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Abstract Bridge damages during the past earthquakes

caused several physical and economic impacts to trans-

portation systems. Many of the existing bridges in earth-

quake prone areas are pre-1990 bridges and were designed

with out of date regulation codes. The occurrences of

strong motions in different parts of the world show every

year the vulnerability of these structures. Nonlinear

dynamic time history analyses were conducted to assess the

seismic vulnerability of typical pre-1990 bridges. A family

of existing concrete bridge representative of the most

common bridges in the highway system in Iran is studied.

The seismic demand consists in a set of far-field and near-

field strong motions to evaluate the likelihood of exceeding

the seismic capacity of the mentioned bridges. The peak

ground accelerations (PGAs) were scaled and applied

incrementally to the 3D models to evaluate the seismic

performance of the bridges. The superstructure was

assumed to remain elastic and the nonlinear behavior in

piers was modeled by assigning plastic hinges in columns.

In this study the displacement ductility and the PGA are

selected as a seismic performance indicator and intensity

measure, respectively. The results show that pre-1990

bridges subjected to near-fault ground motions reach minor

and moderate damage states.

Keywords Concrete bridges � Seismic vulnerability �
Time history analysis � Fragility curves � Far-field �
Near-fault

Introduction

Bridges are important components of transportation sys-

tems. Bridge failures due to extreme loading conditions

such as earthquakes may cause serious impacts to trans-

portation systems. It is necessary to evaluate the seismic

vulnerability of highway bridges to assess the expected

economic losses caused by damage to highway systems in

the event of an earthquake. There are many different

methods to assess bridge performance such as using fra-

gility curves (FC). There are at least four methodologies

for the development of seismic fragility curves, namely:

expert opinion, empirical, analytical and hybrid approaches

(Avsar et al. 2011; Banerjee and Shinozuka 2007; Choine

et al. 2015; Mander et al. 2007; Tavares et al. 2012;

Yazgan 2015). To obtain the analytical fragility curves

three steps should be considered: the simulation of ground

motions, the simulation of bridges, and the generation of

fragility curves. The nonlinear static analysis (Banerjee and

Shinozuka 2007; Dutta and Mander 1998; Loh et al. 2002;

Monti and Nistico 2002; Siqueiraa et al. 2014) nonlinear

dynamic time history analysis as the most time-consuming

and computationally demanding (Shinozuka et al. 2000)

and elastic spectral analysis as a simplest and the least

time-consuming approach (Hwang et al. 2001) can be

evaluate to obtain the structural response. Nielson and
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DesRoches (2007) proposed the investigation due to the

vulnerability of steel and concrete girder bridges by con-

sidering nonlinear analyses (Nielson and DesRoches

2007). Choe et al. (2009) studied typical single-bent bridge

in California with RC columns, by applying nonlinear

static analysis. Bertero et al. (1978) reported the some

effects of near-fault ground motion, but they ignored the

implications in seismic design. Brown and Saiidi (2008)

reported the comparative results of two substandard bridge

bents tests under dynamic ground motions on the shaking

tables subjected to near-fault and far-field ground motions.

The effect of near-fault versus far-field ground motion on

beam and column reinforcement was investigated in this

study. Several parameters were used to study the effects of

near-fault versus far-field ground motions and presented

the near-fault caused more extensive apparent damage in

the column (Brown and Saiidi 2008). Muntasir Billah et al.

(2013) focused on the fragility-based seismic vulnerability

assessment of retrofitted multicolumn bridge bents sub-

jected to near-fault and far-field ground motion. Rama-

nathan et al. (2015) studied the evolution in design details

for Californian box-girder bridges. Also, the importance of

design details on the fragility of box-girder bridges is

quantified in this study. Bridge damages produce both

direct and indirect losses that can be extremely high

(Padgett and DesRoches 2007). During the past decades

several bridges damaged due to the occurrence of earth-

quakes (Eshghi and Ahari 2005; Eshghi and Razzaghi

2004; Ellingwood et al. 2004; Nicknam et al. 2011; Wang

et al. 2009; Wang and Lee 2009; Yang et al. 2015). Hence,

the expected seismic performance of bridges attracted several

researchers during the last decades (Jara et al. 2011, 2013;

Varum et al. 2011; Zhang et al. 2008; Lin et al. 2015).

