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Abstract

Damage to one or multiple components of a bridge could result in various conditions, extended from a cosmetically repair-
able damage to jeopardizing life safety of the users. Fragility curves are beneficial in seismic risk assessment. Due to the
limitations of the transformation network, aesthetic considerations, etc., a bridge might be skewed or curved which makes
the problem more complex. Fragility assessment of bridges utilizing dynamic analysis seems to be inevitable in reducing
damage levels in future earthquakes. In this study, the effectiveness of adopting fragility curves in performance evaluation
and risk assessment of bridges is investigated. It is done by considering a highway curved bridge with eleven piers. FEM
model is developed using OpenSees platform. Time history dynamic analysis is used to obtain the displacements and forces
as demands of each bridge component. Eventually, fragility curves are developed for four damage states. Pier fragility curves
of this bridge depict a very appropriate behavior under various levels of excitation which could be related to the appropriate
distance of the stirrups. Prevalent mode of the bridge causes torsion in the first bay of the bridge. In the other two bays, only
longitudinal transfer of the deck was observed. Bearing fragility curves of the bridge depict fair results in the transverse

direction due to the presence of the shear keys as opposed to the longitudinal direction.
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1 Introduction

Recent earthquakes have proven the bridges as the weakest
links and more susceptible to damage in the transportation
network. Severe damages to these links could result in cata-
strophic consequences in the aftermath of a seismic incident.
In the last few decades, various studies have been done on
fragility computation of the bridges, making the subject a
rather novel one Ramanathan et al. (2010), Kaviani et al.
(2012) and Padgett et al. (2008). However, the number of
studies on horizontally curved box girder bridges is lim-
ited. There are some studies pertaining to combined effect
of responses in curved bridges (Tondini and Stojadinovié¢
2012; Monzon et al. 2013).

One of the major tools at our disposal in the field of risk
assessment of the structures is fragility curves. These curves
represent the probability of exceeding a specific damage
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scenario under a specified seismic excitation for a given
structure. Some characteristics of a bridge such as mate-
rial characteristics, damping ratio, mass, accelerations and
velocity of applied loads are influential in bridge response
assessment under dynamic loadings. In general, it is pre-
sumed that considering probabilistic approaches as opposed
to deterministic ones is more desirable because they give
a balance between safety and cost. By producing fragility
curves for various bridge components in the as-built condi-
tion of the existing structures, the weak components of the
bridge structural system are identified.

In the field of transportation and highway design, using
bridges with complex geometries and structural systems, i.e.,
singly curved or doubly curved, whether reinforced concrete
or steel bridges, is inevitable. Accelerating traffic flow, struc-
tural limitations and intermittently augmenting aesthetic
design force designers to utilize the curved bridge concept in
their work Itani and Reno (2000). There are limited numbers
of studies pertaining to fragility analysis of this structural
system, i.e., horizontally doubly curved box girder decks
with various subtended angles. The complex behavior of
horizontally curved bridges during the earthquake incident
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versus that of the straight ones makes the fragility analysis
of these systems crucial regarding the seismic risk assess-
ment of the bridges. Seismic loading and service loading
have been observed to have different sorts of interactions on
bridges (Nutt et al. 2008).

Iran is surrounded by multiple major faults such as Eura-
sia fault, Arabian Peninsula fault and Indian Ocean fault.
Thus, most regions of Iran are at high seismic risk. Fragil-
ity curves are developed by considering a wide spectrum
of relevant ground accelerations or velocities. Although the
structural system of a bridge is designed for a specific design

acceleration, the probability of experiencing a severe earth-
quake during its service life span still exists. By using the
fragility curves, one can safely predict the bridge behavior
and performance levels under different earthquake scenarios.

