format data file.
36



Using data analysis and display software called DADiSP, (DSP Development Carporaﬁon,y

www.dadisp.com ), the ASCII files were fed into a Fast Fourier Transform, FFT. The FFT

analyzer gave the spectrum response of the bridge in the frequency domain from which the
natural frequencies of the models were deduced. The DADISP software also yielded the

magnitudes and phase angles for the mode shape.

3.7.2 Stage (2), Two point Concentrated Elastic Loading

In this stage of loading, the bridge models were tested elastically under two different
cases of concentrated point loading applied at the mid span of all models. In the first case
(Case I), two concentrated loads were applied on top of the webs of the outer girder. In the
second case (Case II), two concentrated loads were applied on top of the webs of the inner
girder. In both cases, the initial load applied was approximately at 2225 N then was moved
up to 4500N. Figure 3.31 summarizes the above mentioned loading cases for all bridge

models.

3.7.3 Stage (3), Loading the Bridge Models up-to-complete-collapse

Finally, each model was tested to failure using a four point loading arrangement
~ (case ITI). In this case, four concentrated point loads were applied at the mid span, one at the
top of each web, this type of arrangement can be seen in Fig. 3.31. For all the models, the
load was applied at a constant rate in increments of 2.5 KN. After each increment, the load
was maintained constant during recording of the deflections and strains. Moreover, the crack
propagations in the top of the concrete deck slab were traced. After failure of each bridge

model, the applied load was released slowly.
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Chapter VI

FINITE ELEMENT ANALYSIS

4.1 General

The finite-element method is one of the most powerful methods of analysis available today.
Because of recent development in finite-element method, it is now possible to model a
bridge in a very realistic manner and to provide a full description of its structural response
within the elastic and post-plastic stages of loading. One of the most important advantages
of the finite-element method is its ability to deal with problems that have arbitrary
arrangements of structural elements, material properties, and boundary conditions.
Therefore, the finite-element method is very suitable for the analysis of curved composite
box girder bridges. This chapter includes descriptions of the modeling of the different
components of the composite box girder bridges. The finite element model includes the
reinforced concrete deck slab, top steel flanges, steel webs, bottom steel flange, the solid
end-diaphragms, the cross-bracings, and the top chords as described in subsequent sections
in this chapter. The finite element program ABAQUS (43) was used throughout this study to
determine the structural behavior as well as the free vibration response of the curved
composite box girder bridges. A general description of this program is presented later in
this chapter. The finite element method of structural analysis described herein was also
employed to perform the parametric study on the static response of both straight and curved

composite box girder bridges.
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4.2  Finite Element Approach

The finite-element method is a numerical method for solving problems in
engineering and mathematical physics. In structural problems, the solution is typically
concerned with determining stresses and displacements. Finite element model give
approximate values of the unknowns at discrete number of points in a continuum. This
numerical method of analysis starts by discretizing a model. Discretization is the process
where a body is divided into an equivalent system of smaller bodies or units (elements)
interconnected at points (nodes) common to two or more elements and/or boundary lines
and/or surface. An equation is then formulated combining all the elements to obtain a
solution for one whole body. Using a displacement formulation, the stiffness matrix of each
element is derived and the global stiffness matrix of the entire structure can be formulated
by the direct stiffness method. This global stiffness matrix, along with the given
displacement boundary conditions and applied loads is then solved, thus that the
displacements and stresses for the entire system are determined. The global stiffness matrix
represents the nodal force-displacement relationships and is expressed in a matrix equation

form as follows:

[P] = [K][U] (4.1)
Where:
[P] = nodal load vector;
Kl = the global stiffness matrix;
uy = the nodal displacement vector;

The steps for deriving the above equation can be summarized in the following basic

relationships:
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@ v, y)= [Py a] (4.2)

where:

V= the internal displacement vector of the element.

o= the displacement function.

o= the generalized coordinates.
) [Ul=[4][a] then,[a]=[A]"[U] *3)
Where [A] is the transformation matrix from local to global coordinates,
©  [exy)]=[Byile]=[BGy]A] U] “4)
Where:

BEy)F= the strain-displacement matrix.

[e(x, V)= the strain matrix.

@ [o(x3)] =[D][ £(x,3)] = [DI[B(x YI[A]"[U]

Where; [D] is the constitutive matrix or the elasticity matrix. From the principle of
minimization of the local potential energy for the total external work equal to 1/2 [U1're],

then

(e) @) we=[u']"[P]

Gi) wo=1, (€] [o]=[] [A] [K][A][U] (4.5)

Where:
Wi = the external virtual work;

W;= the internal virtual work;
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u'l= the vector of virtual displacement;
P

k7= the element stiffness matrix.

where [K]=1,,.[B(x) ]" [DI{B(x,»)] (4.6)

(f) From the principle of virtual work, Wg = Wi. By taking one element of virtual nodal

displacement vector [u'] equal to unity successfully, the solution becomes:
[P]=[K][U] 4.7)

Where [K] = Z[k'], so the global structural stiffness matrix is an assemblage of the element

stiffness matrix [k'].

(g) The solution of the resulting system of equations yields the values of nodal displacement

[U] and the internal forces for each element can be obtained from equation (4.4).

In the case of a liner (elastic) structural problem, loads are first applied on a model and the
solution is obtained directly. In a nonlinear case, the analysis follows a numerical method to
obtain a solution. However, such analysis is beyond the scope of this thesis and is not

discussed.

4.3 The Finite Element Program 'ABAQUS’

ABAQUS is a multi-purpose finite-element program developed initially for nuclear
power and offshore engineering communities, who needed a tool for studying complex,
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nonlinear engineering problems. Widespread adaptation across many industries during the
1980’s and 1990’s made ABAQUS a popular choice for demanding finite element anaiyéis.
The program is used world-wide to estimate structural responses of power plant structures
due to accident and operating stresses. However, it is used on a much wider scale to solve all
types of structural problems. ABAQUS runs as a batch program to assemble a data deck
which describes a problem so that an analysis can be performed. A data deck for ABAQUS
contains model data and history data. Model data defines a finite-element model which
includes: the nodes, elements, element properties, material definitions, nodal constraints or
boundary conditions, and any data that specify the model itself. Data decks for complex
simulations can be large but can be managed without too many difficulties by using the
convenient feature built into the program's input structure. History data defines what
happens to the model such as the sequence of events or loadings in which model was
subjected to. In ABAQUS, this data history is divided by the user into a sequence of steps.
Each step is a period of response of a particular type such as static loading or dynamic
response. The definition of a step includes the procedure type, the control parameters for
time integration for non-linear solution procedures, loading, free-vibration procedure, forced

vibration procedure, and output requests.

All data definitions in ABAQUS are accomplished with option blocks which are sets
of data describing a part of the problem definition. The user chooses these options that are
relevant for a particular application. Each option is introduced by a keyword card. If the
option requires data cards, then the data should be placed afier the key words. One of the

most useful features of the ABAQUS data definition method is the availability of sets. A set
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can be a set of nodes or a set of elements. The user provides a name for each set. That name
then provides a means of referencing all of the members of the set. Sets are the basic
reference throughout ABAQUS and the user of sets is recommended. Choosing meaningful
set names makes it simple to identify which data belong to which part of the model. Where
global and local coordinates are not aligned such as in the ends of the curved bridges,
ABAQUS provides a TRANSFORM option to specify a local coordinate system at nodes by
setting up rotated direction for displacements and rotations at individual nodes and node sets.
This option was used to rotate the two horizontal displacements (Ux and Uy) to radial and
tangential displacement to apply the boundary condition in the radial supports of curved

bridges.

4.4 Finite-Element Modeling of Composite Multiple Box Bridges

A three dimensional finite-element model was used to analyze all composite bridges
included in this study. A convergence study was conducted to choose the finite-element
mesh. The finite-element mesh is usually chosen based on pilot runs and is a compromise
between economy and accuracy. In the finite element modeling process, the structure is first
divided into several components. In this case, the bridges were divided into: concrete deck
slab, steel top flanges, steel webs, steel bottom flange, steel solid-end-diaphragms and cross-
bracing and top-chords. Several element types were attempted at first as trial until a suitable
one is found. Also several trial runs proved that the effect of vertical web stiffeners on the
structural behavior was insignificant. Therefore, they were not included in the finite-element
model. In this chapter, different element types and material used for modeling the elastic

loading stage are presented. The analysis results presented in this chapter were verified by
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loading cases on three different composite laboratory bridge models discussed in chapter 3.

4.4.1 Geometric Modeling
~ (a) Modeling of Deck Slab, Webs, Bottom Flange, and End-Diaphragms

For these components, shell elements were used. From the many types of shell
elements available in the ABAQUS library, the four-noded shell element named S4R was
chosen. Depending on its nodes, this type of element can have either straight or curved
boundaries depending on nodes definitions; this makes it suitable for the curved bridges.
The S4R element had six degrees of freedom at each node, these were (U1, U2, U3) and
three rotations (®1, ®2, ®3). A detailed diagram of the shell element S4R is shown in

Figure 4.1.

(b) Modeling of Steel Top Flanges, Top-chords, and Cross-bracings

For these components, two-node three-dimensional beam element, called B31H in
ABAQUS library, was used to model the steel top flanges, top-chords, and cross-bracings.
This element has two nodes having six degrees of freedom at each node. They are three
displacements (U1, U2, U3) and three rotations (®1, ®2, ®3). A detailed diagram of the

beam element B31H is shown in figure 4.2.

4.4.2 Boundary Conditions
Two different nodal constraints were used in the analysis; these were boundary
constraints and multi-point constraints. For the boundary conditions, two different

constraints were set in modeling the simply supported bridges. First the roller support at one
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end of the bridge was restricted to both vertical and radial displacements at the lower end
nodes of each web. Second, the most inner hinged support at the other end of the bridge was
restricted to all possible translations at the lower end node, however the rest of the support
end nodes were restricted only to radial and vertical translations. In summary, the boundary
conditions for all end support nodes in the finite-element models were as follows: (1) one
interior support fixed against tangential, radial, and vertical displacements; (2) all other

supports were free to move tangentially but fixed against radial and vertical displacements.

The multi-point constraint option in the ABAQUS software, type BEAM, was used
to model the présence of the shearing stud between the shell nodes of the concrete deck and
the beam element nodes of the steel top flanges, the beam type element allows for constraint
between different degrees of freedom and thus, ensures full interaction between the concrete
deck slab and the steel cells as intended in the design. In this type of constraint, the finite-
element modeling software ABAQUS uses a linear constraint equation, where beam
elements are placed between the concrete deck and the flanges act as rigid links. This way,
all forces and moments experienced by the shearing studs are transferred directly to the steel
flanges by the beam element. In this manner, the nodal degrees of freedom of the nodes of
element are transferred to those of another element node which that it is attached to. The
multi-point constraints between the concrete deck and the top steel flanges, shown in figure
43 were used with the proper spacing based on the comparative study between the

experimental study and theoretical results.
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4.4.3 Material modeling

It is important that the material properties are defined so that ABAQUS (43) can
provide suitable properties for those elements. Also, the material properties can highly
~ affect the results of the analysis. Structural material properties include elastic modulus and

yield stress, must be input to ABAQUS for accurately predicting the behavior of the model.

4.5 Dynamic Analysis using the Finite-Element "ABAQUS" Program

There are several methods for performing dynamic analysis using the ABAQUS
software. Usually, modal methods are chosen for linear analyses instead of direct integration
methods. This is because, in direct integration dynamics, the global equations of motion of
the system must be integrated through time, which makes direct integration methods more
expensive than modal methods. For linear problems, dynamic response is determined by
using the eigenmodes of the system. In such cases, modes and frequencies are calculated

first in a simple frequency (free-vibration) procedure step in ABAQUS.

4.5.1 Free-Vibration Analysis

To obtain the natural frequencies and the corresponding mode shapes of an object,
the FREQUENCY command is used in ABAQUS. ABAQUS obtains the frequency using
the eigenvalue technique. The eigenvalue for the natural frequencies for a finite element

model is as follows:

@ M + o™ + KM )" =0 (4.8)
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Where:

M"Y = mass matrix (which is symmetric and positive definite);

¢ = damping matrix (neglected during the eigenvalue extraction);
KM = stiffness matrix;

oY = eigenvector (the mode of vibration);

® = frequency value;

M&N= degrees of freedom.

Also, densities of materials must be defined. Using the DENSITY option in ABAQUS, the
user can define the different densities of all materials used to form the structure. The users
need to specify the number of eigenvalues required. In ABAQUS, the analysis process
normalizes the eigenvectors so that the largest displacement entry in each vector is unity.
Also, using the eigenvectors, the program automatically calculates the participation factor
which indicates how strong the motion was in the global x-, y-, and z-direction or rigid body

rotation about one of these axes.

4.6 Finite-Element Analysis of the Bridge Models and the Prototype
Bridges

The above mentioned finite element method was employed to study the elastic and
free-vibration response of the three tested bridge models described earlier in Chapter 3. In
the finite element modeling, pilot runs were performed t6 determine the least number of
possible elements in the mesh discritization without a loss in accuracy. As a result, for the

elastic and vibrational load verifications, it was sufficient to vertically use six elements for
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each side of the web and four elements between webs for the concrete slab bottom éteei
flanges, 72 elements in the longitudinal direction. ~ For the purpose of consistency, the
discritization for the all finite elements models was kept the same per box girder. Figure 4.3
shows the finite eiemem discritization of the cross-section of the bridge model M1. Pilot
runs were also performed to investigate the effect of vertical stiffeners and concrete steel
reinforcement on the structural response of the finite element models. It was found that the
vertical stiffeners had an insignificant effect on the structural response of the finite element
model, so they were omitted in the modeling. Also, the steel reinforcement in the concrete
deck had no significant effect on the model elastic or dynamic response, and therefore, the
steel reinforcement were also excluded from the finite element models.

