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Abstract: In this paper, full scale load test of a horizontally curved steel box-girder bridge is
carried out in order to detect structural defects, which reportedly result in unwanted vibrations
in nearby buildings. The bridge is tested under the passage of six heavy vehicles at different
speeds, so as to determine its static and dynamic responses. A total number of one hundred
and two (102) sensors are used to measure the displacements, strains, and accelerations of
different points of the bridge. It is observed that the bridge vibrates at a fundamental
frequency of 2.6 Hz intensively and the first mode of vibration is torsional instead of flexural.
The dominant frequency of vibration of the nearby buildings is computed to be approximately
2.5Hz using rational formulas. Thus, nearness of the fundamental frequency of the bridge to
those of the adjacent buildings may be causing resonance phenomenon. However, in static
load tests, low ranges of strain and displacement illustrated adequate structural capacity and
appropriate safety under static loads. Numerical models are created using ANSYS and
SAP2000 software products, so as to design the loading test and calibrate the finite element
models. The connections of the transversal elements to the girders, transversal element
spacing, and changes of the stiffness values of the slabs were found to be the most influential
issues in the finite elements calibration process. Finally, considering the total damage of all
members, the final health score of the bridge was evaluated as 89% indicating that the bridge
is in a very good situation.

Keywords: Dynamic and static loading tests, Frequencies of vibration, Horizontally curved
bridges, Steel box-girder.

INTRODUCTION collects data on a continuous basis (Gomez

etal., 2011; Hui etal., 2011). SHM system is
Bridge performance and health monitoring the development and characterization of a
can be carried out using numerical modeling, baseline response that is sensitive to
in-situ load testing, or a combination of both. meaningful changes in the structural system,
Load testing of bridges is an economical and and insensitive to normal operational
practical way of understanding structures' changes (McCullagh et al., 2014; Yarnold
behavior, structural health monitoring and and Moon, 2015). Structural health
aging (Scott et al., 2006). Structural Health monitoring was conducted on various
Monitoring (SHM) is the process of bridges such as composite bridges (Kistera et
implementing a damage detection that al., 2007; Adewuyi and Wu, 2009). In recent

years, the need to maintain and protect
* Corresponding author Email: frezaie@gmail.com critical infrastructural links has led to

305



Rezaie, F. et al.

significant developments in the area of
structural health monitoring. ~ Statistical
analyses of sensor data revealed useful
information about bridge behavior (Ataeia et
al., 2005; Ghorbanpour and Ghassemieh,
2011). Static and dynamic tests presented
useful information about the actual behavior
of bridges under traffic loads. Since the
actual structures are typically complex,
obtaining this information analytically is
usually  difficult. Hence, simplifying
assumptions were used to facilitate the
process of obtaining this information from
the bridge load tests.

The use of curved bridges at
intersections of modern highway systems
is quite popular, since they allow the
congested traffic flow to pass smoothly
and are aesthetically pleasing. Box-girders
are the most preferred sections for curved
bridges on account of their high torsional
capacity. Though considerable amount of
analytical and experimental work has been
undertaken on the dynamics of straight
bridges, comparatively little work has been
carried out in relation to the behavior of
curved bridges (Chang and White, 2008;
Naeeni and Fazli, 2011).

In this paper, full scale testing of a
horizontally curved steel box-girder bridge
is carried out, considering the Ghale
Morghi Bridge, Tehran, Iran as the case
study (Figure 1). The main objectives
could be summarized as:
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1. To develop an enhanced understanding of
the dynamic response of horizontally curved
bridges.

2. To detect structural defects that cause
unwanted vibrations to nearby buildings.

3. To conduct a structural health
monitoring procedure on the bridge.

4. To calibrate the finite element model
comparing the loading test data to that of
ANSIS.

Performing a full scale dynamic test on
a bridge requires complete closure in order
to avoid any unwanted loading. Complete
closure is, however, quite difficult as the
bridge might serve as a necessary daily
road access in urban areas. Highway
bridges are subject to dynamic forces
imposed by moving vehicles. All moving
vehicles generate additional dynamic
effects on the bridges (llze and Ainars,
2013; Sun et al., 2013).