Even numerous construction projects of reinforced con-
crete bridges with different geometry and structural systems
have been accomplished in Iran; however, the seismic analy-
sis and fragility curve development studies for these types
of structures are few. Further studies are required for risk
assessment of bridges in Iran.
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Fig. 1 a Typical as-built bridge plan with double curvature box girder deck. 83 degrees subtended angle of span 2 as opposed to 30 degrees sub-
tended angle of span 3. b Pier at the expansion joint with PTFE/Elastomeric Bearing
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Fig.2 Reinforcing steel details of a typical pier

@ Springer



1352 Iranian Journal of Science and Technology, Transactions of Civil Engineering (2021) 45:1349-1369

Sole £ —__

Stainless Sleel\.

Sliding Surface —__ 7

L/

~_ P

Yy

——

— 7

Intermediate 2 *"/ .

Elastomeric ~——PTFE Disk(s)
Bearing Pad — PTFE/Elastomeric Bearing
Masonry 2 —
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Fig.4 3D finite element model and the first mode of the bridge
obtained using OpenSees platform

This study aims at evaluation of seismic fragility curves
for horizontally curved single pier reinforced concrete box

girder bridges.

Detailed 3D finite element models of a specific bridge
class are developed and analyzed under various suites of
ground motion records using the OpenSees platform Open-
Sees (2005). The results obtained from dynamic analyses of
these bridge models are studied and post-processed in order
to calculate the component and system fragility curves.

2 Fragility Curve Development

Fragility curves represent the probability of damage or
destruction of a given structure under different base exci-
tations. If P; is defined as the probability of damage in the
specific level under a specific base excitation, D is defined
as the demand imposed on the structure, C; is defined as the
capacity in the level 7, then the damage to the structure or its
components is defined as C < D; under these circumstances,
the probability of seismic fragility is defined as Eq. (1). With
IM,; being the intensity measure which in this study is assumed
as the peak ground acceleration (PGA) (Eq. 1a), the engineer-
ing demand parameter, EDP, has a logarithmic relation with
IM, i.e., PGA as shown in Eq. 1b (Cornell et al. 2002)

Py =P[D > C|IM}] (1a)

EDP = aIM?. (1b)

Another mathematical approach for analytical fragility
curves is presented here in Eq. (2)
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In Eq. (2), S, is the median of the demand on the struc-
ture, S, is the median of the capacity of the structure, f is the
logarithmic standard deviation of the structure presented by
Eq. (3), and @ is the standard normal cumulative distribu-
tion function

b= V ﬂgllM + B2 3)

Fig.7 Steel02 stress—strain 600

In Eq. (3), fau, is a representation of the dispersion of
the demand conditioned on a given intensity measure and
the seismic capacity, C, can be obtained from experimental
results and expert opinion with statistical characteristics S,
as median of the capacity and g as standard deviation of
capacity. By combining the three equations above, one can
obtain the probabilistic seismic demand model representa-
tion of the bridge probability of failure for a given perfor-
mance level as given by Eq. (4)

InS; —InS,
V ﬁgIIM +5;

Seismic demand of the structure is the response of the
structure under a specific seismic excitation and is a rep-
resentation of the degree of excitation and damage to the
structure.

Fragility curves can be developed by three different meth-
ods: (1) experimental fragility curves, (2) analytical fragility
curves and (3) hybrid fragility curves which are a combina-
tion of the last two methods. Due to lack or limited number
of records of previous earthquakes and bridge responses for
a specific seismic zone and bridge site, the method utilized
for this study is analytical fragility curve method. To develop
analytical fragility curves, different dynamic analysis meth-
ods such as nonlinear static analysis, response history spec-
trum analysis, nonlinear time history analysis, incremental
dynamic analysis (IDA) (FEMA-350 2000), the nonlinear
time history analysis can be used.
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Fig.8 Shear keys’ hysteretic
behavior (Megally and Silva
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3 Analytical Model of the Bridge