The finite element modeling was first verified and substantiated by testing three
bridge models with different number of cross-bracing. The finite element modeling was then
used to conduct a parametric study on the structural response of curved and straight
composite box girder bridge prototypes. A list of ABAQUS input data decks used in elastic,
free-vibration analysis is shown in appendix A7. Figure 4.4 shows view of bridge model
M1, with concrete deck slab, while Fig. 4.5 shows the same model without the concrete slab.
Figures 4.6 and 4.7 shows view of the finite element models for the straight bridge model

M3 with and without the concrete deck slab, respectively.
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Chapter V

5.1 General

The main objective of the experimental study was to substantiate and verify the
linear finite element analysis. The experimental study was also used to:
1. Study the effect of curvature on the behavior of simply-supported curved composite
twin-box girder bridges;
2. Study the effect of the presence of cross-bracing system between the support lines
on the behavior of curved twin-box girder bridges;
3. Investigate the effect of different cases of loading on the elastic behavior of such
bridges.
In order to achieve the above objectives, experimental tests were conducted on three simply
supported composite concrete-steel box girder bridge models, where, the first two were
curved having a different number of cross bracing between the boxes while the last was a
straight bridge model. This chapter summaries and compares the results of the experimental
and finite element analysis for the three different bridge models. These results include:
natural frequencies and mode shapes deflections, longitudinal strains, and failure modes of

the bridge models.

5.2  Free-Vibration Test Results

Free-vibration tests were conducted on all three bridge models. Using two different
LVDT setups as described earlier in Chapter 3, each bridge model was excited to set it under

free-vibration. Displacement data captured from the LVDT sensors were fed into a Fast
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Fourier Transformation Analyzer to give the spectrum response of the each bridge in the
frequency domain from which the highest frequencies as well as the mode shape were
extracted. Figures 5.1 to 5.24, 5.26 t0 5.29, 5.11 t0 5.14, 5.16 t0 5.19, 5.21 to 5.24, and 5.26
to 5.29 show the displacement-time histories at certain locations as explained in Chapter 3
for all bridge models. While Figures 5.5, 5.10, 5.15, 5.20, 5.25, and 5.30 show the frequency
spectra for all bridge models. The experimental natural frequencies were extracted from the
data obtained from the deflections of the bottom flanges at each LVDT location. However,
due to limitations in the experimental work, only the most reliable data that revealed the full
spectrum was used for the final natural frequency results. Table 5.1 summarizes the natural
frequencies and the mode shapes for all bridge models. In general, a good correlation
~ between the experimental and theoretical findings was observed. However, it was noticed

that theoretical frequencies were generally higher than those obtained experimentally.

For the straight bridge model M3, only the first natural frequency was captured due
to error made during the ball drop testing. The first natural frequency of vibration using the
finite-element model was 34.9 Hz which is close to the frequency of 30 Hz obtained from
the experimental data collected. Also, the corresponding mode of vibration was purely

flexural for both the theoretical and experimental frequencies.

From Table 5.1, it can be observed that the experimental value of the first frequency
was the same for the first and second model bridges. Both of these models have the same
curvature and dimensions with the exception that the first model has external bracing
between the box girders. Also the finite element results for the first frequency were almost
identical for both models. From this observation, it seemed that the external bracing did not
have any effect on the dominant frequency of the models. However, in the case of the

second natural frequency, only the experimental values were different, where the second
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bridge model M2 had a 5.2% higher value than the first bridge model. In the case of the
third natural frequencies, the theoretical values were higher than the experimental values by
17.4 % and 18.7 % for the first bridge models. However, here the first bridge M1 had
higher theoretical and experimental frequencies values than M2. Judging by the dominant
first natural frequency, it seems that the presence of the bracing in the first bridge model M1

did not contribute to any enhancement in its torsional stiffness.

5.3 Results from Loading the Composite Bridge Models up-to-Collapse

After the free vibration testing, each model was loaded eccentrically in the elastic
range. Two concentrated loads were applied over the outer webs and the mid-span section,
as shown in Fig. 5.31. Then two concentrated loads were applied over the inner webs as

shown in Figure 5.32. Figure 5.37 shows similar loading for model M3.

Each model was tested to failure using the four point load configuration described
carlier in Chapter 3. In all model bridges, four concentrated loads were applied over the
webs at mid-span. Figure 5.33 shows view of bridge model M1 during loading to collapse.
The load was applied at a constant rate in increments of 2225 N (500 Ibs) approximately.
After each increment, the load was maintained constant during recording deflections and
strains. Moreover, the cracks in the top surface of the concrete deck slab were traced. After
failure of each bridge model, the applied load was released slowly. A bridge model was

considered failed when it could not carry any further load.

The testing up-to-collapse of bridge model M1 began by applying the load in
increments. When the loading reached approximately 31 KN (7000 Ibs), the first concrete
crack line was observed extending closely along the center line from the quarter length on

the left side to near the mid span. From that point on, as the load increased, other cracks
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developed until the bridge reached its ultimate load. Figure 5.34 shows view of the deflected
shape of bridge model M1 after failure. While a view of the crack pattern for models M1 is
shown in Fig. 5.35. It is important to note that the cracks were observed visually only. The
test was terminated at an ultimate applied load of 89.4 kN. After the bridge collapsed, it can
be seen that the cracks were inclined to the supporting line where the model bridge was
restrained. From the pattern of the cracking lines it can be shown the cracks were mostly
attributed to the high torsional moment associated with the curvature of the bridge model. It
should also be noted that the crack lines around the mid-span area lined up closely on top of
the webs 1, 2 and 3. Figures 5.41 show the load-deflection relationships of the bottom-web
points at the mid-span. It can be observed that the outer web (Webl) deflected more than

the inner web (Web4).

The testing up-to-collapse of bridge model M2 started by applying the load in
increments of 2225 N (500 Ibs) approximately. The first concrete crack was noticed on the
top surface of the deck slab close to the support lines on one side of the bridge at a load of
22 kN. Other major diagonal cracks appeared at the top surface of the concrete deck slab at
higher load increments. These cracks propagated far towards the mid-span section with the
load increase. Just like the behavour of Model M1, these cracks were closely lined up on top
of the webs location at the mid area of the bridge model. However, in this case, due to the
absence of the cross bracing between the box girders, only the outer two webs (Webl and
Web2) had longitudinal cracks on top of the concrete deck. The test was terminated at a load
of 82.1 kN. View of the crack pattern for models M2 is shown in Fig. 5.36. Again, theses
cracks were inclined to the supporting line and may be attributed to the high torsional
moment associated with the curved bridge model. Figures 5.42 show the load-deflection
relationship of the bottom-web points at mid-span. It can be observed that the outer web

deflected more that the inner web.
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The testing up-uo-collapse of straight bridge model M3, with no cross-bracings
between the support lines, started by applying the load in increments of 2225 N (500 Ibs)
approximately. In this case, there were no visible cracks observed on the surface of the
concrete until the bridge model collapsed. The test was terminated at a load of 114.8 kN. It
should be noted that at failure, crushing of the concrete deck slab was observed at the top
surface all-over the mid-span cross-section only. These cracks were due to the effect of
bending only with no torsion. Figures 5.38 and 5.39 show the deflected shape of the bridge
model M3 during and after failure respectively. Figure 5.43 shows the load-deflection

relationships of the bottom-web points at mid-span.

Comparison of bridge model MI of five cross-bracing systems between the
supporting lines and bridge model M2 of the same curvature as bridge model M1 but
without cross-bracings, showed that the presence of cross-bracings increased the load
carrying capacity of the curved composite thee-cell bridge model by 5.5%. Moreover, cracks
detected at the top surface of the concrete deck slab close to the support lines of bridge
model M1 were suppressed due the presence of cross-bracings. These cracks in the second
model were more progressive and more localized over the outer webs, (webl and web2)
than those in the first model due to the absence of cross-bracings. These cracks resulted
from the higher torsional effect near the supporting line and propagated, with the increase of

the applied load, towards the mid-span section.

Figures 5.44, 5.45, 5.46 and 5.47 show a comparison between the load-deflection
relationships at the bottom of each web of the mid-span section for all bridge models. It can
be observed that at the same load, the deflection readings were higher for the curved models.
Also, when the two curved bridge models are compared separately, it can be seen that the

presence of the external cross bracing in model M1 did not reduce the deflection. Finally,
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from the ultimate loading capacity of all the bridge models, it was verified that the curvature

reduces the load carrying capacity of the bridge models.

Table 5.2 presents a summary of the collapse loads of the tested bridge models
obtained experimentally. The experimental load carrying capacity of bridge model M1 was
21% less than that of the straight bridge model M3. While bridge model M2 with no
external cross bracing had a 28% less ultimate load capacity than that of straight bridge
model M3. Therefore, it can be said that: (i) the presence of external bracing between box
girders enhances the ultimate load capacity of curved bridges, and; (ii) curvature decreases

the load carrying capacity of box girder bridges.

From all the failed bridge models, it can be observed that the concrete crack lines in
models M1 and M2 had cracks along the span which were inclined to the support lines.
This supports the idea that the failure was due to torsional effect. Also both of these models
had longitudinal concrete cracks in the middle of the bridge along the web line. In model
M1, these longitudinal cracks were present on top of all but the inner web. In Model M2,
the longitudinal cracks were only present on top of the outer girder webs; the reason for this
could be that the torsional moments were more evenly distributed over the two box girders
due to the presence of the external bracing between the boxes in the first model. In case of
bridge model M3, there were no observed cracks along the span. Only when the bridge
failed, the concrete slab was crushed exactly at the mid span of the bridge model. Here, the

failure was due to bending moment only.
5.4 Elastic Loading Results on the Composite Bridge Models

In this analysis, there were three different loading cases applied to all bridge models.

In the first and second case, a pair of concentrated loads was applied on the outer box girder
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and then on the inner girders to a stage where the behavior is still in the elastic stage. Figure
3.31 in chapter 3 shows the positions of the applied loads on each of all tested bridge models.
This chapter uses a combined pair of concentrated loads equaling 10 kN when different
loading cases loads are mentioned. Due to limitation of accuracy in the equipment used to
apply the loading, the actual applied loads in the experimental work conducted were less
than 10 kNN, and thus the corresponding deflections would be less than the ones presented in
deflection figures mentioned later. However assuming a linear behavior in the elastic stage,
the loads and the corresponding deflections were scaled up to 10 kN. This was done so that
a proper comparison and assessment can be shown when presenting the results of the

different model bridges.

For bridge model M1, a pair of concentrated loads was first applied on the outer lane,
then on the inner lane at the mid span of the bridge. Figures 5.48 and 5.49 show the
resulting deflections obtained experimentally and theoretically for elastic combined loading
of 10 kN. This model having an L/R=1 and external bracing between the box girders,
showed generally an agreement between the theoretical and experimental results. However,
the theoretical results underestimated the experimental deflection in a range between 14%

and 21% in the case of outer loading case; and 9% and 16% in the case of inner loading case.

For bridge model M2, the deflection results are shown in Figures 5.50 and 5.51. In
the case of outer loading, again, the theoretical deflections underestimated the actual
deflections except below webl. It is important to note, that the deflection reading under
webl was measured using a mechanical dial, while the rest were performed using the
accurate LVDT instruments. For that reason, it was thought that this could have been
probable cause for loss in accuracy. The highest difference in this case was 15 %. In the

case of the inner loading (Fig. 5.51), the theoretical deflections showed the same trend as the
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actual deflections, but underestimated the measured deflections by a range between 5% and

30%.

For straight bridge model M3, the deflection results are shown in Figures 5.52 and
5.53. This model had a closer agreement between the experimental and theoretical
deflections than the rest of the models. In this case of outer loading, the maximum
difference between the theoretical and actual deflection was 6%, while the difference was
almost 15% for all the readings in the case of inner loading. In both loading cases the

experimental deflections were either the same or higher than the theoretical deflections.

In most cases, there was a trend agreement between the experimental and the
theoretical results for all bridge models. However, in certain cases, the theoretical
deflections were higher or lower than the experimental deflection. The theoretical results
from the finite element modeling seemed to under predict the actual deflections. In the

worst case this difference was 30%.

A comparison of the deflections of the bridge models due to the two different
loading cases are presented in Figures. 5.54 and 5.55. In these graphs only the finite
modeling results for the three bridge models were compared. In Fig. 5.54, for the case of
outer lane loading, it was surprising to see that bridge models M1 and M2 had almost
identical deflection behavior; this behavior was also very similar in the case of inner lane
loading for both these bridge models. Such a behavior suggests that the presence of the
external cross bracing system used in the first model M1 did not increase its deflection
resistance capacity. However, in the case of the inner lane loading (Fig. 5.55), webl in
model M1 seemed to deflect slightly more that in model M2, but without reducing the

deflection under the bottom of the inner girder, this slight difference is thought to be
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attributed to the presence of the external cross bracing system but without any beneficial

effect in terms of deflection.