Having a composite superstructure
(steel-concrete), the Ghale Morghi bridge
was built in 1995 providing four traffic
lanes. Composite bridges were constructed
by placing concrete slabs on steel or precast
pre-stressed girders with shear connectors
to  guarantee  monolithic  behavior
(Demetrios and Tonias, 1995). Composite
members, consisting of a steel girder and a
cast-in-place concrete deck, sensitive to
vibration in composite sections, must be
considered (Kwak et al., 2000).
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Fig. 1. Plan view of the Ghale Morghi bridge, Tehran, Iran
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Bridges with steel beams and concrete
decks are very efficient when considering
loading capacity and  manufacturing/
maintenance costs. This is why these bridges
are commonly used in cities and roadways
(Montens et al., 2003). However, undesirable
vibration under service loads was reported in
many cases (Kavatani et al., 2000). Yang et
al. (2004) and Yau et al. (2001) separately
performed some research on the removal of
these undesirable vibrations and suggested
the use of expansion joints and elastomer
supports. Green and Cebon (1994) in their
study investigated some experimental case
studies in order to validate numerical and
theoretical results.

Bridge Description

The Ghale Morghi bridge is about 225
m long and consists of seven unequal
spans broken into three distinct units

(Figure 1). These units were separated by
expansion joints, which provide hinges in
the otherwise continuous structure. The
mid-unit is 105 m long with three spans,
and the longest span occurs between Piers
3 and 4 and is 45 m long (Figure 2). The
bridge is horizontally curved. Figure 2
shows that the radius of curvature for the
longest span (Piers 3 to 4) is 140 m.

The superstructure consisted of four
curved box-girders made of st-37 steel.
Figure 3 shows the measured flange and web
dimensions. Center-to-center distance of the
box-girders is 4.4 m and the distance from
the center of the external box-girder to the
edge of the deck is 2.3 m. The bridge slab is
nominally a 250 mm thick cast-in-place
concrete slab and the average cylindrical
strength of the concrete is 30 MPa.
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Fig. 2. Access railroad between piers 3 and 4
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Fig. 3. Box-girder cross-sections in mid-unit
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Instrumentation and Data Acquisition
The main focus of this project was
placed upon the mid-unit of the bridge
between piers 2 and 5. Thus, the three
spans of the mid-unit on the railroad are
instrumented (Figures 1 and 2). According
to the proposed loading program one
hundred and two (102) sensors were
placed to measure accelerations at 34
points, displacements at 39 points and
strains at 29 points. Sensors were installed
in the longitudinal direction at three
sections on the supports (S1, S3, and S5)
and two sections in the mid-spans (S2 and
S4), as shown in Figure 4. Figure 5 shows
the box-girder numbering and LVDT
positions in a typical section. Installed
sensors were connected to terminals
supporting ninety-eight (98) static and
forty-eight (48) dynamic channels.

The coding scheme used for the sensors
consisted of six characters. The first
character designated the type of sensor, i.e.
‘A’ for accelerometer gauges, ‘S’ for strain
gauges and ‘D’ for displacement
transducers (LVDT). The second character
identified the label of the selected section
(1 to 5), as shown in Figure 4. The third
character ‘B’ in combination with digits 1
to 4 (fourth character) denotes the
longitudinal box-girder to which the sensor
was placed. The characters that can take
the fifth position are divided into two
groups. Characters ‘T’ and ‘B’ identified
the strain gauges placed on the top or
bottom of the girder while characters ‘V’
and ‘L’ determined the vertical and lateral
component of displacement or acceleration
gauges. The sixth character ‘E’ or ‘I
designates the exterior or interior side of
the box-girder.

30m

T 225m 22 5m I
1 S5 S3 82! S1
A A A ' A
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Fig. 4. Selected sections (S1 to S5) for installing sensors in the longitudinal direction

Fig. 5. a) Box-girder numbering and LVDT positions in a typical section, b) Displacement transducers installed
on the first box-girder (the interior box-girder)
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TEST LOADING

Test Vehicle

A three-axle vehicle with a gross mass
of 27 tones and maximum wheel base of 4
m was used as a test vehicle. During the
test, six vehicles were used. These vehicles
have a short wheel base and a considerable
mass to induce an adequate output
response in the bridge. The vehicle load
details are shown in Figure 7.