Before the 1970s, many of the bridges were not designed

for withstand earthquakes. During the 1971 San Fernando

earthquake in California several bridges suffered damages

(Memari et al. 2011). The Loma Prieta earthquake in 1989

caused noticeable damage to bridges. Following the Loma

Prieta earthquake, substantial changes have been made to

seismic design provisions of the bridges. Seven bridges

collapsed during the 1994 Northridge earthquake and many

others sustained damages without collapse (Housner and

Thiel 1995). Performance of pre-1990 bridges revealed that

these structures are seismically vulnerable. The importance

of acceptable seismic behavior for bridges in transportation

systems has emphasized the need for seismic safety evalu-

ations of existing bridges. In some countries, there is a lack of

detailed studies analyzing the seismic vulnerability of the

pre-1990 bridges that allows conducting specific tasks to

reduce economic losses in the future. Furthermore, fragility

curves can incorporate the repair cost and the recovery time

for evaluating the seismic performance of a highway system,

and the methodology is widely applied to assess the seismic

vulnerability of bridges located in areas of high seismicity

(Jara et al. 2012).

The main objective of this study is analyzing the seismic

vulnerability of pre-1990 bridges. As a typical bridge

structure, one of the most common bridges designed and

constructed in the 1980s is selected. The bridge was sub-

jected to a family of seismic records with different dynamic

characteristics. Fragility curves were determined for each

set of seismic records based on 3D models and nonlinear

dynamic time history analyses. The objective of this study

is to evaluate the seismic performance of old concrete

bridges with different column height in Iran located near

and far from sources, by assessing seismic fragility curves.

The results allow evaluating the expected seismic perfor-

mance of the bridges.

Theoretical background

A fundamental requirement for estimating the seismic per-

formance of a particular structure is the ability to quantify the

potential for damage as a function of earthquake intensity

(e.g., peak ground acceleration). A probabilistic seismic

performance analysis (PSPA) based on fragility curves

provides a framework to estimate the seismic performance

and reliability of the structures (Ellingwood et al. 2004;

Razzaghi and Eshghi 2014; Jeon et al. 2015). Fragility

functions relate the probability that the demand on a partic-

ular structure exceeds its capacity to an earthquake severity

measure. It can be expressed as follows:

Fr ¼ P Sd � ScjSMð Þ½ � ð1Þ

where Fr = fragility function, Sd = structural demand,

Sc = structural capacity and SM = earthquake severity

measure. Assuming that the demand and capacity are

random variables represented by a standard lognormal

function, the Eq. (1) becomes:

Fr ¼ P
Sd

Sc
� 1jSM

� �� �
¼ U

1

b
ln

Sd

Sc

� �� �
ð2Þ

where U½:� ¼ the standard normal distribution function and

b = logarithmic standard deviation of the variables. This

assumption has been made by several researchers (Choi

et al. 2004; Hancilar et al. 2013; Razzaghi and Eshghi

2014; Shinozuka et al. 2000).

According to Eq. (2), the fragility functions depend on

the structural demand and the selected damage states. The

structural demand was estimated by conducting nonlinear

time history analyses. There are various approaches for

establishing damage limit states. HAZUS provides five

qualitative damage states varying from no damage to

structure collapse, based on the column damages and ser-

viceability of bridges (NIBS 1999) (Table 1). Furthermore
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several quantitative damage states have been suggested by

various researchers based on the strain limit in the column

section, crack width and repair cost (Hose et al. 2000;

Karim and Yamazaki 2001; Kawashima 2000; Mander

1999). However, the displacement ductility demand is one

of the most common quantitative damage parameter used

for bridges (Hwang et al. 2001; Mosleh et al. 2015).

In this study, the seismic damage is classified in five

damage states, as described by HAZUS (NIBS 1999). To

quantify damage states, the relative displacement ductility

ratio of a column is used. This variable is defined as:

lci ¼
Dyi
Dy1

ð3Þ

where lci ¼ ductility demand at the ith damage state,

Dyi = relative displacement at the top of a column at the

corresponding limit state (i) and Dy1 = relative displace-

ment of a column when the longitudinal reinforcing bars

reach the first yield, calculated as follows:

Dy1 ¼
2

3
uy1L

2 ð4Þ

where L = the length from the plastic hinge to the point of

contra-flexure and, uy1 = the curvature corresponded to

relative displacement of a column when the vertical rein-

forcing bars at the bottom of the column reaches the first

yield.