The behavior of straight bridge model M3 was generally more predictable than the
curved bridge models. Here it was noticed the maximum deflections occurred below the
bottom flange of the lane where the pair of concentrated loads was applied regardless of
which loading case. Unlike straight bridge model M3, the maximum deflection for the
curved bridge models occurred when the pair of concentrated loads was applied over the
outer lane. Also, for the same loading cases, the deflections were higher for the curved
models M1 and M2 when compared with model M3, therefore the curvature of the bridge

increased the deflections

In all, even that the theoretical results for deflection were not identical to the actual
deflections, the theoretical results generally possessed the same trend of behavior as the
measured deflection and could if necessary be altered by a factor to match the actual

deflections, and would be relied on for the rest of this work.
5.7 Summary of Findings

The structural behavior of the curved composite box girder bridge models was
examined analytically through the commercial finite element computer program
"ABAQUS" and experimentally. Comparison between the two schemes was made in terms
of vertical deflections and natural frequencies. The correlation between the analytical and
experimental findings in this chapter had the following:

1- The good trend agreement between the experimental and theoretical results

supports the reliability of using the finite element modeling to predict the elastic

response and free-vibration response of box-girder bridges.
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The presence of cross-bracing systems used between the boxes in a curved box
girder bridge did not have a significant effect on the bridge natural frequencies,
or maximum deflection. However, it increased the load carrying capacity of the
curved bridge models.

The curvature in composite concrete-deck steel-box girder bridges increases the
downward deflection while decreases the ultimate load capacity.

When comparing only the outer or inner loading cases, the outer loading case in
a curved bridge causes the maximum design deflection.

The dominant mode of vibration of a curved bridge is a combined flexural and
torsional mode.

Curvature in composite concrete-deck steel-box bridges decreases the natural

frequency.
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Chapter VI

METRIC STUDY

6.1 General

Currently, there is no proper method for the design of curved box girder bridges. In
the current practice it is common for design engineers to increase the design moment of a
straight box girder by 5% to 20% for a curved box girder. Therefore, the parametric study
was conducted in this chapter to obtain information about box girder bridges that could aid
in its design and also to extract stress distribution factors for bending moment. To conduct
the parametric study, many finite element prototype bridges were modeled for straight and
| curved box girder bridges. Theses bridges were fully loaded according to the CHBDC in
order to provide useful information for bridge designers. Thus, the objectives of this
parametric study were to:
1. Investigate the influence of major parameters affecting the straining actions of
composite multiple-spine box-girder bridges.
2. Generate a data base for the maximum longitudinal stresses developed in the bridges
due to the bending moment.
3. Summarize bending stress distribution factors, average mid-span deflections and

maximum axial force in bracing members.

6.2 Description of the Bridge Prototypes Used in the Parametric
Studies

To predict the structural response of straight and curved composite multi-cell bridges,

it is important to define the geometric parameters that correspond to the box girder bridges.
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These parameters include: span length, number of boxes, number of lanes, and span-to-
radius of curvature ratio. In this study 5 sets of 45 different composite concrete-deck steel
box girder bridges were loaded according to CHBDC specifications. The first set was made
of all straight bridges while the rest have different curvatures. Table 6.1 summarizes the
different basic prototypes of the straight box girder bridges used in this study. The symbols
used in the first column in Table 6.1 represent designations of the bridge types considered:
stands for lane; b stands for box; ss stands for simply-supported and straight and sc stands
for simply-supported and curved; and the number at the end of the designation represents
the span length in meters. For example, 11-2b-sc-20 denotes a bridge of 1 lane, 2 boxes,
simply-supported and curved, and of 20 m span. Figure 6.1 shows the basic cross-sectional

configurations and symbols as presented in Table 6.1.

In the parametric studies, the span length of the bridges ranged from 20 m to 100 m
and the number of lanes were taken as 2, 3, and 4. The CHBD Code (65) recommends that
each lane width for bridges and ramps of two or more lanes should be 3.75 meters.
According to these recommendations plus the additions of a side walk on each side of a
bridge, the bridge widths were: 9.30 m in the case of two-lane, 13.05 m in the case of three-
lane, and 16.80 m in the case of four-lane bridges. The number of box girders ranged from 2
to 4 in the case of two-lane, 3 to 5 in the case of three-lane, 4 to 6 in the case of four-lane.
To change the number of box girders for the same lane width, the thicknesses of the steel top
flanges, webs, and bottom flange were changed to maintain the same shear stiffness of the
webs and overall flexural stiffness of the cross-section. Figure 6.2 shows the different

number of box girders considered for each lanes width in the parametric studies.
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For each bridge included in the parametric study, the transverse geometry and the
radius of curvature were changed to study their effects on the structural response. The
number of cross-bracings between support lines and the top-chords were varied depending
on the span length and the CHBDC recommendation of bracing between intervals having at
least 7.5 meters minimum spacing. The number of internal bracing between supports was
maintained at 3 for 20 meter spans, 5 for 40 meter spans, 7 for 60 meter spans, 11 for 80
meter spans and 17 for 100 meter spans. The number of external bracing was always two
more than the internal due to the fact that a brace is placed between the box girders at the

supports where there is normally a diaphragm in the case of internal bracing.

All curved bridges in this study were assumed to have constant radii of curvature
and concrete decks with constant elevations. The degree of curvature was defined by the
span-to-radius ratio, L/R, where, L, is the arc length along the centre span line of the cross-
section and the radius of curvature, R, is the distance from the origin of the circular arc to
the centre line of the cross-section. The L/R ratios used in were 0.0 in the case of a straight
bridge and 0.4, 1.4, 1.0 and 2.0 in the case of the curved bridges. The higher values of L/R
along with the lower value of the span length, 20 m, are theoretically possible to analyze but
practically uncommon for curved highway bridges since the Geometric Design Standards
for Ontario Highways, 1985, (56) only allow using curved bridges when the radius of
curvature > 45 m. However, the inclusion in this study of a smaller radius of curvature
serves to show the trend of the structural response of curved bridges within certain limits of
L/R.

The ranges of the parameters considered in this study were based on an extensive
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survey of actual designed bridges [Johanson et al., 1967, (46); Chapman et al., 1971, (20);
Heins, 1978, (37)]. For the parametric studies, the material properties (modulus of elasticity,
poission's ratio, and mass density, etc.) for the concrete deck, steel boxes, diaphragms, and
bracing systems were taken to be the same for all the cases studied. Complete listing of the

geometries of the bridge prototypes used in the parametric studies is shown in Appendix A.8.

6.3 Loading Conditions of Composite Multiple box girder Bridges at
Service

In this section, the different loadings considered on all bridges are outlined; the main
intention is to determine the load distribution factors on the straight and curved box girders
due to dead or truck loading. The North American Codes of Practice (4, 5, 6, 65, 66, 67)
provide load distribution factors for only truck loading on straight bridges but not dead load
since the dead load is considered distributed equally between girders. However, in curved
bridges, the curvature affects the uniform distribution of the dead load. Highway truck
loading considered in this study are according to the CHBDC truck loading. The highway
truck loading includes a highway truck and lane loading. The lane loading, which governs
the design live load longitudinal moments for spans greater than about 45 m, is provided
merely as a convenience to avoid the placing of more than one truck in one lane in bridges

with large spans.

6.3.1 Dead Load
In order to simulate the effect of the dead load due to self-weight, the densities of the

materials were used. The self weight option in ABAQUS was used to calculate the dead
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weight of individual components forming the box girder bridge using the assigned material

density.

6.3.2 Live Load

For live loading, the Canadian Highway Bridge Design Code, CHBDC 2000, (62)
proposes a truck with a gross weight of 625 kN (CL-625) with impact. In the case of
bridges spanning more than 45 meters, the CHBD lane loading consists of a truck reduced to
80% of the specified gross weight and a uniformly distributed live load of 9 kN/m with
impact applied centrally on a 3.0 m wide area. Figure 6.3 summarizes the truck loading and

lane loading proposed by the CHBD code.

According to the CHBDC, two types of live load (the truck loading and the
equivalent lane loading) were first applied on a straight girder to determine which case
produces the maximum effect in bridges of 20, 40, 60, 80, and 100 m span. When studying
moment distribution in the bridge prototypes, the trucks were placed at the mid span in
accordance with the CHBDC. The CHBD code suggests that the maximum moment
stresses are produced when the mid span of the bridge is lined up at half the distance
between the centriod of the truck and its largest loading axle, this configuration is shown in
Figure 6.4. Initially, all four loading cases were considered for each bridge prototype: three
different truck loading (or equivalent lane-loadings) are shown in Fig. 6.5. The fourth case
of loading was the dead load of the bridge. In the two partial loading cases, Fig. 6.5.b and
6.5.c, the wheel loads close to the curbs were applied at a distance of 0.6 m from the inside

edge of the curbs. However, due to findings in initial simulation runs that the case of fully
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loaded bridge produced the maximum moment in the live loading stage, the other truck

loading cases were omitted for the rest of the study.

6.4 Parametric Study

This parametric study examined the effects of bridge spans, number of lanes and
number of boxes on the maximum bending stress distribution factors, deflection at the mid
span and maximum axial force in bracing members.

The parametric study was conducted on the simply-supported curved composite
concrete deck-steel box girder bridge prototypes to:

1. Investigate the influence of major parameters affecting the mid span stress
distribution, deflections and maximum axial force throughout the bridge cross-
section;

2. Generate a database for stress distribution factors, mid-span deflection and

maximum axial force in bracing for both dead and live load cases.

In this study, the chosen parameters were: number of lanes, number of boxes, span length,
and span-to-radius curvature ratio. The parametric study was based on the following
assumptions:
1. the reinforced concrete slab deck had complete composite action with the top steel
flange of the cells (100% shear interaction);
2. the bridges were simply-supported;
3. all materials were elastic and homogenous;

4. the effect of road superelevation, outer-web-slope, and curbs were ignored;
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5. Solid end-diaphragms were used in the radial direction and their material and
thickness were taken to be the same as those of the webs;

6. Bridges had constant radii of curvature between support lines.

Regarding superelevation in curved bridges, it was observed (6) that the live load applied to
composite I-girder bridges produced essentially the same moments, twisting moments, and
deflections for any angle of bridge superelevation between 0 and 10 percent. The details of

the parametric study are described in the following sections.

6.4.1 Stress Distribution in Simply-Supported Straight and Curved Composite
Multi-Box Girder Bridges

The box girder cross-section may be idealized as an I-beam shaped girders as shown
in Fig. 6.6. Each idealized girder consists of the web, steel top flange, concrete deck slab,
and bottom flange. For any given girder, the width of concrete deck slab is twice that of the
web spacing, and the bottom flange width is taken to be the same as the web spacing. Itis
important to note that the extra length in the concrete slab due to the curbs and the parapet
wall for the cases of the outer and inner girders was ignored, and thus, all the idealized
girders for the same bridge have the same cross sectional dimensions. In order to determine
the stress distribution factor, Dy, carried by each curved girder, the maximum stress, ¢, was
calculated in a simply-supported girder when subjected to wheel loads of a CHBDC truck in
the case of 40m and 20 m bridges, or wheel loads of an CHBDC truck with lane load as a
line load per meter long of the bridge in the case of 60, 80 and 100 m bridges. From the

finite element modeling, the distributions of maximum stresses of the bottom flange at mid-
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span section were obtained. From these stresses the maximum mid-span longitudinal
stresses carried by each girder, 6y, Was calculated for all the prototype bridges. Using the
obtained o max and o, the stress distribution factor, Dy, was calculated as follows:

DO-: C max (51)
o

Pervious work done by Sennah (82) revealed that changing the type of cross bracing
system had an insignificant effect on stress distribution. In practice, X-type bracings as well
as top-chords (lateral ties to the steel top flanges) are made from single or back-to-back
angles. Such work showed that replacing the angle cross-section by rectangular one, or
changing the bracing cross-section from 25x25 mm to 150x150 mm, has no effect on
moment distribution. Therefore, it was decided to conduct the parametric study with X-

bracings and top-chords having a 100x100 mm rectangular cross-section.

In terms of bracing effect, pervious work done by Nour (63) showed that having
internal bracings improved the ability of the cross section to transfer loads from one girder
to an adjacent one. Further more, the wrapping stresses due to torsion and distortion were
significantly reduced. However, the addition of external bracing (between boxes) did not
have a significant effect on the stress distribution. Based on such findings, even that the
presence of external bracing was insignificant, for consistency reasons, this parametric study
used internal and external bracing in accordance with the minimum spacing required by

CHBDC for all bridges.
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6.4.2 Part (2), Deflection Distribution in Simply-Supported Straight and Curved
Composite Multiple-box Bridges

The CHBD code of Practice (65) limits deflection of a straight bridge by limiting the
ratio of the span length or by limiting the span-to-depth ratio. In the case of curved bridges,
the curvature increases the deflection more than that in straight bridges and also increases
the cross-section slope. The output files of all the finite element analysis performed on
moment distribution in the parametric study were set up to provide the deflection under the
bottom flanges in all loading conditions. The effects of the same parameters, adopted for
stress distribution at the mid-span of the simply-supported bridge prototypes, were also

studied for deflection distribution.

6.4.3 Axial Forces in Bracing System in Simply-Supported Straight and Curved
Composite Multiple-box Bridges

Bracing systems were placed inside and between the box girders to enhance the
torsional resistance against curvature and eccentric loads. The output files of all the finite-
element analysis were also setup to provide the axial force in each bracing and top-chord
members. The same key parameters used for moment distributions were also used to study

the effect of the maximum tensile and compressive forces in the bracing system.
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CHAPTER VII

7.1  General

This chapter presents the results from an extensive parametric study, using the finite-
element modeling, in which 45 prototypes totaling 225 different simply-supported
composite multiple-box girder bridges were modeled and analyzed to evaluate their
structural response for moment distribution of dead and fully loaded cases. The parametric
study conducted herein presents the: (i) moment distribution in simply-supported straight
and curved composite multiple-box bridges; (ii) deflection distribution in simply-supported
curved composite box girder bridges; (iii) axial forces in the bracing members. A data base
was generated from the parametric study, to further derive a simplified design method for
straight and curved simply-supported composite multiple-box bridges. Due to the large
amount of different bridges considered in this study, it will not be possible to graphically
illustrate each observation for all the different bridge prototypes, and thus a variety of
different choices of bridge configurations will be used to illustrate different comparisons and

observations in the parametric study.

