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Abstract

In this paper, three-dimensional finite element analysis of composite steel-concrete bridges is performed to simulate the
actual bridge behavior. The accuracy of the model is verified against the results acquired from a field test. Thai trucks are loaded
at possible locations of the bridge in order to obtain the maximum stresses on the bridge. The influences of concrete barriers,
the displacement of bridge piers, and the Young’s modulus of concrete are then discussed, to reveal the actual behavior of the
steel-concrete composite bridge. The reactions at the bearings on the bridge piers are also evaluated and discussed in this
conjunction. Good agreement is obtained between the models and loading tests to show that the finite element model can

aid engineers in design practices.
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1. Introduction

A traffic jam is a very serious problem in many major
cities in Southeast Asia. Bangkok in Thailand is one of those
cities that have suffered the problem for many years. To
alleviate it, the Bangkok Metropolitan Administration
conducted a project of constructing overpasses at busy
junctions recently. Fast construction was an essential require-
ment since the construction site was inevitably in the area of
heavy traffic. To this end, a standard design of an overpass
was set up, and the project was completed in about two
years.

Those overpasses are steel-concrete composite
bridges made of steel plate I-girders, concrete decks, and
steel bridge piers. The employment of the steel girders and
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the steel piers is to decrease the dead loads of the overpasses,
helping to reduce the size of foundation and to shorten the
construction period. Upon completion, Rama III-Sathu Pradit
Bridge, one of the overpasses in the project, was tested by
static truck loads to confirm the performance.

In this paper, the structural behavior of a steel-
concrete composite bridge is studied. In particular, Rama ITI-
Sathu Pradit Bridge (Figure 1) is selected, since it is a typical

Figure 1. Rama III-Sathu Pradit Bridge.
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example of the built overpasses and in-situ measurements
under the known loads are available.

The finite element method has been used to simulate
successfully the behavior of a bridge in the past. Three
dimensional nonlinear finite element models are generated
to predict the actual behavior of masonry arch bridges
(Fanning and Boothby, 2001). The dynamic characteristics of
the cable-stayed bridge are studied by three-dimensional
finite element models (Zhang et al., 2001). The stress analysis
of a long-span cable stayed bridge from finite element analy-
sis compared very well with a full-scale static loading test
(Lertsima et al., 2004). The dynamic interaction between a
heavy truck and highway is presented by the finite element
analysis (Kwasniewski et al., 2006). Three-dimensional non-
linear finite element analysis of two-plate-girder bridge is
conducted to obtain dry shrinkage and prestressing (Yama-
guchi et al., 2005). The finite element method in combination
with the boundary element is applied to analyze box-girder
bridges (Galuta and Cheung, 1995). Finite element models
are examined to predict the stress and deflection of steel-
concrete composite girders (El-Lobody and Lam, 2003;
Chung and Sotelino, 2006). Dynamic finite element modeling
of composite girder-slab bridge provided approximations of
the dynamic properties (Farrar and Duffey, 1998). The struc-
ture behavior of bridge deck slabs under static patch loads in
steel-concrete composite bridges has been studied by using a
non-linear 3D-finite element analysis models with ABAQUS
software (Zheng et al., 2009). The non-linear finite element
models have been applied for single-arch bridges, the new
Svinesund Bridge, link between Norway and Sweden. Multi-
response objective function are introduced, which allow the
combination of static and dynamic measurements to obtain
a solid basis for parameter estimation (Schlune ef al., 2009).

In the present study, the discrepancy between the
design values and the test results is examined by conducting
a finite element analysis, based on which the factors respon-
sible for the structural behavior of the steel-concrete
composite bridge are discussed. The finite element program,
MARC (1994) is used in this study.

2. Rama IlI-Sathu Pradit Bridge

Rama I1I-Sathu Pradit Bridge consists of 13 spans, as
its schematics are shown in Figure 2(a). Each span is simply
supported on steel bridge piers. The span length where the
loading test was conducted is 31.5 m and the structural in-
formation on this part of the bridge is given in Figure 2 and
Table 1.