The considered bridge was designed and constructed as
per AASHTO LRFD bridge design Specification (2007),
AASHTO Guide Specifications for LRFD Seismic bridge
design-2010 and Caltrans (2006) (Fig. 1). It consists of three
spans with 105 m, 130 m, 100 m length separated by two
100-mm expansion joints (EXP) between the continuous
spans. Figure la depicts the 30° curvature that pertains to
the span leading to abutment 2 (AB2), while the 83° pertains
to span 2 of the bridge. The bridge contains two horizon-
tal curvatures with 30 degrees and 83 degrees subtended
angles. The superstructure deck consists of three-cell cast
in place concrete box girder with two interior webs. The
intermediate joints are located at the top bent cap on the
mid piers. The substructure consists of 11 single columns
along the length of the box girder deck. Each column is a
rectangular section with 1.30x 1.10 m in dimensions except
pier 6 which is located at the second curve with dimension
of 1.50x 1.30 m. Further typical details regarding the num-
ber of transverse and longitudinal reinforcing steel bars as
well as their respective steel ratios are provided in Fig. 2.
The longitudinal reinforcing steel ratio for 1.10x 1.30 square
meter columns is 2%. The abutments are seat typed with
PTFE/Elastomeric bearings under the box girder deck as
shown in Fig. 3. It should be noted that due to the presence
of two mid expansion joints the longitudinal movement of
the decks is limited, and modeling details of the expansion
joints are discussed through the following sections. The
bridge has shear keys at four different locations, two at each
abutment (AB) and two at each bent cap in expansion joint.

72, € Springer
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The bridge is designed for high seismic zone with Design
Base Acceleration (DBA) of 0.3 g. There are no restrainer
cables designed for the superstructure movement reduction.

A 3-D finite element model of the bridge is developed in
OpenSees environment. Figure 4 illustrates an overview of
the model and its components. In this model, both material
and geometrical nonlinearities are considered. Damping is
modeled as Rayleigh viscous damping with the ratio of 0.05.
Regarding the confined and unconfined concrete constitutive
models, OpenSees facilitates the modeling procedure by pre-
senting wide range of constitutive models and elements for
various cross sections and materials. Fiber elements defined
in this platform allow the researchers to allocate various
parameters and characteristics to the material under study,
making it easier to assign confined and unconfined behav-
ioral characteristics to the element. Moreover, the fiber ele-
ment allows for allocation of rebar location and sizes on the
fiber sectional area. To model the behavioral characteristics
of concrete pertaining to various bridge components, Con-
crete07 material shown in Fig. 5 is chosen. This model is the
most recent one defined in the OpenSees platform, in order
to define confined and unconfined concrete’s stress—strain
curve, Concrete07 is defined according to the model pre-
sented by Chang and Mander (1994). The concrete cover
is defined by Concrete01 which is according to the model
presented by Kent—Park—Scott (Scott 1982). To define the
tensile parameters in the model, relationships presented by
Mander et al. (1983, 1988) are used (Figure 6).

The portion of the cross section that constitutes the con-
fined concrete bound by stirrups or FRP bonds is modeled
by defining “Confined Concrete01” material. The relations
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Fig. 9 Pounding action model
in the software (Nielson 2007, | [
Nielson and DesRoches 2007; l,'l' Y
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Table 1 Melloland bridge, result verification and comparison (Photo
courtesy of Elnashai et al. 2002) Table 2 Capacity medians for bridge columns (Yi et al. 2007)
Researchers First mode (s) Second Description Damage states Drift ratio
mode ] R .
(s) Cracking and spalling Slight 0.007
Loss of anchorage Moderate 0.015
Zamiri et al. (2017) 0.42 0.33 Incipient column collapse Extensive 0.025
Werner (1994) 0.39 - Column collapse Complete 0.05
Zhang and Makris (2001) 0.49 0.35
Elnashai et al. (2002) 0.32 0.31

Fig. 10 Transverse fundamental
mode obtained in the verifica-
tion process, Melloland bridge
(Zamiri et al. 2017)
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Fig. 11 Fragility curves of columns for four damage states

defined for this particular material in the OpenSees platform
are defined following a study by Braga et al. (2006). In order
to model the reinforcing steel bars, Steel02 material is used
in the software platform given in Fig. 7. Steel02 stress—strain
relations are based on the study by Giuffre-Manegotto—Pinto
(Manegotto and Pinto 1973). This model is based on uniaxial
strain hardening with the ability to accommodate “Bausch-
inger” effect, and the tangential stiffness during loading and
unloading is essential with respect to this model.