7.2

Moment Distribution in Simply-Supported Straight and Curved

Composite Multiple-Box Bridges

This parametric study proposes stress distribution factors to estimate the flexural

response of bridge girders. The bottom flexural stress distribution factor will be calculated
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as follows:

D, = Tt (7.1)
O'b

Where (Gp)max i the maximum mid-span flexural stress in the outside fibers of the bottom
girders obtained from the finite elements analysis, and oy, is the bottom flexural stress of a
straight simply supported idealized girder, this value is obtained from the simple beam

analysis using:

(7.2)
o, =Mt
1

Where M is the resulting bending moment from an applied CHBDC truck or dead load on
simply supported straight idealized girder; yy is the distance of the idealized girders neutral
axis to from the bottom surface, and I is the moment of inertia of the idealized girder. It
should be noted here, that the simply supported straight idealized girder is formed of a
typical box girder forming the multiple box section of the real bridge, where the width of the
deck slab is the spacing between the steel boxes. In a similar manner, the flexural stress
distribution factors for the concrete deck can be obtained by using the stresses in the top
fibers of the concrete deck. The compressive stress at the top of the concrete slab can be

obtained as follows:

(Gt )max = Do (L}Ub (73>
Yy

Where: D, is the value obtained from Eq.(7.1), v: is the distance of the neutral axis from the
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top of the composite beam, n is the modular ratio and oy, is the value obtained from Eq.(7.2).
However, sensitivity analysis performed by Nour (63) on very similar bridges revealed that
the maximum tensile stresses in the bottom steel flange are much higher in absolute value
than the maximum compressive strength in concrete. Furthermore, the composite beam is
designed in a manner where the bottom steel flange is supposed to reach its yield point
before the concrete deck reaches its maximum compressive strength. Also, pervious work
done [Nutt et al. (64)], proved that neither the thickness of the concrete slab thickness or
bottom flange had a significant influence on the moment distribution in case of straight
reinforced and prestressed concrete multi-cell bridges. This was also confirmed by Sennah
(82) and Nour (63) in case of composite concrete-deck steel-girders in multi-cell bridges and
multiple box bridges, respectively. Based on such findings from pervious work, this
parametric study considered only the tensile stress in the bottom steel flange in determining

the stress distribution factors for multi-box girder bridges.

Other work done by Heins (39,40 ,41,42), also revealed that changing the span-to-
depth ratio between the practical range of 20 to 30, has insignificant effect on moment
distribution. Based on the facts mention above, it was decided to conduct the parametric
study using span-to-depth ratio of 25 and a constant number of cross bracing for each bridge
span. The key parameters investigated were: degree of curvature, number of lanes, number

of boxes and span of the bridges considered.

7.2.1 Effect of Curvature

The effect of curvature on moments carried by the outer, central, and inner girders
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was investigated. Figures 7.1 and 7.2 show the stress distribution factors for each box girder
of the four-box, four-lane, bridge of 100m span with different curvatures and when
subjected to dead load as well as CHBDC truck loading in all lanes, respectively. It can be
observed that the outer box girder, the furthest from the center of curvature carry the greatest
stresses distribution factors. Moreover, these stresses seem to increase with increase in
curvature. Similar behavior was also observed in case of two and three-lane bridges with

different number of box girders.

Figures 7.3 and 7.4, present the effect of span-to-radius of curvature ratio, L/R, on
the moment carried by the inner and outer box girders of 4 lane, 80 m span bridges under
dead load. While Figure 7.5 shows the effect of span-to-radius of curvature ratio on the
stress carried by the outer box girders of a 4 lane, 80m bridge under full CHBDC truck
loading. Tt is observed that the stress distribution factor for the outer and inner girders
increases with the increase in the L/R ratio. However, in the cases of dead load on curved
bridges having the same width, increasing the number of box girders seemed to decrease the
stress distribution factor slightly for the inner box girder and increase it for the central and
outer box girders. Such behavior can be explained by the fact that, in the geometry of
curved bridges, the outer girders have a longer self-center span that the inner girders, and
thus the volume and area are larger resulting in higher dead load when compared to an
equivalent straight bridge of the center same span. For the case of fully loaded lanes, the
stress distribution factors increased with an increase in curvature and decreased with the
increase of number of boxes. Similar behavior was observed in the cases of two and three

lane bridges of different span under CHBDC full loading.
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7.2.2 Effect of Bridge Span Length

In examining this effect on the bridge response, the bridge width was kept constant
while changing the span length. Figure 7.6 shows the effect of span length on the stress
distribution factor of the central girder of four-lane, five box girder bridges under full
CHBDC truck loading. It was observed that varying the span length did not have any impact
on the stress distribution factors. This can be explained by the fact that, with the increase of
bridge span, the load distribution among girders tends to become uniform. However in
bridges of spans 20 and 40 meters, the stress distribution factors were considerably higher
than the longer span bridges. This is most likely due to the fact that in smaller span bridges,
plate action is significant and the load distribution among girders tends not to be uniform. In
general, it was also noticed that in all the curved bridges, the stress distribution factors
increased with the increase in curvature for all spans. Similar behavior was also observed

for all the bridges in the parametric study.

723 Effect of Number of Boxes and Number of Lanes

The variation in the number of steel box girders for the same bridge span length was
studied for different number of lanes. Figures 7.7 shows the effect of both the number of
steel box girders and the number of lanes on the stresses due to bending carried by the outer
girders of straight bridges of 40 m span due to full CHBDC loading. While Fig. 7.10 shows
this effects on the bending stresses of central girders of bridges, of 100 m span and span-to-
radius of curvature ratio of 1, under the condition of fully loaded lanes. It is observed that
the stresses carried by a girder decrease significantly with increase in the number of steel

box girders. It is also revealed that for the same number of steel boxes, these moment
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distribution factors increase with the increase in the number of traffic lanes.

7.3  Deflection Distribution in Simply-Supported Curved Composite
Box Girder Bridges

7.3.1 Effect Number of Boxes and Number of Lanes on Curvature and Deflection

The effect of number of steel box girders, traffic lanes and degree of curvature on
deflection was examined under dead load as well CHBDC truck loading conditions. Figure
7.9 shows the effect of number of steel box girders and span-to-radius of curvature ratio on
the average mid-span deflection of four lane bridges of 100 meter span under dead load. It
can be observed that for the case of the straight bridges the number of box girders has no
effect on the deflection. However, in the case of curved bridges, increasing the number of
boxes and/or curvature increased the deflection. Figure 7.10 shows the effects of the
number of traffic lanes and curvatures on the deflection for the case of four box girder
bridges of 80 meter span under dead and CHBDC full truck loading. It can be seen that for
the same number of traffic lanes, deflection increases with curvature. It can also be seen
that while maintaining the same curvature, the increase in number of lanes also increases the

defiection as well.

7.3.2 Effect of Bridge Span

To examine the effects of aspect ratio and curvature on the mid-span average
deflection, another bridge prototype was used. Here, the bridge width was kept constant
while changing the span and ratio of curvature. Figure 7.11 shows the effect of span length

on the mid-span average deflection for different four-lane, five box girder bridges subjected
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to full CHBDC truck and while Fig. 7.12 shows the effect of span length on mid span
deflection for the same bridge but under dead load conditions. It was observed that the mid
span average deflection increased with the increase in aspect ratio (increase in span) or
increase in curvature or both. Similar trend was observed for all other bridge loading cases

when the width is fixed while the span or curvatures were varied.

7.4  Axial Forces in Bracing Members

The effects of curvature and span length, number of steel boxes and curvature were
examined for the maximum axial forces in the bracings. This parametric study used a
minimum spacing of at least 7.5 meters between external or internal bracings in any given
bridge. Figure 5.13 shows the effect of the span length and degree of curvature on the
maximum compressive force in bracing members of two lane two box girder bridges of
different spans subjected to dead load conditions. It can be observed that the maximum
compressive force increases with the increase in span or curvature or both. Similar behavior
was also observed for the CHBDC full truck loading conditions. Figure 5.14 shows the
effects of curvature and number of boxes on the maximum compressive bracing force in
four-lane, 100 meters span bridges of different curvatures subjected to CHBDC full truck
loading conditions. It can be seen that for the case of straight bridge, increasing the number
of boxes had no effect on the maximum axial compressive force in bracing members.
However in the case of the curved bridges and with the exception of the L/R=0.4 it was
observed that the increase of any or both the curvature or number of boxes, the maximum
compressive axial force increased in the bracing members. Similar behavior was noticed for

the same bridges under dead load conditions. Figure 7.15 shows the effect of number of
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boxes on the outer maximum compressive force in bracing of four-lane bridges of 100 m
span under dead load. Figure 7.16 presents the effects of the traffic lanes and curvature on
the response four-box, 60 meter span bridges under dead load conditions. It can be observed
generally that the axial force increased with the increase of either curvature or number of
lanes. However, this effect was more noticeable in the case of curvatures when L/R was

equal to or larger than 1.0.



CHAPTER VIII

RY AND CONCLUSIONS

8.1 Summary

In this study, experimental and theoretical studies were conducted to investigate the
static structural behavior of straight and curved composite concrete deck-steel multiple box
girder bridges. A literature review was conducted in order to establish the foundation for this
study. It was observed that there is lack of information regarding the load distribution. While
the current design practices in North America recommend few analytical methods for the
design of straight composite multiple-spine box girder bridges, practical requirements in the
design process requires a need for a simplified design method in the form of stress

distribution factors expressions for moment and shear distribution factors for such bridges.

Three composite concrete deck-steel twin-box bridge models, two curved and one
straight simply-supported, models were fabricated, and elastically tested under free vibration
condition and under increasing load to collapse, and analyzed throughout the experimental
program performed in this study. For its analytical versatility, the finite-element method was
used throughout this study to describe linear responses of such bridges. The experimental
effort that covered the three tested bridge models and was extended to conduct a parametric

study on prototype bridges subjected to dead load and CHBDC truck loading.

8.2 Conclusions

The most important conclusions drawn from the theoretical and experimental results

in this study are summarized below. They are presented in the following two areas: behavior
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and load distribution characteristics of straight and curved composite multiple box girder

bridges.

8.2.1 Experimental behavior and load distribution characteristics of straight and
curved composite concrete deck steel-box girder bridges

1- The presence of external cross bracing system between the steel boxes had no significant
difference on the natural frequency or deflection. However these external bracings increased
the load carrying capacity in the case of curved bridges by 8.9%. Further more, from the
concrete crack pattern observed; the presence of external cross bracing ensured better

distribution of the stresses under ultimate loading conditions.

2- The curvature in composite bridges decreases the ultimate load capacity while increases

the downward maximum design deflection.

3- The dominant mode of vibration of a curved simply-supported bridge is a combined
flexural and torsional mode, with the bridge frequency decreasing with an increase in the

degree of curvature. On the other hand, it is purely flexural for the straight bridge model.

8.2.2 Behavior and Load Distribution Characteristics of Straight and Curved simply
supported Composite box girder Bridges

1- Curvature is the most critical parameter that influences the design of girders and bracing

members in multiple-box bridges. Increase in the degree of curvature increases the bending

stress and deflection distribution factors as well as the maximum axial force in a bracing

member.
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2- For the same number of lanes, the bending stress distribution factors decrease with the
increase in number of box girders. On the other hand, while holding the number of lanes
constant, increasing the number of boxes increases the maximum axial force in the bracing
members as well as the mid-span deflections.

3- Increasing the bridge span increases the bending stress distribution factors for the outer
and inner girders. It also increases the deflection distribution factors and maximum axial

force in bracing members.

8.3 Recommendations for Future Research

It is recommended that further research efforts be directed towards the following:

1- The study of load distribution in curved continuous composite box girder bridges when
subjected to CHBDC truck loadings.

2- From the data base resulting from this study, a set of empirical expressions for stresses
and deflection distribution factors can be developed.

3- The study of the economics of number of boxes on a given number of lanes.