The superstructure is a steel-concrete composite
bridge with two traffic lanes. It has four steel I-girders of
1.45 m height with the space of 2.1 m in-between and a
concrete deck of 200 mm thickness connected to the girders
by studs. The bridge piers are steel structures, consisting of
a column and a partly-double beam. The design is based on
AASHTO Standard Specifications for Highway Bridges

(1996).
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Each steel girder has two bearings, one on Pier S6 and
the other on Pier S7. All the translational movements relative
to the beam of the bridge pier are constrained at the bearings
on Pier S7 while only the vertical movement relative to the
beam of the bridge pier is constrained at the bearings on Pier
S6. No rotational degrees-of-freedom are constrained at all
the bearings.

Since the bridge has four girders, each pier has four
bearings on it. Out of the four bearings, two are located on the
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Figure 2. Rama III-Sathu Pradit Bridge.
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Table 1. Dimensions of cross section.

(a) Main girder

Main girder Cross girder Transverse Longitudinal
stiffener stiffener

Bu(mm) 300(300) 199 - -
tu(mm) 13(13) 11 - -
Hw(mm) 1450(600) 374 120(140) 120
tw (mm) 909 7 9A15) 9
Bl(mm) 400(400) 199 - -
tl(mm) 20(20) 11 - -

A (cm?) 249.5(173) 72.16 10.8(21) 10.8

I (cm*) 8.33x10°(1.20x10°) 2.00x10* 0.73(3.94) 0.73

I (cm®) 1.36x10%(1.36x10% 1.45x10° 1.30x107(3.43x10°%) 1.30x10°

(): End girder

- 8 Ttl

Main girder/Cross girder

X

-

Vertical stiffener/Longitudinal stiffener

(b) Cross frame
Top girder Bottom girder Diagonal member
B(mm) 80 80 75
tf(mm) 11 11 9
Hw (mm) 200 200 75
tw(mm) 7.5 7.5 9
A (cm?) 31.33 31.33 12.69
I (cm*) 1.95x10° 1.95x10° 644
I (cm®) 1.68x10° 1.68x10° 644
y tf
' ] y
¥ .
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(c) Pier
Column
Top beam Bottom beam
Main part Bottom part
Bu (mm) 1300 1300 1100 1100
tu(mm) 13 15 20 20
Hw(mm) 1000 (636) 604 - -
tw(mm) 13 15 - 15
Bl(mm) 1300 1300 - 1600
tl(mm) 13 15 - -
A (cm?) 598(503.36) 5712 678.58 1728.58
I (em')  1.08x10°(4.12x10°) 4.29x10° 2.47x10° 1.54x10°
I (cm®) 1.18x10°(9.21x10%) 9.20x10° 1.29x10° 7.66x10°
(): End girder
y
Bll >
A\ tu
o .
X
tw— fe— !
— t
|<—>|B1 F Bu
Top beam/Bottom beam Column (Main part) Column (Bottom part)

double-beam portion while the remaining two are on the
single-beam portion.

Following the design of this bridge, Young’s moduli
of steel and concrete of this steel-concrete composite bridge
may be assumed 206,000 N/mm” and 23,600 N/mm?’, respec-
tively, and the Poisson’s ratios of steel and concrete, 0.3 and
0.2, respectively.

3. Loading test

Three trucks, each weighs about 240 kN, are used for
the loading test on Rama I1I-Sathu Pradit Bridge. The load-
ing condition can be realized from the positions of the trucks
shown in Figure 3. The axle loads are given in Figure 3(a). Itis
noted that a half of the wheels are located right above the
web of Girder G4, which is one of the worst loading conditions
for this external girder. Under this loading condition, the
longitudinal normal strain and the vertical displacement of
each lower flange of the four girders were measured at the
mid-span: four values of the normal stress in the z-direction
and four values of the displacement in the y-direction are
therefore available.

4. Bridge models

As is often the case with design practices, only the

superstructure consisting of a concrete deck and steel I-
girders is considered first as a basic model and called Model
1; the influence of the displacements of the bridge piers are
ignored. The finite element model is constructed with 13,112
8-node solid elements and 16,689 4-node shell elements. The
solid elements are employed for the concrete deck, and the
shell elements for steel girders and the cross frames.