The box girder deck is modeled by the grillage method
and using Elastic Beam—Column elements. According to
Caltrans (2006), modeling the deck of the bridges with
straight geometry with one node pertaining to each begin-
ning and end of the spans would not be accurate for hori-
zontally curved bridges. This is due to the fact that the
response of the bridge in each direction is coupled for this
type of bridge. Therefore, the grillage model is employed
to account for not only the box girder deck of the bridge
but also the coupled responses. In the model, the mass of
the deck was accurately distributed. To capture the nonlin-
ear behavior of the piers, nonlinear beam—column elements
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with fiber section are used by assigning different properties
for concrete cover, confined concrete core and reinforcing
steel bars. It is noted that the high torsional stiffness of the
box girder decks combined with various subtended angles
of the deck will eventually lead to higher forces in the piers,
thereby causing nonlinear and inelastic behavior in the piers.
Bearings are considered as sacrificial elements designed
for service load conditions. The bearings assigned for this
bridge class are PTFE/Elastomeric sliding bearing type posi-
tioned at the two abutments and two at the two mid-span
expansion joints. Steel01 material is used for modeling of
these bearings with zero-length element sections. Shear keys
are located at the simply supported abutments and at the
two mid-span expansion joints. For modeling these exter-
nal shear keys, zero-length element section with hysteretic
behavior material is considered (Chopra and Goel 2008). In
reference to an experimental study conducted by Megally
and Silva (2001), at University of San Diego on different
shear keys the hysteretic behavior proposed by them was
selected (Fig. 8). Following these studies, all the shear keys
designed as per AASHTO specifications incurred a 90 mm
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Fig. 12 Fragility curves for
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displacement prior to their failure. For modeling the prob-
ability of deck-to-deck and deck-to-abutment impact during
seismic excitation of the bridge, the method recommended
by Muthukumar (2003) was implemented. The material
characteristics pertaining to the pounding action of the
superstructure are accounted for by ElasticPPGap uniaxial
material combined with a TwoNodeLink element in order
to capture the dissipation of energy (Fig. 9). This model
constitutes a bilinear behavior, in order to accommodate the
pounding action. Following the study by Nielson (2007), two
stiffness parameters K, K,, yielding limit displacement 9,
and maximum displacement are defined. Owing to the presl
ence of geogrid backwalls at the two abutments, modeling
of the soil-structure interaction liquefaction of the backfill
soil and active and passive soil pressure by the use of springs
have been neglected.

3.1 Model Verification

Prior to the analysis procedure verification of the software
code is essential. The analytical model used in this research
conforms suitably with those given by Padgett (2007).
The dynamic response complexity of curved bridges dou-
bles the effort to verify the code. Therefore, the response

corresponding to a bridge with pre-existing data that have
been previously recorded by onsite accelerometers versus
those obtained by the software is compared; furthermore,
the periods pertaining to each mode are given in Table 1.
According to results obtained by real time data, the maxi-
mum bending moment at the footing of the piers is com-
puted as 2485 Kn, whereas the maximum bending moment
obtained by the code in this research is calculated as 2362
Kn, showing only 5% discrepancy, attesting to the analyti-
cal model used in this study. Results presented in Table 1
depict a 1% error as opposed to other researchers’ works.
These results also show that one can obtain close prediction
of realities by considering less complex models. Figure 10
depicts the transverse mode pertaining to the Melloland
bridge which conforms to other researchers’ studies.