Testing Procedure

Six different programs were considered
for the testing procedure. These programs
include influence line, harmonic loading,
static bending, static torsion, dynamic
bending and dynamic torsion tests (Standard
Loads for Bridges, 2000). In the influence
line test, each of the lanes was loaded by a
vehicle, which travelled at a constant velocity

4.3 ton

”‘\
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Fig. 6. Positions and coding schemes of the sensors

11.35 ton

of 5 km/h. Strains, displacements and
accelerations were recorded for all runs using
the data acquisition system at established
increments. In the harmonic test, lane 4 was
loaded by a train of six vehicles traveling at a
constant velocity of 20 km/h and 15 m
distance. In this program, the behavior of the
structure was investigated under harmonic
loading with a period of 3.8 s (Figure 8).

In the static bending test, lanes 1 to 4
were loaded by placing the second axle of
vehicles on the radius passing through the
middle of third, fourth and fifth spans and
on the radius passing through the quarter
length of the fourth span (Figure 9). In the
static torsion test, vehicles were placed rear
to rear on lanes 3 and 4 such that the radius
passing through the middle of spans 3, 4
and 5 lies between the vehicles (Figure 8).
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Fig. 7. Typical vehicle used for live load testing
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Fig. 9. Test vehicles used for static bending test

In dynamic bending test, four vehicles
were made to pass through lanes 1 to 4 in the
same direction at a constant velocity of 20
km/h. In this loading program, the aim was
to evaluate the bending behavior of the
superstructure  under dynamic loading
(Figure 9). In the dynamic torsion test, four
vehicles were made to pass through lanes 3
and 4 at a constant velocity of 20 km/h
(Figure 8).

NUMERICAL STUDY
Primal Numerical Model

In order to assess the structure of the
bridge, six loading programs were proposed

310

using specified vehicles. These loading
programs were created with the primal
approximate  numerical model  after
controlling critical sections of moment and
shear in SAP2000 (Figure 10). These tests
are divided into static and dynamic loading
programs that are intended to evaluate the
behavior of the bridge structure.

Numerical Model

The next step is to build a 3-D numerical
model of the structure using ANSYS
software (Figure 11). The first SAP2000
model was built and the results were
inaccurate. Then, the model was calibrated
with loading test results on a trial and error
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process. Material properties and boundary
conditions were regulated during the
calibration process (Mohammad et al., 2004;
Darius et al., 2013). Bending stiffness of
supports, transversal elements connections to
the box-girder and the slab stiffness changes
were considered to be the calibration
parameters of the model and, finally, its
behavior matched that of the actual structure.
Then, the mathematical model was used to
check the behavior under any type of
loading. In order to find out how close the
results of the numerical modeling could be
to those of the loading tests, several three-
dimensional models of the bridge with
different levels of accuracy were made. It is
not possible to create very detailed models,
because parts of the structure are out of
reach and some gusset plates could not be
modeled. Therefore, it is quite expectable

that the dominant frequency of vibration of
bridge structure obtained from models (2.1
Hz) does not completely agree with the
results of loading tests (2.6 Hz). However,
the difference of the values is acceptable
within the accuracy of the models.

It is worth mentioning that unlike straight
bridges for which the first mode of vibration
is flexural (AASHTO Standard Specification
for Highway Bridges, 2002), for this specific
bridge, the first mode of vibration is
torsional (Figure 12). This behavior can be
attributed to the great difference between
outer and inner length and stiffness of the
bridge superstructure (AASHTO Guide
Specifications for Horizontally Curved Steel
Girder Highway Bridges with Design
Examples for |-Girder and Box-Girder

Bridges- American Association of State and
Highway Transportation Officials, 2003).

Fig. 11. Isometric perspective numerical 3-D model
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Amnalvsis: 2.5Hz
Experimental: 2 §Hz

Fig. 12. First and second vibration mode shape of the bridge

TEST RESULTS

Results of Static Test

After balancing all the gauges and
establishing initial zeros, the bridge was
subjected to the test vehicles. Strain gauge
results showed that the maximum strain
was limited to 100 micro strains in the
beams (Figure 13). Due to the linear
relationship between stress and strain,
maximum stress under static bending and
torsion test was limited to 10MPa.