Hence, lc1 denotes the first limit state corresponding to

a first yield displacement ductility ratio equal to 1. The

second damage state, lc2, represents the yield displacement

ductility ratio calculated as:

lc2 ¼
D2

Dy1

¼ Dy

Dy1

¼ 2

3

uyL
2

Dy1

ð5Þ

where uy ¼ the curvature corresponded to relative dis-

placement of a column when the vertical reinforcing bars at

the bottom of the column reaches the yield.

The displacement ductility corresponding to the third

damage state, lc3, is the displacement ductility ratio cor-

responding to ec ¼ 0:004; where ec is the maximum

compressive strength of concrete column, hence D3 can be

estimated by Eq. 6.

D3 ¼ D2 þ hP L� LP

2

� �
ð6Þ

where hP and LP are the rotation and the plastic hinge

length, respectively. The plastic hinge rotation can be

calculated by Eq. 7 and the plastic hinge length can be

estimated according to Priestley et al. (1996):

hP ¼ u3 � uy

� �
LP ð7Þ

LP ¼ 0:08Lþ 0:022fyedbl � 0:044fyedbl ð8Þ

where fye is the yield strength of the reinforcing bars and dbl is

the diameter of longitudinal reinforcing bars. Finally lc4 can
be calculated as follows (FHWA 1995; Hwang et al. 2001):

lc4 ¼ lc3 þ 3 ð9Þ

Ground motion selection

One of the important tasks to generate fragility curves is

the correct selection of input motion parameters. The

intensity of an earthquake is commonly described using the

peak ground acceleration (PGA). However, severe struc-

tural damages are not always related with large values of

PGA. Other indexes, namely: (PGD) peak ground dis-

placement, (PGV) peak ground velocity, (SI) spectrum

intensity (Katayama et al. 1998), (Td) time duration of

strong motion (Trifunac and Brady 1975), (D) distance to

epicenter, and spectral characteristics, are also employed in

damage estimation (Molas and Yamazaki 1995). In this

study, analytical probabilistic seismic performance analy-

ses (PSPA) are conducted based on the nonlinear response

history of the bridge. All the selected seismic records have

PGA greater than 0.05 g (Table 2). This table presents ten

strong motions, five of them are near-field and the

remaining are far-field records. Near-field ground motions

are distinguished by a long period velocity pulse and

Table 1 Description of bridge damage states, taken from HAZUS (NIBS 1999)

Damage states Description

No damage (N) No damage to a bridge

Slight/minor damage

(S)

Minor cracking and spalling to the abutment, cracks in shear keys at abutments, minor spalling and cracks at hinges,

minor spalling at the column (damage requires no more than cosmetic repair) or minor cracking to the deck

Moderate damage

(M)

Any column experiencing moderate cracking and spalling (column structurally still sound), any connection having

cracked shear keys or bent bolts, or moderate settlement of the approach

Extensive damage

(E)

Any column degrading without collapse (column structurally unsafe), any connection losing some bearing support, or

major settlement of the approach

Complete damage

(C)

Any column collapsing and connection losing all bearing support, which may lead to imminent deck collapse
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permanent ground displacement (Somerville 2002). Dis-

tance to the epicenter of the earthquake is another factor to

classify ground motions as ‘near-fault’, the epicenter

should no more than 15 km of the structure. All the seismic

stations are located in hard soil sites and the response

spectra of the motions are presented in Fig. 1. The natural

period of the mentioned bridge sample analyzed is around

2.06 s. It can be notice that the peak in the acceleration

response spectra occurs at a period of around 0.5 s. The

period of the bridge falls in to the right of the period of the

peak response for both near- and far-fields. However, it is

observed that the natural period of the response spectra

corresponded to far-field earthquakes is more than the

mean values, therefor the far-field earthquakes induce a

greater acceleration response. Thus, it is expected the

mentioned bridge is more vulnerable to seismic effects

based on far-field earthquakes.