3.2 Ground Motion Suits

For nonlinear time history analysis of the bridge models,
the acceleration time history spectrum is selected such that
it conforms to the site conditions and characteristics. The
ground motions are selected based on the fact that they
satisfy the as-built bridge earthquake design in which the
effects of magnitude, distance from the fault are considered.
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Fig. 13 Fragility curves for Slight Damage Moderate Damage
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Therefore, a suit of 14 pairs of ground motions are selected
and scaled relative to the design-based-acceleration (DBA)
of bridges in this study which was 0.3 g. The soil at bridge
site is categorized as type C based on the shop drawings. The
response spectrum is scaled for a type C soil. To achieve a
rather consistent outcome, the characteristics of the selected
ground motion suits should be comparable, as they are in
this study. All the selected ground motions were near-fault

PGA

fragility curves pertaining to each component under study
will be calculated. In this study, the intensity measure con-
sidered is the peak ground acceleration (PGA). The PGA
is applied to the structure in the range of 0.1-2 g. Subse-
quently, the components’ responses are recorded and post-
processed resulting in fragility curves for each bridge com-
ponent. The aforementioned process is repeated for each of
the four assumed levels of damage. The structural compo-

PGA

records (Table 3).

4 Fragility Analysis

Demand and capacity of a structure are two prime param-
eters in the fragility analysis process. A logarithmic normal
distribution is considered for each of these decisive param-
eters, which will be presented by their means and their
standard deviations. The median and the standard deviation
of the demand are calculated utilizing regression analysis
on a collection of computed bridge component responses.
The median and the standard deviation of the capacity of
the structure are calculated from the experimental results
from existing studies on previous earthquake records Padg-
ett (2007). Using Egs. (3) and (4), required parameters for

72, € Springer

nents have been categorized in two groups of primary and
secondary members in order to investigate the functional
state of bridge such as traffic restrictions and repairing time.
The fragility curves of the bridge structural system are cal-
culated using probability seismic demand models (PSDMs)
through a probabilistic approach. Slight, moderate, exten-
sive and complete damage levels are the four damage limit
states considered based on various risk assessment tools,
namely HAZUS for the primary members such as piers and
abutment supporting seat length. As far as the secondary
members are concerned, since failure to these members may
ultimately result in reduction of traffic speed, considering
only the first two damage states will suffice. The capacity
limit states are defined such that they are in accord with
corresponding system limit states.
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Fig. 14 Fragility curves for Slight Damage Moderate Damage
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A particular limit state for one component should have an
analogous impact on the performance of the entire bridge
system the same as other components do Padgett et al.
(2008). The limit states as well as the corresponding medi-
ans and standard deviations considering the pier drift ratio
damage states are adapted based on the study conducted by
Yi et al. and are presented in Table 2.

According to a study by Konstantinidis et al. (2008),
when the deformation of PTFE\Elastomeric bearing
reaches 75 mm, it requires inspection due to minor wear
subsequently leading to slight damage state. By reaching
a deformation of 125 mm, the PTFE bearing will require
imminent repair and resurfacing according to experimental
studies resulting in level two limit state of moderate damage
state for this so-called secondary member. As far as the shear
keys of the bridge model are concerned following the study
implemented by Megally and Silva (2001), at the university
of San Diego California, slight and moderate damage states
are considered with 40 mm and 100 mm displacements
accordingly. It is worth mentioning that in the slight dam-
age limit state minor cracks will appear in the shear keys.

For the moderate damage limit state, new shear keys will
replace the damaged ones.

By regression analysis of the maximum responses
recorded for each component, the a and b parameters pre-
sented in Eq. 1a and 1b are calculated. Eventually, by aug-
menting the capacity and demand limit states in Eq. 4 the
fragility curves pertaining to bridge components are calcu-
lated and drawn.