In sections 2 and 4 due to the vehicles'
different locations (Fig. 4), static test and
calibrated FEM analysis results for
displacements are presented in Tables 1, 2
and 3. It is evident that the low ranges of

100 ~

MicroStrain

strains and displacements in static load test
indicate adequate structural capacity and
appropriate safety under static loads.

Results of the Dynamic Test

A total number of 44 acceleration gauges
were installed at different places of the
bridge to record the response of the structure
when a 28 ton vehicle passes through the
fourth lane at a velocity of 50 km/h. The
response includes the results of Fast Fourier
Transform for vertical acceleration gauges at
sections 1, 3 and 4 and Fast Fourier
Transform for ground vibration in three
mutual directions. These results are shown
graphically (Figures 14-17).

Lenght(m)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100105

Fig. 13. Top flange strain in 1&4 box-girder due to vehicle location in static torsion test
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Table 1. Displacement value in the middle of the 3" span (section 2) due to vehicle locations loading test

Static torsion test (mm)

Static bending test (mm)

2 S4 6 S6 S45 S4 S3-4 2 Sensor
136 1.73 039 046 133 231 2.40 453 D2B1VI
-4.01 2.74 054 054 156 2.70 2.80 5.16 D2B2VI
-6.95 3.80 069 -0.63 182 3.0 3.20 577 D2B3VI
-0.93 493 085 -072 205 351 3.63 -6.46 D2B4VI

Table 2. Displacement value in the middle of the 3" span (section 2) due to vehicle locations FEM analysis

Static torsion analysis (mm) Static bending analysis (mm) Sensor
S2 S4 S6 S6 S4-5 S4 S3-4 S2
-1.19 1.66 -0.29 -0.29 1.23 2.2 2.12 -4.12 D2B1VI
-3.21 2.32 -0.42 -0.40 1.35 2.49 2.35 -5.57 D2B2VI
-7.95 3.28 -0.56 -0.42 1.55 2.85 2.72 -6.14 D2B3VI
-8.84 3.99 -0.66 -0.50 1.63 3.06 2.92 -5.80 D2B4VI

Table 3. Displacement value in the middle of the 4™ span (section 4) due to vehicle locations loading test

Static torsion test (mm)

Static bending test (mm)

S2 S4 6 6 S4-5 S4 S3-4 2 Sensor
1.63 2.30 1.63 2.40 677 1019 6.77 240 DABLVI
4.66 223 4.66 3.62 973 -1466  -9.73 362  DAB4VI

Table 4. Displacement value in the middle of the 4™ span (section 4) due to vehicle locations FEM analysis

Static torsion analysis (mm)

Static bending analysis (mm)

S2 4 6 6 S4-5 4 S3-4 2 Sensor
1.56 248 1.49 2.01 547 869 555 2.02 D4B1VI
3.63 -16.86 358 267 718 <1172 742 2.92 D4B4VI
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Fig. 14. FFT for vertical acceleration gauges installed in section 1
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Fig. 17. FFT for vertical (W) and horizontal (W,) acceleration gauges on ground

The bridge has unequal span lengths and
closely spaced natural frequencies. Figures
14- 17 show the bridge structure experiences
sever vibrations at frequencies 2.6 and 4.2Hz
respectively. Dominant  frequency of
vibration of nearby buildings was computed
using rational formulas to be approximately
2.5Hz. Thus, the proximity of the
fundamental frequency of the bridge with
that of the surrounding buildings might
cause resonance phenomenon.