The superstructure has a concrete barrier on each side.
Although the contribution of the barriers to the structural
stiffness is neglected in the design analysis, it is not neces-
sarily negligible in reality. This aspect is to be studied herein.
To this end, the concrete barriers are modeled by 4,520 8-
node solid elements and are added to Model 1. This is called
Model 2. The Young’s modulus of the concrete barriers is
assumed to be the same as that of the concrete deck, i.e.
23,600 N/mm’.

Neglecting the displacements of the bridge piers, the
movements of the bearings due to the deformation of the
bridge piers are not taken into account in Model 1 and 2,
which is a common practice in the design analysis. However,
since the bridge piers are not rigid and can undergo deform-
ation, the movements of the bearings may take place and
influence the behavior of the bridge in reality. To investigate
this point, the finite element models of the bridge piers are
constructed and added to Model 2, which is Model 3 in this
study. 10,510 4-node shell elements are used for each bridge
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Figure 3. Loading condition for three-truck loading test.

pier.

The control of the material properties of concrete is
not easy and the variation of Young’s modulus of concrete is
inevitable. Nevertheless, the concrete with the design value
of the Young’s modulus of 23,600 N/mm? can be expected to
have the value in the range of 20,000-30,000 N/mm? in Thai
practice. To take into account this variation, Model 4-7 are
prepared, each of which has a different combination of
Young’s moduli of concrete for the deck and the barriers

’

(Table 2). The finite element discretizations for Model 4-7 are (c) Models 3-7.
the same as that of Model 3. The finite element models are
presented in Figure 4. Figure 4. Finite element models.

Table2. Analysis models.

Young’s modulus (N/mm?®) o
Interaction with piers

Concrete deck  Concrete barrier

Model 1 23,600 N N
Model 2 23,600 23,600 N
Model 3 23,600 23,600 C
Model 4 23,600 20,000 C
Model 5 20,000 23,600 C
Model 6 23,600 30,000 C
Model 7 30,000 23,600 C

C: considered in the model; N: not considered in the model
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5. Numerical results and Discussions
5.1 Influence of Concrete Barriers

The results by the finite element analysis (FEA) using
Model 1 and 2 are shown in Table 3 and Figure 5 together
with the loading-test results and the design values. It is
observed that the design analysis tends to overestimate the
stress and the vertical displacement measured in the loading
test. The differences at the mid-span of Girder G4 are as
much as 20.5 N/mm’ or 58% in the stress and 6 mm or 25%
in the vertical displacement. FEA by Model 1 also over-
estimates the stress measured in the loading test, but the
difference is smaller than that due to the design analysis.

The inclusion of the concrete barriers in the analysis,
i.e. FEA by Model 2, improves the stress significantly, yield-
ing the stress values close to the stress measured in the
loading test. On the other hand, the displacements obtained
by Model 1 are better than those by Model 2. The loading
test has shown large differences in the vertical displacement
between Girders G4 and G1. Girder G1 moved even upwards
in the test. However, Model 2 predicts much smaller differ-
ences in the vertical displacement between Girders G4 and
G1, and the movement of Girder G1 is downward, which does
not agree with the loading-test result.

Table 3. Stress and displacement at the mid-span.

(a) Normal stress (N/mm’)

(€ (€3] Q@ Gl
Test 352 287 12.1 2.7
Design 55.7 43.0 243 37
Model 1 48.6 323 14.7 21
Model 2 388 273 135 12
Model 3 394 26.5 12.8 1.8
Model 4 40.3 269 13.0 1.7
Model 5 39.7 26.5 12.7 1.6
Model 6 38.0 257 125 20
Model 7 388 264 13.0 21

(b) Vertical displacement (mm)