5 Results

The detailed 3D finite element model of the considered
bridge is modeled using OpenSees platform. Probabilistic
approach has been implemented in order to evaluate seis-
mic response and behavior of the bridge under normal and
critical conditions. Seven pairs of ground motions have been
applied to the model; eventually, fragility curves of the com-
ponents are calculated. Due to the asymmetrical geometry
of the bridge in plan, i.e., the double curvature deck, the
bridge contains three span lengths, 335 m in total and is
doubly curved in plan. The pier fragility curves demonstrate

2, € Springer
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PGA

an appropriate response. Among the 11 piers of the bridge,
pier number 11 which is located next to abutment number
two is more susceptible to damage for all four damage states.
Figure 11 depicts pier fragility and probability of failure
pertaining to each damage state; the results are extrapolated
for PGAs up to 2 g. Based on the column fragility curves
and the geometry of the bridge, the following results are
concluded. Primarily, columns P5, P6 and P7 that shape the
horizontal curvature of the deck with larger subtended angle
become more fragile in the slight damage state as opposed
to other columns. The column, #P11, located immediately
before abutment 2 (AB2) is the most fragile one. For mod-
erate, extensive and complete damage states columns P11
and P10 are more fragile than the rest. The overall column
fragilities implicate proper behavior with highest probabil-
ity of failure of 0.4 relating to P11 for PGA (DBA) 0.3 g.
Abutment #1 which is located at the end of span 3 depicts
higher probability of failure with respect to longitudinal

72, € Springer
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displacements for all the four fragility damage states. i.e.,
95, 40, 18 and 8% probability of failure for slight, moderate,
extensive and complete damage states (Fig. 12). This can be
prevented by retrofit measures such as restrainer cables. On
the other hand, the transverse response of PTFE bearings
shows appropriate behavior under 0.3 g DBA with respect
to all four fragility states (Fig. 13).
80, 20, 15 and 5% probability of failure for slight, mod-
erate, extensive and complete damage states have been
obtained for the longitudinal response of AB2 with respect
to the 0.3 g DBA. However, the transverse response of abut-
ment 2 attests to the fact that response of the structure in
span 2 with larger subtended angle affects the span 1, which
then affects the PTFE bearing response located in abutment
2. The probabilities of failure for 0.3 g PGA with respect
to slight, moderate, extensive and complete damage states
are 60, 40, 10 and 5%. It can be concluded that the differ-
ence between AB1 and AB2 transverse response is due to
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Fig. 16 I.Jragil.ity curves for Slight Damage Moderate Damage
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the coupled effect and larger subtended angle of span 2 as
opposed to span 3. PTFE responses of the two expansion
joints show the same results as the two abutments; in other
words, the longitudinal response of EXP1 slight damage
state shows less than 5% probability of failure with respect
to 0.3 g DBA versus 35% for EXP2 longitudinal response
which is located just after the larger subtended angle of span
2. Furthermore, the transverse response under the 0.3 g
PGA of EXP1 depicts less than 5% probability of failure
pertaining to the slight damage as opposed to the nearly
15% probability failure of EXP 2 for the same damage state
(Figs. 14, 15, 16, 17, 18, 19).

Four locations of shear keys were determined for this
model, and the results of their fragility analyses are pre-
sented in Figs. 20, 21, 22 and 23. Probabilities of failure
have been calculated for slight and moderate damage states
only, which follows the same procedure in the literature. The
shear key positioned at the location of abutment 1 (SK1)
shows less than 5% for both of the slight and moderate