MODEL CALIBRATION

Calibration of the finite element model of
the bridge is the process of modifying the
input parameters until the output of the
numerical model matches a set of obtained
data. The calibrated FE model has a good
correlation with the static and dynamic
measurements and is used for continuous
structural health monitoring of the bridge
(Wang et al., 2010). The sole purpose of
model calibration is to improve the uncertain
model parameters or imprecise modeling
assumptions such that the FE model
predictions are closer representations of
reality (Sevim et al., 2011). The efficiencies
of the cases below were studied in the Ghale
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Morghi Bridge finite element model for
calibration:

1. Transversal
girder.

2. Transversal element spacing.
3. Slab stiffness changes.

element connection to

Transversal Element to  Girder
Connection

In static torsion test, displacements of B1
and B4 middle span are shown in Figure 18
for two connections. Displacements of rigid
and fixed connections were studied and
compared with the test results. Vehicles
were placed in the middle of these spans
with 5 m transversal element spacing.

The vertical displacements of these
beams with rigid connection have better
result as compared to fixed connection

(Figure 18).

Transversal Element Spacing

The effect of transversal element
spacing on the displacement of the fourth
middle span is shown for four different
values: 0.5, 1.25, 2.5 and 5 m (Figure 19).
Transversal element to girder connection is
supposed to be rigid in this diagram.
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Fig. 18. Displacements of B1 and B4 middle span in static torsion test for various connections
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Fig. 19. Displacements of B1 to B4 middle span of the fourth section in static bending test for various spacing

As the transversal element spacing
decreases the displacement results also
decreases (Figure 19).

Slab Stiffness Changes

The presence of elastomeric bearings
means that the slab's stiffness system is an
indeterminate parameter in the model
calibration procedure. This is because the
performance of the devices under the applied
loads is fully unknown after their service life.
Also, the elastomeric bearings' lateral
movement after their service life and
possibility of incorrect implementation

316

intensifies the inaccuracy (Figure 20). Slab
stiffness changes in beams 3 and 4 (Figure
21).

According to the results earlier
mentioned, transversal element to girder
connection, transversal element spacing,
and slab stiffness changes are the most
effective parameters in model calibration.
Table 5 shows the values of these
calibration parameters of the model.

Figures 22-25 show the displacements
of the calibrated model and real bridge. It
can be seen that a good relationship exists
between the model and test data.
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Fig. 21. Displacement of B3 and B4 middle span in static bending test for various stiffness- vehicles at the 3rd
position

Table 5. Parameters of calibrated model

Model Parameter Value or Manner
Transversal element spacing 500 mm
Elasticity Modulus of Concrete 27386 MPa
Transversal element connection to girder rigid confection

Table 6. Bending stiffness of calibrated model in pier of R3 support under various beams

B1 B2 B3 B4
P2 23.44x10° 23.44x10° 46.88x10° 46.88x10°
P3 22.59x10* 22.59x10* 22.59x10* 45.1x10*
P4 22.59%10* 22.59x10* 22.59%10* 45.1x10*
P5 23.44x10° 23.44x10° 46.88x10° 46.88x10°
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Fig. 22. Displacement of B1 and B4 in middle span of the fourth section in static bending test for various vehicle
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Fig. 23. Displacement of B1 and B4 in the first section of the static torsion test for various vehicle positions
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Fig. 24. Displacement of B3 and B4 in the second section of the static bending test for various vehicle positions
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Fig. 25. Displacement of B1 and B2 in the second section of the static bending test for various vehicle positions

As can be seen from the above figures,
the numerical model has a good agreement
with real test results. The numerical
modeling of the static bending test in
different sections is in complete agreement
with the corresponding experimental
results as shown in Figures 24 and 25. This
iIs not the case for torsion test results,
where some discrepancy could be seen
between the numerical results and those of
the tests shown in Figures 22 and 23. This
indicates that the deck of the numerical
model twists considerably.

STRUCTURAL HEALTH

Estimating or rating the damage of bridges
is an item that is of great interest in
structural health monitoring as damage
detection (Gomez et al., 2011; Hui et al.,

2011). Considering the importance of the
technical structures, their damage causes
disruptions in traffic and also brings many
risks. In this paper, the percentage of
structural health using AASHTO code was
estimated.

Step 1. Structural health of AASHTO
code

Table 7 shows the AASHTO code of
damage or health of structure.

Step 2. Damage weights

Since different damaged parts of the
bridge are not the same and have different
effects on the behavior of the bridge, it is
necessary to associate them with different
weights. These damage weights are
determined by bridge engineering experts
(Table 8).