G4 G Q Gl
Test 24 -15 6 5
Design -30 23 -13 2
Model 1 24 -15 -7 1
Model 2 -17 -12 6 -1
Model 3 26 -16 6 4
Model 4 -26 -16 6 4
Model 5 26 -16 6 4
Model 6 25 -15 6 4
Model 7 25 -15 6 4
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The trends in the present FEA are inconsistent: Model
2 gives better stress while Model 1 gives better vertical dis-
placement. Because stress is closely related to deformation,
it may be stated that Model 2 has simulated the deformation
of the superstructure better. Considering that the girders of
this bridge are statically determinate, the displacements at the
bearings due to the deformations of the piers, if any, might
change the deflection of the superstructure in the way of
rigid-body movement, i.e. without much influencing the
deformation of the superstructure, which may account for
the inconsistency observed herein.

In any case, the results by Model 1 and 2 suggest the
importance of the contribution of the concrete barriers to the
actual structural behavior of this steel-composite bridge, as
the two models yield quite different results.

5.2 Interaction between Superstructure and Bridge Pier

The results of FEA by Model 3 are presented in Table
3 and Figure 6. The stress values are not much different from
those by Model 2, and they remain in good agreement with
the test results. On the other hand, the vertical displacements

60
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2/40 A -0-Model 1
w —\-Model 2
§ 30 ode
= 20
g
2 10 \
0 T T T ZS
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(a) Normal stress at the mid-span.
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-20 —&— Design
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-40
G4 G3 G2 Gl
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(b) Vertical displacement at the mid-span.

Figure 5. Influence of barriers on normal stress and vertical dis-
placement.
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Figure 6. Influence of the interaction between superstructure and
bridge Pier.

are noticeably improved by Model 3. In fact, the vertical dis-
placements due to Model 3 compare very well with those
measured in the loading test.

Table 4 shows the vertical displacements of the beams
of the bridge pier at the bearings obtained in the analysis by
Model 3. This data confirms that the bridge piers indeed
deform and the beams of the bridge piers displace, which is
not considered in the design analysis, though.

The amounts of the vertical displacements at Pier S6
and Pier S7 are similar to each other. The vertical displace-
ments at the bearings are close to the differences in the
mid-span vertical displacement between Model 2 and 3. As
discussed previously at the end of Section 5.1, the displace-
ments at the bearings may not change the stress states, even
though they change the vertical displacements. This is
exactly what seems to happen when the bridge piers are
included in the finite element analysis, suggesting the

Table4. Vertical displacement at the bearings (mm).

(€ (€3] (€7 Gl
S6 83 5.1 04 53
S7 -82 4.8 02 5.1
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importance of the inclusion of the bridge piers in the analysis
to capture the actual structural behavior of an overpass. It
should be noted that the deformations of the bridge piers are
even more important if a bridge is continuous, i.e. statically
indeterminate, since the stress states of the girders could be
affected also by the vertical displacements of the beams of
the bridge piers.

5.3 Influence of Young’s Modulus of Concrete

The influence of the variation of Young’s modulus of
concrete is studied by conducting FEA by Model 4 to 7. The
results are presented in Table 3 and in Figure 7 together with
those by Model 3. The Young’s modulus of concrete is
certainly influencing the structural behavior of the bridge,
but the differences in the stress and the vertical displacement
turn out to be very small. Therefore, it may be stated that the
variation of Young’s modulus of concrete is negligible for
evaluating the structural behavior of a steel-concrete com-
posite bridge.

5.4 Reactions at Bearings
The internal forces acting at the bearings between the

superstructure and the bridge piers are called reactions
herein. Those acting on the superstructure in Model 1 to 3

— Test
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-O-Model 5

Normal stress (N/mmz)
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(a) Normal stress at the mid-span.
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(b) Vertical displacement at the mid-span.

Figure 7. Influence of Young’s modulus of concrete on normal stress

and vertical displacement.
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Table 5. Reactions (kN).
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(a) S6 (y-direction)
Model G4 G Q Gl
1 209.1 1289 48.7 225
2 2250 1032 524 -16.4
3 2747 40.5 29.1 199
(b) S7
Model G4 G Q Gl
X y z X y z X y z X y z
1 -14 2066 07 -09 1261 94 01 455 -168 22 204 81
2 56 201 69 23 1023 26 38 499 -157 05 -154 113
3 29 2456 263 320 694 -31.8 255 415 -152 37 13 208

are summarized in Table 5. Very different results are obtained
between the models.