PGA

PGA

damage states at PGA of 0.3 g. Diversely the shear key per-
taining to abutment 2 (SK2) has shown 40 and 30% prob-
ability of failure with respect to slight and moderate damage
states, respectively, for the same PGA (0.3 g). The shear
keys located at expansion joint 1 have depicted less than 5%
probability of failure at PGA 0.3 g with regard to slight and
moderate damage states, respectively. However, the shear
keys located at expansion joint 2 which is at the end of span
2 possessing the larger subtended angle show 19% and 10%
probability failure with respect to slight and moderate dam-
age states for PGA 0.3 g. These results also conform to the
effect of the coupled responses in orthogonal directions for
the larger subtended angles. By interpreting the results of
the fragility analysis of abutment 1 nodes, it can be deduced
that longitudinal response of the bridge deck under 0.3 g
PGA will cause impaction between deck and abutment wall
and result in 40% failure in slight damage state. Same results
are obtained with regard to the nodes of expansion joint 1
with 40% probability of failure with respect to slight damage

3

i
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Fig. 17 Fragility curves for Slight Damage Moderate Damage
transverse displacements of 1 1
PTFE bearing located at mid- ! ! 4 v M i it A T M
span of the end of span #3 for
all damage states 0.8 0.8 ]
Iy 0.6 -1 Ly 0.6
Q Q
S04 A4 Sos
* &
.
0.2 g 0.2
A !
0k X e A& ] ] 1 L 0 Aicidisidisidesidinnder e ¢
00102030405060.70809 1 0 01020304050.60.70.809 1
PGA PGA
Extensive Damage Complete Damage
1_"']"'[' T ] lyrw T — —
0.8 B 0.8 N
-I 0.6 - I by 0.6 P“ I
o & |
a = |
= 0.4} 4 Eoaf :
0.2 3 0.2} ]
1] T WP WP S W 1) TN P N WP W
0 02 04 06 08 1 0O 02 04 06 08 1

PGA

state. However, results of EXP2 show larger deck—deck
impact, with 45% probability of failure in slight damage
state in EXP2 as opposed to 25% probability of failure for
deck-abutment impact with respect to the node of abutment
2 (Figs. 24, 25, 26).

Lastly, component fragility curves of this model have
been superimposed and are presented in Fig. 27.

6 Conclusions

This study attempts to evaluate the seismic vulnerability
of a specific class of horizontally double curved reinforced
concrete box girder bridges in the as-built condition. Fra-
gility curves of the components have been calculated. Due
to the asymmetrical geometry of the bridge in plan, i.e.,
the double curvature deck, seismic responses in orthogo-
nal directions (tangential and radial) are coupled. It results
in higher demand during seismic excitations. The coupling

@ Springer

PGA

effect becomes more distinguished with respect to span 2;
this is due to the larger subtended angle of this span versus
span 3, which will eventually lead the structural system or
components to states that are more vulnerable.

The effect of the earthquake frequency content in near-
fault versus far-fault earthquakes could be a decisive fac-
tor in the elastic and inelastic response analysis. Near-fault
ground motions contain pulses with longer periods; there-
fore, the impact on the structure is larger than far-field
accelerations. Due to the presence of the faults with various
potential activities near the bridge, appropriate measures
regarding the reduction of the components’ displacements
should be taken into account. Furthermore, the location of
the bridge on soil type C will cause the seismic excitation
to intensify and incur more damage to the entire structure.
The subtended angle appears to have adverse effects on sup-
port displacements as well as deformations at PTFE bear-
ings. The two abutments incur most of the damage. The
excess longitudinal movement of the two bearings could
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Fig. 18 Fragility curves for
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induce pounding to the geogrid backwalls located at the
two abutments.

Finally, there are certain measures that a designer should
take into account in order to reduce the adverse effects of the
curvature angles, i.e., subtended angles of the bridge deck on
the seismic response of the components as well as the struc-
tural bridge system. The alleviation of the damage to the
bridge could be refrained at the design phase by increasing
the deformation capacity of the components if economically
feasible. On the other hand, depending on the damage type
certain retrofit scenarios could be proposed.