Table 7. Range of structural health and bridge damage (AASHTO code)

Cod Situation Explanation of Damage Structural Health (%0)
9 excellent without damage 90-100
8 very good very tiny damage 80-90
7 good smaller than 2% damage 70-80
6 satisfactory 2-10% damage 60-70
5 pretty good 10-25% damage 50-60
4 week 25-50% damage 45-50
3 dangerous more than 50% damage 30-45
2 critical - 25-30
1 imminent collapse - 30-25
0 collapse - 0-10
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Table 8. Damage weight of bridge components

The Main Component of Bridge

Member Surveyed

Damages Weight of
Member on Structure (%)

1. Bridge pavement

1-1- railroad pavement layer

6%

2-1- expansion joint

2-2- drainage system
2-3- tables and pedestrians
2-4- concrete deck

2. Deck component

9%

3-1- main super structures (longitudinal

0,
girders) 20%
3. Super structures member 3-2- diaphragms 10%
3-3- supports
10%
3-4- lateral supports
4-1- side pile of bridge 19%
4. Substructures member 4-2- middle pile of bridge 20%
4-3- ramp wall 6%
Total Weight 100%

Step 3. Structural health score

After bridge inspection, according to
the type and extent of damage, scores
were attributed to the members, and the
total scores of damage of a bridge member
divided by the total scores of ideal
members to obtain the structural health
percentage of the surveyed member (Eqg.
(1)) (Gomez et al., 2011; Hui et al., 2011).
The number 9 is the ideal basis scores.

A member's health (%) =
the total scores of damage of that member
total scores of ideal member

1)

In the next step, the effective weights
were multiplied with the percentage of
member's health, to determine its effect on
the entire structure, as shown in Eq. (2),
given as:

Effect of member damage to wholestructue (%)=
Damage weight of memberxMember's health

()

Obviously, the ratio of the total scores
of damaged members to the total scores of
ideal members is the best parameter to
describe structural health. Of course,
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despite the weight of each factor and the
use of skilled and experienced opinion in
determining the damage of any member
and the weight of any damage in the
equation, this paper will be very useful and
reliable in describing health structures.
Finally, considering the total damage of all
members, the final health score of the
bridge was evaluated as 89%, which means
the bridge is in a very good situation.

SUMMARY AND CONCLUSIONS

In this paper, load testing of the Ghale
Morghi bridge was investigated in order to
identify the defects that cause vibration in
surrounding buildings. A hundred and two
(102) sensors comprised of displacement,
strain and accelerator gauges were installed
at the critical points. The bridge Structure
was loaded statically and dynamically in
two steps using six vehicles. In the primary
review of the bridge, girders were not
properly seated on elastomeric bearings in
some cap beams. In the static load test, a
low range of strains and displacements
illustrated adequate structural capacity and
appropriate safety under static loads.
Although, the dominant frequency of
vibration of the bridge (2.6 Hz) was close
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to that of nearby buildings (2.5 Hz) and
consequently disturbing vibrations were
induced in the surrounding buildings.
Anyway, causes of undesirable vibrations
of the Ghale Morghi Bridge may include:
1. The presence of surface roughness, 2.
natural frequency of the bridge being close
to that of the nearby buildings or 3. natural
frequency of the bridge being close to that
of the passing vehicles.

In this research, it was shown that a
properly designed scheme for installing
acceleration, displacement and strain gauges
at critical points of a bridge superstructure
can help to investigate the behavior of the
bridge under different loading conditions
without having to build very accurate
models and perform time-consuming non-
linear analyses. It also helps to assess the
adequacy of the bridge structure to sustain
the loads that were exerted on it during its
existence. This bridge is curved in the
horizontal plane and the lack of a unifying
load-resisting system in the transverse
direction caused the bridge to have a
torsional mode of vibration. In this paper, the
model was calibrated comparing the
numerical model and the load testing results.
Transversal element to girder connection,
transversal element spacing, and slab
stiffness changes were shown to be the most
influential parameters in the calibration
process of the bridge. Finally, the score of
the bridge’s health was evaluated as 89%
which means that the Ghale Morghi bridge
IS in a very good shape.
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