4- The study of shear distribution in simply supported curved composite box girder bridges

when subjected to CHBDC truck loadings.
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Table 3.1 Average Concrete Compressive Strength of Model Bridges

Bridge Model M1 | M2 | M3
Tested Compressive Concrete Strength (MPa) 33 34 27
Table 5.1 Natural Frequency of the bridge models
First Mode Second Mode Third Mode
Bridge
Frequency Frequency Frequency
Model Mode Shape] Mode Shape Mode Shape
{Hz) (Hz) (Hz)
Experimental 20 58 88
M1 LF-TS LF-TS TS
Finite element 244 55.7 103.3
Experimental 20 61 82
M2 LF-TS LF-TS TS
Finite element 244 55.7 97.4
Experimental 30 - -
M3 LF TS TS
Finite element 349 85.2 94.5

Table 5.2 Ultimate Loads of bridge models
Bridge Model Ultimate Load Capacity (kN)
M1 89.4
M2 82.1
M3 114.8
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Table 6.1 Geometries of the basic prototype bridges used in the parametric study

Bridge | SpanL | No.of | No.of Cross section dimensions (mm)

Type (m) Lanes | Boxes A B | c| D F T[T |T3| T
21—32'53' 2 2 9300 | 2325 | 300 [ 800 | 1025 | 16 | 10 | 15 | 225
3L-;3-SS‘ 20 3 3 13050 | 2175 | 300 | 800 | 1025 | 16 | 10 | 17 | 225
4L-§g'85' 4 4 16800 | 2100 | 300 | 800 | 1025 | 16 | 10 | 18 | 225
2L-ig~ss‘ 2 2 9300 | 2325 | 375 | 1600 | 1825 | 28 | 14 | 18 | 225
31'23'35* 40 3 3 13050 | 2175 | 375 | 1600 | 1825 | 28 | 14 | 20 | 225
4L‘jg'ss' 4 4 16800 | 2100 | 375 | 1600 | 1825 | 28 | 14 | 21 | 225
ZL%B-SS- 2 2 9300 | 2325 | 450 | 2400 | 2625 | 40 | 18 | 23 | 225
3L-Zg-35' 60 3 3 13050 | 2175 | 450 | 2400 | 2625 | 40 | 18 | 25 | 225
4L-‘618-SS' 4 4 16800 | 2100 | 450 | 2400 | 2625 | 40 | 18 | 26 | 225
2L'§g'55' ) 2 9300 | 2325 | 530 | 3200 | 3425 | 52 | 22 | 26 | 225
3L—§3'SS‘ 80 3 3 13050 | 2175 | 530 | 3200 | 3425 | 52 | 22 | 28 | 225
4L-‘8‘8-SS‘ 4 4 16800 | 2100 | 530 | 3200 | 3425 | 52 | 22 | 30 | 225
2L-12(}>0‘SS' 2 2 9300 | 2325 | 600 | 4000 | 4225 | 64 | 26 | 30 | 225
3L—13(;3(;ss- 100 3 3 13050 | 2175 | 600 | 4000 | 4225 | 64 | 26 | 33 | 225
4L-14(}70-SS' 4 4 16800 | 2100 | 600 | 4000 | 4225 | 64 | 26 | 35 | 225

Table 6.2 Material Properties for Concrete and Steel in the parametric Study

] Reinforcing
Material Properties Concrete Steel
Steel
Modulus of Elasticity, E (MPa) 27,000 200,600 200000
Poisson’s ratio, ¥ 0.20 - 0.30
Density, p (Kg/m’) 2400 - 7800
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Figure 1.1 view of curved and straight steel I-girder dﬁring erection
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Figure 1.2 Different types of Composite bridges
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Figure 1.4 Cross section of a twin-box girder composite bridge
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Figue 1.5 view of a compsite twin-box irder bridge
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Figure 3.6 Channel stud welded to top of the steel flange
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Figure 3.10 Syrfoam sheets used as form work
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Figure 3.11 View of the formwork for bridg model M1
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ige 3.18 View of Bridge Model M2 after pouring and finishing the concrete slab
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Figure 3.20 View of Bridge Model M3 after pouring andﬁnishing the concrete slab
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Figure 3.23 Different setups of LVDT’s and Mechanical dials for Bridge Model M1
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Figure 3.24 Different setups of LVDT’s and Mechanical dials for Bridge Model M2
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igure 3.26 The hydraulic jack and load cell used to load bridge models
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Figure 3. View of the tie down sys the idg sport line
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(2) Integration Points in beam element (b) Element B31H in ABAQUS

B31H for output results

Note: - two-node element
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Figure 4.2 Beam element “B31H” in space
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Figure 4.4 ABAQUS model view of bridge model M1 with concrete deck

Figure 4.5 ABAQUS model view of bridge model M1 without concrete deck
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Figure 4.6 ABAQUS model view of bridge model M3 with concrete deck

Figure 4.7 ABAQUS model view of bridge model M3 without concrete deck
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120



1.4T

1.2

Deflection (mm)

-0.4 -

0.6 -

-0.8 ‘

Time (ms)

Figure 5.9 Deflection-time curve of LVDT#5 (setup type II) for bridge model M1

0.035 “‘
0.03 +
0.025 -

0.02

Defiection amplitude

0.015 {3

0.005 4 I

——LVDTH#Y 1
———-LVDT#2]
!' ------- LVDT#4 J
{motLVDTH#5

Frequency (Heriz)

Figure 5.10 Frequency-deflection amplitude for bridge model M1 (setup type )

121




16

0.5

'  f\tﬁV{\vl\\jA%}/}\/ﬂ\/{\\/{\\fl\/\v’\v“u“y“vﬂv“viv"v TRTT e e e

Deflection (mm)

0.5 -

Al
Time (Seconds)

Figure 5.11 Deflection-time curve of LVDT#1 (setup type I) for bridge model M2

2.5
2 -
1.5 -
€
E 1
5
2
2 05-
@
a1l
0 - A {\/\ A /\ /\ /\ i) /\ AN /\V,\V/‘\V/\VAVI\VA‘V - < . ‘
Q v \/ %}2\} v V yll\/ \[ \’/ VGV v 0.8 1 1.2 1.4 1.6 1.8
-0.5

Time {Seconds)

Figure 5.12 Deflection-time curve of LVDT#2 (setup type I) for bridge model M2

122



12— -

0.8
0.8
0.4 4

02411

Deflection (mm)

14 1.6 1.8

-0.2 4

0.4

0.6 ~

0.8 4 ~ -

Time (Seconds)
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Figure 5.23 Deflection-time curve of LVDT#4 (setup type I) for bridge model M3
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Figure 5.24 Deflection-time curve of LVDT#5 (setup type I) for bridge model M3
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Figure 5.26 Deflection-time curve of LVDT#1 (setup type II) for bridge model M3
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Figure 5.27 Deflection-time curve of LVDT#2 (setup type II) for bridge model M3

08 7=

056 -
0.4 4

0.2

04 ﬂﬂnAAAAAAAAAI\AI\AAA

Deflection (mm)

LTATA A AGE ATAT A A AR T g T T T
UV 04 0.8 0.8 1 1.2 1.4 1.6 1.8

-0.2 -

0.4 -

-0.6 - —
Time (Seconds)

Figure 5.28 Deflection-time curve of LVDT#4 (setup type II) for bridge model M3
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Figure 5.31 View of ne M1 drmg elastic 1od1ng of the outer lane
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1gure 5.33 View of the bridge mdllumg 101ng ollaps o

Figue 5.34 View of deflected shap of bridge M1 after failure
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Figure 5.35 Crack pattern of bidge model 1
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igure 5.37 View of bdge M3 drin elastic loadin of the outer lane

Fir 5.38 View of the bridge model M3 durin oding to collase

137



Figure 5.39 View of deﬂectedshape of bridge M3 after failure
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Figue 5.40 Crack pattern of ridge model M3
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Figure 5.48 Deflection Distribution at mid-span section of bridge model M1 due to
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Figure 5.50 Deflection Distribution at mid-span section of bridge model M2 due to
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Figure 5.52 Deflection Distribution at mid-span section of bridge model M3 due to
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APPENDIX A.6

Typical ABAQUS Input File for 2-lane 4-box girder, 100 m span curved bridges,

L/R=1.0

*HEADING

4 BOX CURVED SIMPLY SUPPORTED LINEAR CASE
**DATA CHECK
*PREPRINT,ECHO=YES,MODEL=NQO HISTORY=NC
*Restart,write

*#*REFERENCE NODE COORDINATES 2L4b100sc inside between-boxes bracings along the bridge™*
*NODE

1,0,0,0

8001,0,0,-0.136500
56001,0,0,-4.096000
2,-44.814297,82.032028,0.000000
66,-51.070801,53.484489,0.000000
7202,44.814297,82.032028,0.000000
7266,51.070801,93.484489,0.000000
8006,-45.205330,82.747810,-0.136500
56006,-45.205330,82.747810,-4.096000
15206,45.205330,82.747810,-0.136500
63206,45.205330,82.747810,-4.096000
8062,-50.679768,92.768707,-0.136500
56062,-50.679768,92.768707,-4.096000
15262,50.679768,92.768707,-0.136500
63262,50.679768,92.768707,-4.096000
skt NODE GENERATION FOR END DIAPHRAM ks ®sorscioioh®
*NGEN,NSET=ORIGIN
8001,56001,8000
*NGEN,NSET=NEND

***left end****

2,66,2

8006,56006,8000

8062,56062,8000

8006,8062,2

16006,16062,2

24006,24062,2

32006,32062,2

40006,40062,2

48006,48062,2

56006,56062,2

***ﬁghtend****

7202,7266,2

15206,63206,8000

15262,63262,8000

15206,15262,2

23206,23262,2

31206,31262,2

39206,39262,2

47206,47262,2

55206,55262,2

632006,63262,2

s i sfe s sle s e ok of o ofe e e o ofe sk sk ek ok sk kR
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*NSET,NSET=LEFT7
56014,56022,56030,56038,56046,56054,56062
*NSET NSET=RIGHT7
63214,63222,63230,63238,63246,63254,063262
stk ok ook kR Aol o R R R Rk R NODE GEN. FOR TOP SLAR #wskesionsikshk sk
*NGENNSET=NPLATET,LINE=C
2,7202,100,1

4,7204,100,1

6,7206,100,1

8,7208,100,1

10,7210,100,1

12,7212,100,1

14,7214,100,1

16,7216,100,1

18,7218,100,1

20,7220,100,1

22,7222,100,1

24,7224,1060,1

26,7226,100,1

28,7228,100,1

30,7230,100,1

32,7232,100,1

34,7234,100,1

36,7236,100,1

38,7238,100,1

40,7240,100,1

42,7242,100,1

44,7244,100,1

46,7246,100,1

48,7248,100,1

50,7250,100,1

52,7252,100,1

54,7254,100,1

56,7256,100,1

58,7258,100,1

60,7260,100,1

62,7262,100,1

64,7264,100,1

66,7266,100,1

ek ek ok ok ok ok ek ok Rk kR AN ODE GEN FOR TOP FLANGE # %k siksksirs
*NGEN,NSET=NTOPFLNG,LINE=C
8006,15206,100,3001
8014,15214,100,8001
8022,15222,160,8001
8030,15230,100,8001
8038,15238,100,8001
8046,15246,100,8001
8054,15254,100,8001
8062,15262,100,8001

ek ek sl d ks ok dokoR o ke ok ok ok 2 NODE GEN. FOR WERS oo sedot sk 3%k
*NGEN,NSET=NWEB,LINE=C
16006,23206,100,16001
16014,23214,100,16001
16022,23222,100,16001
16030,23230,100,16001
16038,23238,100,16001
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16046,23246,100,16001
16054,23254,100,16001
16062,23262,100,16001

oo i s o e e oo o o ke s sk ok ook e s ok g ok
24006,31206,100,24001
24014,31214,100,24001
24022,31222,100,24001
24030,31230,100,24001
24038,31238,100,24001
24046,31246,100,24001
24054,31254,100,24001
24062,31262,100,24001

e st e s ok ok e ok o o sk ok ok sk sk e el o sk ke ok e
32006,39206,100,32001
32014,39214,100,32001
32022,39222,100,32001
32030,39230,100,32001
32038,39238,100,32001
32046,39246,100,32001
32054,39254,100,32001
32062,39262,100,32001

ke sk o o ok 5 e e ook s s o Bl ke e s s skl e ke s ok
40006,47206,100,40001
40014,47214,100,40001
40022,47222,100,40001
40030,47230,100,40001
40038,47238,100,40001
40046,47246,100,40001
40054,47254,100,40001
40062,47262,100,40001

s s s o o o e o ook sk el R Ok sk SRR R ok
48006,55206,100,48001
48014,55214,100,48001
48022,55222,100,48001
48030,55230,100,48001
48038,55238,100,48001
48046,55246,100,48001
48054,55254,100,48001
48062,55262,100,48001

5 o s e o b e o ool o sk sk e ke o s e s s e kol ok
56006,63206,100,56001
56014,63214,100,56001
56022,63222.100,56001
56030,63230,100,56001
56038,63238,100,56001
56046,63246,100,56001
56054,63254,100,56601
56062,63262,100,56001

sk etok ok R kR ok kR ek 2 2 25N ODE GEN FOR BOTTOM FLANGE ##sssskissiobiorkor sk
*NGEN,NSET=NPLATEB,LINE=C
56008,63208,100,56001
56010,63210,100,56001
56012,63212,160,56001
56014,63214,100,56001
56016,63216,100,56001
56018,63218,100,56001
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56020,63220,100,56001
36022,63222,100,56001
56024,63224,100,56001
56026,63226,100,56001
56028,63228,100,56001
56030,63230,100,56001
56032,63232,100,56001
56034,63234,100,56001
56036,63236,100,56001
56038,63238,100,56001
56040,63240,100,56001
56042,63242,100,56001
56044,63244,100,56001
56046,63246,100,56001
56048,63248,100,56001
56050,63250,100,56001
56052,63252,100,56001
56054,63254,100,56001
56056,63256,100,56001
56058,63258,100,56001
56060,63260,100,56001

sedoR sk R oR R Rk R Rk kR Rk # BT EMENT GEN FOR TOP SLAB ok sckasokoroksedob ookt ook
*ELEMENT, TYPE=S4R
1,2,102,104,4
*ELGEN,ELSET=ESLABT
1,72,100,32,32,2,1

*ak R EE Ak Rk kR k%2 R EMENT GEN FOR BOTTOM FLANGE # stk soksr ol ek
*ELEMENT,TYPE=S4R
2305,56006,56106,56108,56008
2593,56022,56122,56124,56024
2881,56038,56138,56140,56040
3169,56054,56154,56156,56056
*ELGEN,ELSET=FLANGEB
2305,72,100,4,4,2,1
2593,72,100,4,4,2,1
2881,72,100,4,4,2,1
3169,72,100,4,4,2,1

ks o ok sk ok 2 X BT EMENT GEN FOR TOP FLANGE #®ssotsuekor ok ek
*ELEMENT,TYPE=B31H
3457.8006,8106
3529,8014,8114
3601,8022,8122
3673,8030,8130
3745,8038,8138
3817,8046,8146
3889,8054,8154
3961,8062,8162
*ELGEN,ELSET=TOPFL
3457,72,100,1