The nonlinear time history analysis indicated that for
CHICHI-Taiwan earthquake which is a near-fault earthquake
with magnitude 7.0 the component responses increased by a
factor of 4-5. This could be due to the fact that the frequency
content of the ground motion is near that of the structure.
Another conjecture for this immense increase in responses

could be the effect of coupled longitudinal and transverse
responses regarding bridge components. In recent studies
on seismic fragility assessment of bridges with horizontal
curvature it was deduced that columns are the most vul-
nerable components. Nonetheless, in this study the column
fragility curves indicated proper responses. Among 11 piers
of the bridge, fragility curve of Pier #11 demonstrated the
most vulnerability with 41% probability of failure at PGA
of 1 g, and nearly 2% failure pertaining to PGA of 1 g in
the complete damage state. The moment—curvature analysis
of bridge column details has implicated an ultimate curva-
ture capacity of 0.1217 1/m and curvature at first yield of
3.156E—3 1/m. The ultimate moment capacity of pier #2 is
7900 kN m. It should be noted that the moment demands
about the longitudinal and the tangential axes for this col-
umn have been shown to be 8600 kN m and 5100 kN m
pertaining to PGA of 1.0 g.
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Fig. 19 Fragility curves for
transverse displacements of
PTFE bearing located at mid-
span of the end of span #2 for
all damage states

Fig.20 Abutment 1 shear key
fragility curves pertaining to
slight and moderate damage
states
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Fig.21 Abutment 2 shear key
fragility curves pertaining to
slight and moderate damage
states

Fig. 22 Shear key fragility
curves pertaining to slight and
moderate damage states for
span 3 and span 2 connection at
expansion joint 1

Fig. 23 Shear key fragility
curves pertaining to slight and
moderate damage states for
span 2 and span 1 connection at
expansion joint 2
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Fig. 24 Deck-abutment impact Slight Damage Moderate Damage
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Fig. 26 Deck—deck impact
fragility curves of abutment 2
in slight and moderate damage
states

Fig. 27 Component fragility
curves, slight and moderate
damage levels
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Table 3 Selected ground motion suites applied to the model in this study
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185.9
160.7

421

1.154
1.154
0.813

0.380
0.364
0.555
0.367
0.356
0.420

12.6

230

6.9

5058 El Centro Array #11

10/15/1979
10/15/197

Imperial Valley

3

345
357
447
321
608
464

12.6

140

6.9

5058 El Centro Array #11
47380 Gilroy Array #3
47380 Gilroy Array #3

Imperial Valley

82.1
192.5

14.4

7.1

10/18/1989
10/18/1989
01/17/1994
01/17/1994
11/24/1987
11/24/1987
01/17/1994
01/17/1994
10/18/1989
10/18/1989

Loma Prieta

5
6
7
8

0.813

14.4

90

7.1

Loma Prieta

91.3
201.7

0.562
0.562

0.75

15.8

106

6.7

90053 Canoga Park-Topanga Can

Northridge

15.8

196

6.7

90053 Canoga Park-Topanga Can
01335 El Centro Imp.Co. Cent

Northridge

175.0
202.0
117.5
125.8

13.9 0.358

6.6
6.6

6.7

Superstition

409

0.75

0.258

13.9

01335 El Centro Imp.Co. Cent 90

Superstition
Northridge

10

430
451

0.664
0.664
0.705

0.410

13.0

90057 Canyon Country-W Lost C.

11

0.482

13.0

270

6.7

90057 Canyon Country-W Lost C.

47380 Gilroy Array #2
47380 Gilroy Array #2

Northridge

12
13
14

71.5
120.7

329
391

0.367
0.322

12.7

7.1

Loma Prieta

0.705

12.7

90

7.1

Loma Prieta

To achieve a rather consistent outcome, the characteristics
of the selected ground motion suits should be comparable, as
they are in this study. All the selected ground motions were
near-fault records (Table 3). Geometrical irregularities of
a road and presence of active and semi-active faults in the
proximity of the bridge construction site require this type of
analysis for obtaining a more accurate and realistic approach.
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