Description of the bridge

A multi-span simply supported bridge with concrete girders

considered a typical structure designed and constructed in

the 1980s is selected. The bridge has six spans with a total

length of 120 m, and five frame-type bents. Each bent has

three circular columns and the superstructure is composed

by RC slabs supported on five precast concrete girders

spaced at 3.2 m. The span length and the bridge width are

32 and 16 m, respectively. The cap beam is a rectangular

element of 1.9 m by 2.0 m and the circular columns have a

diameter of 1.4 m. The pier heights are 15 and 18 m. Each

column has 20U30 vertical bars and U 18 spiral hoops

spacing 200 mm. The gap between deck and abutment is

150 mm and the gap between decks in each span is of

100 mm. The concrete girders are supported on elastomeric

type bearings. The geometric characteristics of the bridge

are indicated in Fig. 2.

Probabilistic seismic performance analysis

Numerical analysis

The bridges are modeled and analyzed with the SAP2000

software (CSI (SAP2000 V-14) 2009). Frame elements

with six degrees of freedom at each node are used to model

the columns, bent caps and girders; the deck and dia-

phragms are modeled with shell elements. Link elements

are used to model elastomeric bearings with six degrees of

freedom at each node. The nonlinear behavior of the col-

umns is considered with a concentrated plasticity model by

assigning plastic hinges at both column ends which is

recommended in Caltrans code (Caltrans 2013).

Development of fragility curves

The analytical fragility curves are determined with the

results of the response history analyses. The analytical

model considers inelastic behavior of the columns and

elastic behavior of the deck. The nonlinear time history

analysis is carried out by considering the displacement

ductility of the columns as limit state. Each fragility curves

can be generated as lognormal distribution functions

characterized by median and dispersion. Previous studies

revealed the noticeable effects of near-fault ground

motions on the seismic performance of bridges (Chouw and

Hao 2008; Loh et al. 2002; Phan et al. 2007; Taflanidis

2011). To evaluate the importance of the seismic record

type on the fragility curves, three curves for each damage

state were developed, namely: fragility curves based on

near-field ground motions, those developed based on far-

field ground motions and fragility curves developed using

combination of near- and far-field ground motions. The

fragility curves present PGA in the horizontal axis and the
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Fig. 1 Response spectra of the selected ground motions

Table 2 Important parameters of the selected earthquake ground

motions (http://peer.berkeley.edu/peer_ground_motion_database)

Year D (km) M PGA (g) Earthquake

1989 7.2 6.9 0.644 Loma Prieta

1999 13.7 7.1 0.092 Duzce

1999 33.2 7.4 0.376 Kocaeli, Turkey

1994 40.7 6.7 0.568 Northridge

1978 20.6 7.4 0.406 Tabas

1990 40.4 7.4 0.505 Manjil

1990 84.0 7.4 0.184 Manjil

1987 7.5 6.5 0.793 Superstition Hills

1971 11.8 6.6 0.699 San Fernando

1976 55.7 7.2 0.064 Calderan—Turkey
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probability of exceedance of a limit state in the vertical

axis.

The fragility curves of a bridge display the conditional

probability that the structural demand exceeds the struc-

tural capacity. Each curve depends on the median value

and the dispersion parameter (lognormal standard devia-

tion) of the capacity and the demand. For each ground

motion with a specific PGA, the number of sample that

reached or exceeded a specified damage limit state is

obtained. The probability of exceedance is determined by

dividing the number of samples that reached or exceeded

the specified damage limit state to the total number of

samples. After performing the similar evaluation for each

ground motion and the four damage limit states, the

probability of reaching or exceeding the damage limit

states is obtained.

Assuming a lognormal density function of the capacity

and the demand, the fragility curves are lognormal dis-

tributed with the parameters presented in Table 3. These

parameters are the results of the nonlinear time history

analyses of the bridge subjected to the family of seismic

records previously mentioned for each of the limit states.

Figure 3 shows the fragility curves developed based on

both near- and far-field ground motions. In this graph LS1,

LS2, LS3, and LS4 are: slight, moderate, extensive and

complete damage state (collapse), respectively.