3529,72,100,1

3601,72,100,1

3673,72,100,1

3745,72,100,1

3817,72,160,1

3889,72,100,1

3961,72,100,1
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*ELEMENT, TYPE=S4R
4033,16006,16106,8106,8006
4465,16014,16114,8114,8014
4897,16022,16122,8122,8022
5329,16030,16130,8130,8030
5761,16038,16138,8138,8038
6193,16046,16146,8146,3046
6625,16054,16154,8154,8054
7057,16062,16162,8162,8062
+BLGEN,ELSET=WEB
4033,72,100,6,6,8000,1
4465,72,100,6,6,8000,1
4897,72,100,6,6,8000,1
5329,72,100,6,6,8000,1
5761,72,100,6,6,8000,1
6193,72,100,6,6,8000,1
6625,72,100,6,6,8000,1
7057,72,100,6,6,8000,1
*ELEMENT,TYPE=S4R
7489,16006,16008,8008,8006
7513,16022,16024,8024,8022
7537,16038,16040,8040,8038
7561,16054,16056,8056,8054
7585,23206,23208,15208,15206
7609,23222,23224,15224,15222
7633,23238,23240,15240,15238
7657,23254,23256,15256,15254
*ELGEN,ELSET=DIAPH
7489.4,2,6,6,8000,1
7513,4,2,6,6,8000,1
7537.4,2,6,6,8000,1
7561,4,2,6,6,8000,1
7585,4,2,6,6,8000,1
7609,4,2,6,6,8000,1
7633,4,2,6,6,8000,1
7657,4,2,6,6,8000,1
*ELEMENT,TYPE=B31H
7681,8006,8008
7685,8022,8024
7689,8038,8040
7693,8054,8056
7697,15206,15208
7701,15222,15224
7705,15238,15240
7709,15254,15256
*ELGEN,ELSET=ENDFL
7681,4,2,1

7685,4,2,1

7689,4,2,1

7693,4,2,1

7697,4,2,1

7701,4,2,1

7705,4,2,1

3]
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7709,4,2,1

s kol bR Aokl Rk R gk Rk RSk R kR % 2 F R LEMENT GEN FOR TRUSS ELEMENTS sokkskskaiskiunsk
*NGEN,NSET=XBP,LINE=C

32010,39210,200,32001

32018,39218,200,32001

32026,39226,200,32001

32034,39234,200,32001

32042,39242,200,32001

32050,39250,200,32001

32058,39258,200,32001

s st s ke o s o s ok e el o ok ok ok g s ok o sk ok ok ek R ok sk e ok

*ELEMENT,TYPE=B31H

7713,8406,8414

7714,8406,32410

7715,32410,56414

7716,8414,32410

7717,32410,56406

*ELGEN,ELSET=XBRAC

7713,17,400,20,4,16,5

7714,17,400,20,4,16,5

7715,17,400,20,4,16,5

7716,17,400,20,4,16,5

7717,17,400,20,4,16,5

kR Rk kR kR X EL EMENT GEN FOR TRUSSES ELEMENTS BETWEEN BOXES *##**
*ELEMENT,TYPE=B31H

20001,8014,8022

20002,8014,32018

20003,32018,56022

20004,8022,32018

20005,32018,56014

20006,56014,56022

*ELGEN,ELSET=XBRACb

20001,19,400,18,3,16,6

20002,19,400,18,3,16,6

20003,19,400,18,3,16,6

20004,19,400,18,3,16,6

20005,19,400,18,3,16,6

20006,19,400,18,3,16,6

*BEAM SECTION,SECTION=RECT,ELSET=XBRAC,MATERIAL=STEEL
1,1

5,5

*BEAM SECTION,SECTION=RECT,ELSET=XBRACb,MATERIAL=STEEL
1,.1

55

*SHELL SECTION,ELSET=WEB,MATERIAL=STEEL

0135 ,

*BEAM SECTION,SECTION=RECT,ELSET=TOPFL,MATERIAL=STEEL
032,.6

5,5

*BEAM SECTION,SECTION=RECT,ELSET=ENDFL,MATERIAL=STEEL
032,6

55

e o e 536 s 53¢ sie o o sfe ok s sfc oK sk o 3 o8k ofe abe ok oke ok st ok vk s o sk s ofe ofe s e sfe sk ok ook e s sk sk ke sk ok

*SHELL SECTION,ELSET=DIAPH,MATERIAL=STEEL

013,5



*SHELL SECTION,ELSET=FLANGEB,MATERIAL=STEEL
0305
*MATERIAL,NAME=STEEL
*DENSITY

7800

*BLASTIC

200000E6,.3

*SHELL SECTION,ELSET=ESLABT,MATERIAL=CON
2255

*MATERIAL,NAME=CON
+*DENSITY

2400

*ELASTIC

27000E6,.20
*NGEN,NSET=SLABNG line=c
6,7206,100
*NGEN,NSET=FLANGENG6 line=c
8006,15206,100
*NGEN,NSET=SLABN14,line=c
14,7214,100
*NGEN,NSET=FLANGEN14,line=c
8014,15214,100
*NGEN,NSET=SLABN22 line=c
22,7222,100
*NGEN,NSET=FLANGEN22, line=c
8022,15222,100
*NGEN,NSET=SLABN30,line=c
30,7230,100
*NGEN,NSET=FLANGEN30, line=c
8030,15230,100
*NGEN,NSET=SLABN38,line=c
38,7238,100
*NGEN,NSET=FLANGEN38,line=c
8038,15238,100
*NGEN,NSET=SLABN46,line=c
46,7246,100
*NGEN,NSET=FLANGEN46,line=c
8046,15246,100
*NGEN,NSET=SLABNS54,line=c
54,7254,100
*NGEN,NSET=FLANGEN54,line=c
8054,15254,100
*NGEN,NSET=SLABN62,line=c
62,7262,100
*NGEN,NSET=FLANGEN®62,line=c
8062,15262,100

s 3 ok o ok ofe o 3 o ok 250 o st ofe afk e o ofe ok o ok sk sde e ofe o she ode cfesle sl de el e ek sk sk e sk
*NSET,NSET=LTOP1

8,10,12

“NSET,NSET=LTOP2

24,26,28

*NSET,NSET=LTOP3

40,42,44

*NSET,NSET=LTOP4

56,58,60
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*NSET,NSET=LBOTI
8008,8010,8012
*NSET,NSET=LBOT?2
8024,8026,3028
*NSET,NSET=LBOT3
8040,8042,8044
*NSET,NSET=LBOT4
8056,8058,8060
*NSET,NSET=RTOP1
7208,7210,7212
*NSET,NSET=RTOP2
7224,7226,7228
*NSET,NSET=RTOP3
7240,7242,7244
*NSET,NSET=RTOP4
7256,7258,7260
*NSET,NSET=RBOTI
15208,15210,15212
*NSET,NSET=RBOT2
15224,15226,15228
*NSET,NSET=RBOT3
15240,15242,15244
*NSET,NSET=RBOT4
15256,15258,15260

*MPC
BEAM,SLABN6,FLANGEN6
BEAM,SLABN14,FLANGEN14
BEAM,SLABN22,FLANGEN22
BEAM,SLABN30,FLANGEN30
BEAM,SLABN38,FLANGEN38
BEAM,SLABN46,FLANGEN46
BEAM,SLABN54, FLANGEN54
BEAM,SLABN62,FLANGEN62
BEAM,LBOT1,LTOP!
BEAM,LBOT2,LTOP2
BEAM,LBOT3,LTOP3
BEAM,LBOT4,LTOP4
BEAM,RBOT1,RTOPI
BEAM,RBOT2,RTOP2
BEAM,RBOT3,RTOP3
BEAM,RBOT4,RTOP4
*********#-********1<***********************************%***
*BOUNDARY

56006,2,3

LEFT7,2,3

63206,1,3

RIGHT7,1,3
**************Eiement set for Moment**************
*ELSET,ELSET=MIDSLAB,GEN
1121,1184
*ELSET,ELSET=MIDBOTFLANGE,GEN
24450452

2733,2740

3021,3028

3309,3316

*NGEN,NSET=MID
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59606,59662,8
*ﬁ‘***’!\****************-ﬁ******ﬁ'*****DEAD LOAD*********************»{»*
*STEP

*STATIC
*ELSET,ELSET=LANE,GENERATE
1,2273,32

2,2274,32

3,2075,32

4,2276,32

5,2277,32

6,2278,32

7,2279,32

8,2280,32

9,2281,32

10,2282,32

11,2283,32

12,2284,32

13,2285,32

14,2286,32

15,2287,32

16,2288,32

17,2289,32

18,2290,32

19,2291,32

20,2292,32

21,2293,32

22229432

23,2295,32

24,2296,32

25,2297,32

26,2298,32

27,2299,32

28,2300,32

29,2301,32

30,2302,32

31,2303,32

32,2304,32

*DLOAD

LANE,GRAV,9.81,0,0,-1
FLANGEB,GRAV,9.81,0,0,-1
TOPFL,GRAV,9.81,0,0,-1
WEB,GRAV,9.81,0,0,-1
*************Moment Strains************
*ELPRINT,POSITION=AVERAGED AT NODES,ELSET=MIDBOTFLANGE
st1

*ELPRINT,ELSET=XBRAC

SF1

*ELPRINT,ELSET=XBRACb

SF1

*NODEPRINT,NSET=MID
Ej***********************************
*ENDSTEP

*STEP

*STATIC
****#**>s********’i’********************CONCNTR}C TRUCK LOADING s ofe sfe sesteosRsle sk e stk skok
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*BLSET,ELSET=CTRUCK,GENERATE
4,2276,32

5,2277,32

6,2278,32

7,2279,32

8,2280,32

9,2281,32

16,2282,32

11,2283,32

12,2284,32

13,2285,32

14,2286,32

15,2287,32

16,2288,32

17,2289,32

18,2290,32

19,2291,32

20,2292,32

21,2293,32

22,2294,32

23,2295,32

24,2296,32

25,22917,32

26,2298,32

27,2299,32

28,2300,32

29,2301,32
*DLOAD,OP=NEW
CTRUCK,P,-2382
*NSET,NSET=C1TRUCK
3014,3026,3042,3054
*NSET,NSET=C2TRUCK
3514,3526,3542,3554
*NSET,NSET=C3TRUCK
4014,4026,4042,4054
*NSET,NSET=C4TRUCK
4114,4126,4142,4154
*NSET,NSET=CS3TRUCK
4314,4326,4342,4354
*CLOAD,OP=NEW
CITRUCK,3,-60000
C2TRUCK,3,-70000
C3TRUCK,3,-56000
CATRUCK,3,-50000
C5TRUCK,3,-20000
*************h&onwntSnahm************
*ELPRINT,POSITION=AVERAGED AT NODES ELSET=MIDBOTFLANGE
S11
*ELPRINT,ELSET=XBRAC
SF1
*BLPRINT,ELSET=XBRACbH
SF1
*NODEPRINT,NSET=MID
U3

s ke sfe 3 3k s ok sk 3§ 3 ok e i s ke ok 3o ok s e sfe st ik ok sfe ofe ke sk ok sk sk sl ok

*ENDSTEP
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APPENDIX A7

Typical ABAQUS Input File for 4-lane 6-box girder, 60 m span curved bridges, L/R
=2.0

*HEADING

6BOX CURVED SIMPLY SUPPORTED LINEAR CASE
**DATA CHECK
*PREPRINT,ECHO=YES,MODEL=NG,HISTORY=NC
*Restart,write

*x*REFERENCE NODE COORDINATES 4L6b60sc inside between-boxes bracings along the bridge™*
*NODE

1,0,0,0

2001,0,0,-0.127500
56001,0,0,-2.499000
2,-18.175774,11.670529,0.000000
98,-32.312489,20.747608,0.000000
7202,18.175774,11.670529,0.000000
7298,32.312489,20.747608,0.000000
8006,-18.764805,12.048741,-0.127500
56006,-18.764805,12.048741,-2.499000
15206,18.764805,12.048741,-0.127500
63206,18.764805,12.048741,-2.499000
8094,-31.723457,20.369396,-0.127500
56094,-31.723457,20.369396,-2.499000
15294,31.723457,20.369396,-0.127500
63294,31.723457,20.369396,-2.499000
skikkk s+ ¥ NODE GENERATION FOR END DIAPHRAM*##kddddxxxx
*NGEN,NSET=0RIGIN
8001,56001,8000
*NGEN,NSET=NEND