Firstly, it is noted that the reactions in the y-direction
at the bearings of Girder G1 in Model 1 and 2 are negative
while the reaction in Model 3 is positive. The phenomenon
can be accounted for as follows:

The loading condition in the present study is eccentric
since all the truck loads are applied near Girder G4. This load-
ing condition tends to move Girder G4 downward while
Girder G1 tends to move upward. This causes the negative
vertical reaction at the bearings of Girder G1 in Models 1 and
2, since the girders cannot move upward at the bearings. On
the other hand, in Model 3 where the deformation of the
bridge piers are also taken into account, the beams of the
bridge piers displace, pushing up Girder G1, resulting in the
positive vertical reactions at the bearings of Girder G1 in this
model.

The differences in the other reactions between the
three models are also noticeable. The inclusion of the
concrete barriers and the bridge piers in the analysis is thus
important for evaluating the reactions as well. To be noted,
the negligence of these factors can yield smaller reactions at
some bearings. The observation herein therefore implies that
the design of the bearings can be not only wrong but also
unsafe if the whole bridge is not modeled appropriately.

The present bridge is simply-supported. Therefore, no
horizontal reactions need to be computed in the design. This
is because each girder is assumed to deform independently in
the design, once external loads are distributed to the girders.
However, the assumption of the independent behavior of
the girders is not true since the girders do interact through
concrete deck and cross frames. The present results confirm
the point, showing the existence of the horizontal reactions.
The negligence of the horizontal loads in the design of the
bearings therefore can be completely wrong. Caution must be
used for the design of the bearings.

6. Conclusing Remarks

The structural behavior of a steel-concrete composite
bridge, Rama I1I-Sathu Pradit Bridge located in Bangkok, is
investigated. The following observations have been made in
this study.

1. The design analysis consistently overestimates the
longitudinal stress and the vertical displacement measured
in the loading test. The differences at the mid-span of Girder
G4, where the largest values were obtained, are as much as
20.5 N/mm’ or 58% in the stress and 6 mm or 25% in the
vertical displacements.

2. Although in the design analysis concrete barriers
are treated as non-structural members and thus the contribu-
tion to the structural behavior of the bridge is ignored, they
are indeed influencing the structural behavior. This fact
partly accounts for the discrepancy of the design values
from the loading-test results.

3. The interaction between the superstructure and
the bridge piers is neglected in the design analysis. However,
the bridge piers actually deform and influence the structural
behavior of the bridge. The interaction may be even more
important if a bridge is continuous, i.¢. a statically indetermi-
nate structure.

4. The influence of the variation of the Young’s
modulus of concrete on the structural behavior of a steel-
concrete composite bridge is very small and may be neglected
in the design analysis.

5. The finite element analysis can simulate the struc-
tural behavior of a steel-concrete composite bridge very well:
the results would be in good agreement with those of loading
test, provided that a finite element model takes account of
all the contributing factors such as concrete barriers and
bridge piers.

6. The real reactions can be quite different from those
obtained in the design analysis. Not only magnitude but also
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the directions of those forces can be different. Moreover,
the horizontal reactions, which are neglected in the design
analysis of a simply-supported girder, are present. Caution
must be used for the design of the bearings.

7. The inclusion of the concrete barriers and the
bridge piers in the analysis is important in the evaluation of
reactions, since the negligence of these factors can yield
smaller reactions. Therefore, the design of the bearings may
be not only wrong but also unsafe if the whole bridge is not
modeled appropriately.

8. For further study, more complicated three-dimen-
sional finite element modeling should be investigated, for
example, modeling of bearing pad included, and more details
of pier foundation. Also, the application of a proposed model
to various types of composite bridges should be explored,
such as curved bridges, high-strength concrete/ prestressed
concrete bridges.
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