***]eft end****

2,98,2

8006,56006,8000

8094,56094,8000

8006,8094,2

16006,16094,2

24006,24094,2

32006,32094,2

40006,40094,2

48006,48094,2

56006,56094,2

***ﬁghtend****

7202,7298,2

15206,63206,8000

15294,63294,8060

15206,15294,2

23206,23294,2

31206,31294,2

39206,39294,2

47206,47294,2

55206,55294,2

63206,63294,2

s sk sfe sfe e o ok sk ol sk sk sk ke sk sk ok sk sl sk ke sk
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*NSET,NSET=LEFT11
56014,56022,56030,56038,56046,56054,56062,56070,56078,56086,56094
*NSET ,NSET=RIGHT11
63214,63222,63230,63238,63246,63254, 63262,63270,63278,63286,63294
***4*********************#*****NODE GEN EOR TOP SLAB o o ok o ofe ofe e sfe e skl ok
*NGEN,NSET=NPLATET,LINE=C
2,7202,100,1
4,7204,100,1
6,7206,100,1
8,7208,100,1
10,7210,100,1
12,7212,100,1
14,7214,100,1
16,7216,100,1
18,7218,100,1
20,7220,100,1
22,7222,100,1
24,7224,100,1
26,7226,100,1
28,7228,100,1
30,7230,100,1
32,7232,100,1
34,7234,100,1
36,7236,100,1
38,7238,100,1
40,7240,100,1
42,7242,100,1
44,7244,100,1
46,7246,100,1
48,7248,100,1
50,7250,100,1
52,7252,100,1
54,7254,100,1
56,7256,100,1
58,7258,100,1
60,7260,100,1
62,7262,100,1
64,7264,100,1
66,7266,100,1
68,7268,100,1
70,7270,100,1
72,7272,100,1
74,7274,100,1
76,7276,100,1
78,7278,100,1
80,7280,100,1
82,7282,100,1
84,7284,100,1
86,7286,100,1
88,7288,100,1
50,7290,100,1
92,7292,100,1
94,7294,100,1
96,7296,100,1
98,7298,100,1
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*NGEN,NSET=NTOPFLNG,LINE=C
8006,15206,100,8001
8014,15214,100,8001
8022,15222,100,8001
8030,15230,100,8001
8038,15238,100,8001
8046,15246,100,8001
8054,15254,100,8001
8062,15262,100,8001
8070,15270,100,8001
8078,15278,100,8001
8086,15286,100,8001
8094,15294,100,8001
kool dok Rk Rk R ook Rk R 3R R 20N ODE GEN. FOR WERS #fossstolsrdok ok ook %
*NGEN,NSET=NWEB,LINE=C
16006,23206,100,16001
16014,23214,100,16001
16022,23222,100,16001
16030,23230,100,16001
16038,23238,100,16001
16046,23246,100,16001
16054,23254,100,16001
16062,23262,100,16001
16070,23270,100,16001
16078,23278,100,16001
16086,23286,100,16001
16094,23294,100,16001

s s o s e e sk st s 3 ok s ok ok ok o sk sk ok K sk R ok
24006,31206,100,24001
24014,31214,100,24001
24022,31222,100,24001
24030,31230,100,24001
24038,31238,100,24001
24046,31246,100,24001
24054,31254,100,24001
24062,31262,100,24001
24070,31270,100,24001
24078,31278,100,24001
24086,31286,100,24001
24094,31294,100,24001

s e o i e e s g e s ot SR oK Sk Kok KK ok kRl
32006,39206,100,32001
32014,39214,100,32001
32022,39222,100,32001
32030,39230,100,32001
32038,39238,100,32001
32046,39246,100,32001
32054,39254,100,32001
32062,39262,100,32001
32070,39270,100,32001
320178,39278,100,32001
32086,39286,100,32001
32094,39294,100,32001

ook ok s okt sk g ot sk Rk ok ek ok R ok kR
40006,47206,100,40001
40014,47214,100,40001
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40022,47222,100,40001
40030,47230,100,40001
40038,47238,100,40001
40046,47246,100,40001
40054,47254,100,40001
40062,47262,100,40001
40070,47270,100,40001
40078,47278,100,40001
40086,47286,100,40001
40094,47294,100,40001
ook fokokok g ook R Rk R Rk Rk ok
48006,55206,100,48001
48014,55214,100,48001
48022,55222,100,48001
48030,55230,100,48001
48038,55238,100,48001
48046,55246,100,43001
48054,55254,100,48001
48062,55262,100,48001
48070,55270,100,48001
48078,55278,100,48001
48086,55286,100,48001
48094,55294,100,48001
stk s e s e et s e s ok Bk Sk e el ok kR o
56006,63206,100,56001
56014,63214,100,56001
56022,63222,100,56001
56030,63230,100,56001
56038,63238,100,56001
56046,63246,100,56001
56054,63254,100,56001
56062,63262,100,56001
56070,63270,100,56001
56078,63278,100,56001
56086,63286,100,56001
56094,63294,100,56001
#ohdooR R R R R Rk ke ok kAN ODE GEN FOR BOTTOM FLANGE % %ot stk sokokok ok
*NGEN,NSET=NPLATEB,LINE=C
56008,63208,100,56001
56010,63210,100,56001
56012,63212,100,56001
56014,63214,100,56001
56016,63216,100,56001
56018,63218,100,56001
56020,63220,100,56001
56022,63222,100,56001
56024,63224,100,56001
56026,63226,100,56001
56028,63228,100,56001
56030,63230,100,56001
56032,63232,100,56001
56034,63234,100,56001
56036,63236,100,56001
56038,63238,100,56001
56040,63240,100,56001
56042,63242,100,56001
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56044,63244,100,56001
56046,63246,100,56001
56048,63248,100,56001
560590,63250,100,56001
56052,63252,100,56001
56054,63254,100,56001
56056,63256,100,56001
56058,63258,100,56001
56060,63260,100,56001
56062,63262,100,56001
56064,63264,100,56001
56066,63266,100,56001
56068,63268,100,56001
56070,63270,100,56001
56072,63272,100,56001
56074,63274,100,56001
56076,63276,100,56001
56078,63278,100,56001
56080,63280,100,56001
56082,63282,100,56001
56084,63284,100,56001
56086,63286,100,56001
56088,63288,100,56001
56090,63290,100,56001
56092,63292,100,56001

sk ok Rk kR Rk ok ok Rk kR R T EMENT GEN FOR TOP SLAR #sskdokkhakbohddendob sk
*ELEMENT, TYPE=S4R
1,2,102,104,4
*ELGEN,ELSET=ESLABT
1,72,100,48,48,2,1

sk f Rk Rk R kol kR B EMENT GEN FOR BOTTOM FLANGE ##xkssssrsonsos ik
*ELEMENT, TYPE=S4R
3457,56006,56106,56108,56008
3745,56022,56122,56124,56024
4033,56038,56138,56140,56040
4321,56054,56154,56156,56056
4609,56070,56170,56172,56072
4897,56086,56186,56188,56088
*ELGEN,ELSET=FLANGEB
3457,72,100,4,4,2,1
3745,72,100,4,4,2,1
4033,72,100,4,4,2,1
4321,72,100,4,4,2,1
4609,72,100,4,4,2,1
4897,72,100,4,4,2,1

ook Ak R ook ook sk o B EMENT GEN FOR TOP FLANGE ikt siodek sk ek
*ELEMENT,TYPE=B31H
5185,8006,8106
5257,8014,8114
5329,8022,8122
5401,8030,8130
5473,8038,8138
5545,8046,8146
5617,8054,8154
5689,8062,8162
5761,8070,8170
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5833,8078,8178
5905,8086,8186
5977,8094,8194
*BELGEN,ELSET=TOPFL
5185,72,100,1

5257,72,100,1

5329,72,100,1

5401,72,100,1

5473,72,100,1

5545,72,100,1

5617,72,100,1

5689,72,100,1

5761,72,100,1

5833,72,100,1

5905,72,100,1

5977,72,100,1

kA E KRRk SRk ek kR 2 BEL EMENT GEN FOR WERBS #% sk sohdoon ookt
*ELEMENT,TYPE=54R
6049,16006,16106,8106,8006
6481,16014,16114,8114,8014
6913,16022,16122,8122,8022
7345,16030,16130,8130,8030
7777,16038,16138,8138,8038
8209,16046,16146,8146,8046
8641,16054,16154,8154,8054
9073,16062,16162,8162,8062
9505,16070,16170,8170,8070
9937,16078,16178,8178,8078
10369,16086,16186,8186,8086
10801,16094,16194,8194,8094
*ELGEN,ELSET=WEB
6049,72,100,6,6,8000,1
6481,72,100,6,6,8000,1
6913,72,100,6,6,8000,1
7345,72,100,6,6,8000,1
7771,72,100,6,6,8000,1
8209,72,100,6,6,8000,1
8641,72,100,6,6,8000,1
9073,72,100,6,6,8000,1
9505,72,100,6,6,8000,1
9937,72,100,6,6,8000,1
10369,72,100,6,6,8000,1
10801,72,100,6,6,8000,1
xRk Rk R R R R R R FLEMENT GEN FOR END DIAPHRAGM #eksssachndokrrs
*ELEMENT,TYPE=84R
11233,16006,16008,8008,8006
11257,16022,16024,8024,8022
11281,16038,16040,8040,8038
11305,16054,16056,8056,8054
11329,16070,16072,8072,8070
11353,16086,16088,8088,8086
11377,23206,23208,15208,15206
11401,23222,23224,15224,15222
11425,23238,23240,15240,15238
11449,23254,23256,15256,15254
11473,23270,23272,15272,15270
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11497,23286,23288,15288,15286
*ELGEN,ELSET=DIAPH
11233,4,2,6,6,8000,1
11257,4,2,6,6,8000,1
11281,4,2,6,6,8000,1
11305,4,2,6,6,8000,1
11329,4,2,6,6,8000,1
11353,4,2,6,6,8000,1
11377,4,2,6,6,8000,1
11401,4,2,6,6,8000,1
11425,4,2,6,6,8000,1
11449,4,2,6,6,8000,1
11473,4,2,6,6,8000,1
11497.4,2,6,6,8000,1

ok ook gk ok ok ok ok Rk kxRS IND FLANGE ELEMENTS stttk dok gk ok oo sk
*ELEMENT, TYPE=B31H
11521,8006,8008
11525,8022,8024
11529,8038,8040
11533,8054,8056
11537,8070,8072
11541,8086,8088
11545,15206,15208
11549,15222,15224
11553,15238,15240
11557,15254,15256
11561,15270,15272
11565,15286,15288
*ELGEN,ELSET=ENDFL
115214,2,1

11525,4,2,1

11529,4,2,1

11533,4,2,1

11537,4,2,1

11541,4,2,1

11545,4,2,1

11549,4,2,1

11553,4,2,1

11557,4,2,1

11561,4,2,1

11565,4,2,1
*NGEN,NSET=XBP,LINE=C
32010,39210,200,32001
32018,39218,200,32001
32026,39226,200,32001
32034,39234,200,32001
32042,39242,200,32001
32050,39250,200,32001
32058,39258,200,32001
32066,39266,200,32001
32074,39274,200,32001
32082,39282,200,32001
32090,39290,200,32001

sk s 3k s o 3¢ 3 ok s ok sk s ok S o o ok ke sk sfe s s sk sk s sk e kR ek

*ELEMENT,TYPE=B31H
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11569,8906,8914

11570,8906,32910

11571,32910,56914

11572,8914,32910

11573,32910,56906

*ELGEN,ELSET=XBRAC

11569,7,900,30,6,16,5

11570,7,900,30,6,16,5

11571,7,900,30,6,16,5

11572,7,900,30,6,16,5

11573,7,900,30,6,16,5

srxxERE IRk ERRRE R0 ELEMENT GEN FOR TRUSSES ELEMENTS BETWEEN BOXES *#***
*ELEMENT,TYPE=B31H

20001,8014,8022

20002,8014,32018

20003,32018,56022

20004,8022,32018

20005,32018,56014

20006,56014,56022

*ELGEN,ELSET=XBRACb

20001,9,900,30,5,16,6

20002,9,900,30,5,16,6

20003,9,900,30,5,16,6

20004,9,900,30,5,16,6

20005,9,900,30,5,16,6

20006,9,900,30,5,16,6

*BEAM SECTION,SECTION=RECT,ELSET=XBRAC,MATERIAL=STEEL
1,1

5,5

*BEAM SECTION,SECTION=RECT,ELSET=XBRACb,MATERIAL=STEEL
1,1

5,5

*SHELL SECTION,ELSET=WEB,MATERIAL=STEEL
012,5

*BEAM SECTION,SECTION=RECT,ELSET=TOPFL MATERIAL=STEEL
030,.6

5,5

*BEAM SECTION,SECTION=RECT,ELSET=ENDFL,MATERIAL=STEEL
030,.6

5,5

s s s o sk ok sk 3¢ afe ok o 3 s sfe ok sdeofe s sfe e sfe ke sk oo o ook sl s e sfe sl sfe e sk st sk ko sk e kR ok ke ok
*SHELL SECTION,ELSET=DIAPH,MATERIAL=STEEL
012,5

*SHELL SECTION,ELSET=FLANGEB,MATERIAL=STEEL
0275

*MATERIAL,NAME=STEEL

*DENSITY

7800

*ELASTIC

200000ES,.3

*SHELL SECTION,ELSET=ESLABT,MATERIAL=CON
2255

*MATERIAL,NAME=CON

*DENSITY

2400
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*BLASTIC

27000E6,.20
*NGEN,NSET=SLABNGS,line=c
6,7206,100
*NGEN,NSET=FLANGENG,line=c
8006,15206,100
*NGEN,NSET=SLABN14,line=c
14,7214,100

*NGEN, NSET=FLANGEN 14 line=c
8014,15214,100
*NGEN,NSET=SLABN22, line=c
22,7222,100
*NGEN,NSET=FLANGEN22,line=c
8022,15222,100
*NGEN,NSET=SLABN30,line=c
30,7230,100
*NGEN,NSET=FLANGEN30,line=c
8030,15230,100
*NGEN,NSET=SLABN38,line=c
38,7238,100
*NGEN,NSET=FLANGEN38 line=c
8038,15238,100
*NGEN,NSET=SLABN46,line=c
46,7246,100
*NGEN,NSET=FLANGENA46,line=c
8046,15246,100
*NGEN,NSET=SLABNS54,line=c
54,7254,100
*NGEN,NSET=FLANGEN54 line=c
8054,15254,100
*NGEN,NSET=SLABN62,line=c
62,7262,100
*NGEN,NSET=FLANGEN62 Jine=c
8062,15262,100
*NGEN,NSET=SLABN70,line=c
70,7270,100
*NGEN,NSET=FLANGEN70,}ine=c
8070,15270,100
*NGEN,NSET=SLABN78 line=c
78,7278,100
*NGEN,NSET=FLANGEN?7S8, line=c
8078,15278,100
*NGEN,NSET=SLABNS6,line=c
86,7286,100
*NGEN,NSET=FLANGENS6,line=c
8086,15286,100
*NGEN,NSET=SLABN94,line=c
94,7294,100
*NGEN,NSET=FLANGEN9%4, line=c
8094,15294,100

2 sk sk e sk 3 3 sk ok sk sk ok 3K 3k 3 e 3k e sk ofe ofe oo ofe o s oo oo sfe sfesle ke e sle sk ke e sl sk e sk
*NSET,NSET=LTOP1

8,10,12

*NSET,NSET=LTOP2

24,2628
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*NSET,NSET=LTOP3

40,42,44

*NSET,NSET=LTOP4

56,58,60

*NSET,NSET=LTOP5

72,7476

*NSET,NSET=LTOP6

88,90,92

*NSET,NSET=LBOT!
8008,8010,8012
*NSET,NSET=LBOT2
8024,8026,8028
*NSET,NSET=LBOT3
8040,8042,8044
*NSET,NSET=LBOT4
8056,8058,8060
*NSET,NSET=LBOTS
8072,8074,8076
*NSET,NSET=LBOT6
8088,8090,8092
*NSET,NSET=RTOP1
7208,7210,7212
*NSET,NSET=RTOP2
7224,7226,7228
*NSET,NSET=RTOP3
7240,7242,7244
*NSET,NSET=RTOP4
7256,7258,7260
*NSET,NSET=RTOP5
7272,7274,7276
*NSET,NSET=RTOP$
7288,7290,7292
*NSET,NSET=RBOT]
15208,15210,15212
*NSET,NSET=RBOT2
15224,15226,15228
*NSET,NSET=RBOT3
15240,15242,15244
*NSET,NSET=RBOT4
15256,15258,15260
*NSET,NSET=RBOTS5
15272,15274,15276
*NSET,NSET=RBOT6
15288,15290,15292

*MPC
BEAM,SLABNG6,FLANGEN6
BEAM,SLABN14,FLANGEN14
BEAM,SLABN22,FLANGEN22
BEAM,SLABN30,FLANGEN30
BEAM,SLABN38,FLANGEN38
BEAM,SLABN46,FLANGEN46
BEAM,SLABN54,FLANGEN54
BEAM,SLABNG2,FLANGEN62
BEAM,SLABN70,FLANGEN70
BEAM,SLABN78 FLANGEN78
BEAM,SLABNS6,FLANGENS6
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BEAM,SLABN94,FLANGEN94
BEAM,LBOT1,LTOPI
BEAM,LBOT2,LTOP2
BEAM,LBOT3,LTOP3
BEAM,LBOT4,LTOP4
BEAM,LBOTS,LTOPS
BEAM,LBOT6,LTOP6
BEAM,RBOT1,RTOPI
BEAM,RBOT2,RTOP2
BEAM,RBOT3,RTOP3
BEAM,RBOT4,RTOP4
BEAM,RBOTS,RTOPS
BEAM,RBOT6,RTOP6

st sfe s 3 31 2 3 3o o 3k ok 2 o 3 ke sfe e sfe sk ok ok sk ok s sle sfe sk sfe o sk s e ofe s sbe ok sde sl e ofe s e o SRk s sk sk ok ko sk e sk ke ki R
*BOUNDARY

56006,2,3

LEFT11,2,3

63206,1,3

RIGHT11,1,3
**************Element Set for Moment**************
*ELSET,ELSET=MIDSLAB,GEN
1681,1776
*ELSET,ELSET=MIDBOTFLANGE,GEN
3597,3604

3885,3892

4173,4180

4461,4468

4749,4758

5037,5044

*NGEN,NSET=MID
59606,59694,8

sk s ok s sk ke o 3¢ ok s s ofe ok 3o st ke sk sk sk sk e sk sk sk sk sk ook ik skok ok
***********************************DEAD LOAD***********************

*STEP
*STATIC
*ELSET,ELSET=LANE,GENERATE
1,3409,48
2,3410,48
3,3411,48
4,3412,48
5,3413,48
6,3414,48
7,3415,48
8,3416,48
9,3417,48
10,3418,48
11,3419,48
12,3420,48
13,3421,48
14,3422,48
15,3423,48
16,3424,48
17,3425,48
18,3426,48
19,3427,48
20,3428,48
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21,3429,48

22,3430,48

23,3431,48

24,3432,48

25,3433,48

26,3434,48

27,3435,48

28,3436,48

29,3437,48

30,3438,48

31,3439,48

32,3440,48

33,3441,48

34,3442.48

35,3443,48

36,3444,48

37,3445,48

38,3446,48

39,3447,48

40,3448,48

41,3449,48

42,3450,48

43,3451,48

44,3452,48

45,3453,48

46,3454,48

47,3455,48

48,3456,48

*DLOAD
LANE,GRAV,9.81,0,0,-1
FLANGEB,GRAV,9.81,0,0,-1
TOPFL,GRAV,9.81,0,0,-1
WEB,GRAV,9.81,0,0,-1
*************Moment Strains************
*ELPRINT,POSITION=AVERAGED AT NODES,ELSET=MIDBOTFLANGE
St1
*ELPRINT,ELSET=XBRAC
SF1
*ELPRINT,ELSET=XBRACb
SF1
*NODEPRINT,NSET=MID
E:S********Js:‘c****x*******************%
*ENDSTEP

*STEP

*STATIC
***»r*******‘k%************************CONCNTRIC TRUCK LOADING e oo ok ok sk ke sl ke shesie siesk ok
*ELSET,ELSET=CTRUCK,GENERATE
4,3412,48

5,3413,48

6,3414,48

7,3415,48

8,3416,48

9,3417,48

10,3418,48

11,3419,48
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12,3420,48

13,3421,48

14,3422,48

15,3423,48

16,3424,48

17,3425,48

18,3426,48

19,3427,48

20,3428,48

21,3429,48

22,3430,48

23,3431,48

24,3432,48

25,3433,48

26,3434,48

27,3435,48

28,3436,48

29,3437,48

30,3438,48

31,3439,48

32,3440,48

33,3441,48

34,3442,48

35,3443 ,48

36,3444,48

37,3445,48

38,3446,48

39,3447,48

40,3448,48

41,3449,48

42,3450,48

43,3451,48

44,3452,48

45,3453 ,48

*DLOAD,OP=NEW

CTRUCK,P,-2449
*NSET,NSET=C1TRUCK
2712,2722,2734,2744,2756,2766,2778,2788
*NSET,NSET=C2TRUCK
3512,3522,3534,3544,3556,3566,3578,3588
*NSET,NSET=C3TRUCK
4212,4222,4234,4244 4256,4266,4278,4288
*NSET,NSET=C4TRUCK
4312,4322,4334,4344,4356,4366,4378,4388
*NSET,NSET=CSTRUCK
4712,4722,4734,4744,4756,4766,4778,4788
*CLOAD,OP=NEW

CI1TRUCK,3,-60000

C2TRUCK,3,-76000

C3TRUCK,3,-50000

C4TRUCK,3,-50000

C5TRUCK,3,-20000
*************Moment Sﬁ'ains************
*ELPRINT,POSITION=AVERAGED AT NODES,ELSET=MIDBOTFLANGE
S11

*ELPRINT,ELSET=XBRAC
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SF!
*ELPRINT,ELSET=XBRACH
SF1

*NODEPRINT NSET=MID
U3

S ot i s s e e 2l e o S ook o g s ok ok ok oo e e e s s o e sk stk o

*ENDSTEP
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Geometries of prototype bridges

APPENDIX

Table A8.1 Geometries of bridge prototypes of 20m span

Span | No. of No. of Cross-sectional dimensions, mm

(m) lanes boxes A B C | D F bl ta] &
20 2 2 9300 | 2325|300 800 | 1025161015225
20 2 3 9300 | 1550 {300 | 800 | 1025 | 11| 8 | 151225
20 2 4 9300 | 1160 | 300 | 800 | 1025 | 10| 8 | 14| 225
20 3 3 13050 | 2175 | 300 [ 800 | 1025 | 16 | 10 | 17 | 225
20 3 4 13050 | 1630 | 300 | 800 | 1025 [ 12| 8 | 16225
20 3 5 13050 | 1305 {300 | 800 | 1025 | 10| 8 | 16225
20 4 4 16800 | 2100 | 300 | 800 | 1025 | 16 | 10| 18 | 225
20 4 5 16800 | 1680 | 300 | 800 | 1025 | 13 1 10 ] 18 | 225
20 4 6 16800 | 1400 | 300 | 800 | 1025 { 11 | 10| 18 | 225

Table A.8.2 Geometries of bridge prototypes of 40 m span

Span | No. of No. of Cross-sectional dimensions, mm

(m) lanes boxes A B C D F Gl | t3] ta
40 2 2 9300 | 2325|375 | 1600 | 1825 | 28 | 14 | 18 | 225
40 2 3 9300 | 1550 | 375 | 1600 | 1825 | 19| 10 | 18 | 225
40 2 4 9300 | 1160 | 3751600 | 1825 |14 | 8 | 18 1225
40 3 3 13050 | 2175 | 375 | 1600 | 1825 | 28 | 14 | 20 | 225
40 3 4 13050 | 1630 | 375 | 1600 | 1825 |21 | 11 | 19| 225
40 3 5 13050 | 1305 | 375 | 1600 | 1825 | 17 | 10 | 18 | 225
40 4 4 16800 | 2100 | 375 | 1600 | 1825 | 28 | 14 | 21 | 225
40 4 5 16800 | 1680 | 375 | 1600 | 1825 | 22 | 11 |22 | 225
40 4 6 16800 | 1400 | 375 | 1600 | 1825 [ 19| 9 |22 {225

Table A.8.3 Geometries of bridge prototypes of 60 m span

Span | No.of No. of Cross-sectional dimensions, mm

(m) lanes boxes A B C D F | | 3] ta
60 2 2 9300 | 2325|450 | 2400 | 2625 | 40 | 18 | 23 | 225
60 2 3 9300 | 1550 | 450 | 2400 | 2625 | 27 | 12 | 22 | 225
60 2 4 9300 | 1160 | 450 | 2400 | 2625 | 20 | 10 | 21 | 225
60 3 3 13050 | 2175 | 450 | 2400 | 2625 | 40 | 18 | 25 | 225
60 3 4 13050 | 1630 | 450 | 2400 | 2625 |30 | 14 | 25 | 225
60 3 5 13050 | 1305 | 450 | 2400 | 2625 | 24 | 10 | 25 | 225
60 4 4 16800 | 2100 | 450 | 2400 | 2625 | 40 | 18 | 26 | 225
60 4 5 16800 | 1680 | 450 | 2400 | 2625 | 32 | 14 | 27 | 225
60 4 6 16800 | 1400 | 450 | 2400 | 2625 | 30 | 12| 27| 225

255




Table A.8.4 Geometries of bridge protetypes of 80 m span

Span | No. of No. of Cross-sectional dimensions, mm

(m) lanes boxes A B C D F it W
80 2 2 9300 | 2325 | 450 | 3200 | 3425 |52 |22 | 26 | 225
80 2 3 9300 | 1550 | 450 | 3200 | 3425 |35 1525|225
80 2 4 9300 | 1160 | 450 | 3200 | 3425 | 26 | 11 | 25 | 225
80 3 3 13050 | 2175 | 450 | 3200 | 3425 | 52 | 22 | 28 | 225
80 3 4 13050 | 1630 | 450 | 3200 | 3425 |40 | 17 | 28 | 225
80 3 5 13050 | 1305 | 450 | 3200 | 3425 131 |13 129|225
80 4 4 16800 | 2100 | 450 | 3200 | 3425 | 52 | 22 | 30 | 225
80 4 5 16800 | 1680 | 450 | 3200 | 3425 | 42 | 18 | 29 | 225
80 4 6 16800 | 1400 | 450 | 3200 | 3425 | 38 | 16 | 29 | 225

Table A.8.5 Geometries of bridge prototypes of 100 m span

Span | No.of No. of Cross-sectional dimensions, mm

(m) lanes boxes A B C D F || ta
100 2 2 9300 | 2325 | 600 | 4000 | 4225 | 64 | 26 | 30 | 225
100 2 3 9300 | 1550 | 600 | 4000 | 4225 | 43 | 18 | 30 | 225
100 2 4 9300 | 1160 | 600 | 4000 | 4225 | 32 | 13 ] 30 | 225
100 3 3 13050 | 2175 | 600 | 4000 | 4225 | 64 | 26 | 33 | 225
100 3 4 13050 | 1630 | 600 | 4000 | 4225 | 48 | 20 | 33 | 225
100 3 5 13050 | 1305 | 600 | 4000 | 4225 | 38 | 16 | 34 | 225
100 4 4 16800 | 2100 | 600 | 4000 | 4225 | 64 | 26 | 35 | 225
100 4 5 16800 | 1680 | 600 | 4000 | 4225 | 51 | 21 | 34 | 225
00 4 6 16800 | 1400 | 600 | 4000 | 4225 |42 | 18 | 34 | 225
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