If the probability of exceeding a damage performance

increased, some mitigation plan should be made in

(a) 

(b) 

(c) 

(d) 

Fig. 2 a Longitudinal view of bridge, b bridge cross section, c pier cross section, d beam cross section

Table 3 Fragility curve

parameters for near-field and

far-field records

Intensity measure-PGA (g) LS-1 LS-2 LS-3 LS-4

l r l r l r l r

Far -1.19 0.18 -1.02 0.13 -0.8 0.2 -0.66 0.29

Near -0.94 0.19 -0.77 0.19 -0.7 0.22 -0.43 0.3

Total -1.05 0.22 -0.87 0.22 -0.8 0.22 -0.55 0.29
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advance. In the limit state of slight damage, minor damage

may happen and it is expected that with only small repairs

the bridge can be use normally. The difference between the

fragility curves for the damage limit states LS2 and LS3 is

relatively small. One of the main reasons for this small

difference is the acceptance criteria definitions of the cor-

responding damage limit states (1.26 corresponded to LS2

and 1.49 related to LS3).

As indicated in Fig. 3, for PGA = 0.5 g (for example)

the probability of collapse of the bridge is 30 %. The

probability of reaching or exceeding the LS1, LS2 and LS3

are 92, 80, and 68 % respectively. In other words, the

fragility curves developed in this study indicate that the

selected typical pre-1990 bridges are seismically vulnera-

ble. Figure 4 displays the curves for the two groups of

accelerograms and four limit states. Each graph presents

three fragility curves to evaluate the effect of the different

seismic records on the fragility curves.

The bridge was more vulnerable to the far-field

accelerograms, which means that the mentioned bridge is

more vulnerable to seismic effects due to far-field earth-

quakes than near faults. This outcome is consistent with the

response of the bridge observed in the earthquakes in far-

field. It seems that the bridge location in relation of the

epicenter does not impact importantly the fragility curves.

Figure 5 shows the column displacement demands ver-

sus the PGA for far-field, near-field, all the seismic records

and mead values from elastic behavior through yielding to
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Fig. 3 Bridge system fragility curves for the multi-span simply

supported bridge

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0  Total-LS1
 Far-LS1
 Near-LS1

P
ro

ba
bi

lit
y 

of
 e

xc
ee

de
nc

e

PGA (g)
0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0
 Total-LS-2
 Near-LS2
 Far-LS2

P
ro

ba
bi

lit
y 

of
 e

xc
ee

de
nc

e

PGA (g)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0  Far-LS3
 Near-LS3
 Total-LS3

P
ro

ba
bi

lit
y 

of
 e

xc
ee

de
nc

e

PGA (g)
0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0  Near-LS4
 Far-LS4
Total-LS4

P
ro

ba
bi

lit
y 

of
 e

xc
ee

de
nc

e

PGA (g)

(a) (b) 

(c) (d)

Fig. 4 Fragility curves between a slight, b moderate, c extensive and d complete damage limit state
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dynamic instability or until a limit state failure occurs.

Some records produce gradually increments of the dis-

placement demands with the PGA increases and others,

like the Kocaeli seismic record, increases suddenly the

displacements after a PGA value (0.4 g). For near-field

earthquakes, large displacements appears after

PGA = 0.5 g in most of the cases. From Fig. 4d it can be

observed that the variation of displacement is linear and

bridge is in linear zone up to PGA = 0.4 g, while after

PGA = 0.5 g the bridge is subjected to nonlinearity.

Conclusions

Fragility curves are a useful tool to estimate the expected

damages of bridge structures. The aim of a vulnerability

assessment of bridges is to execute preventive actions to

plan a disaster response, create a retrofit program, estimate

future economic losses, and evaluate the loss of function-

ality of highway transportation systems. This study pre-

sents the generation of fragility curves for one of the most

common bridge typologies in high seismic zone areas

designed with old codes, and compares the effect of source-

to-site distance of group of records. Nonlinear dynamic

analyses were carried out to determine the seismic per-

formance of a typical pre-1990 RC bridge subjected to

three groups of seismic records: far-field accelerograms,

near-field accelerograms and all the seismic records.

Earthquake records from some major event e.g., the 1989

Loma perita, the San Fernando 1971, the 1994 Northridge,

and some earthquakes recorded in Iran namely: the 1990

Manjil, the 1978 Tabas, were selected as the input ground

motions. Analytical fragility curves for the bridge were

obtained using the PGA as an intensity measure. The
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Fig. 5 Incremental displacement a far-field, b near-field, c all seismic records and d mean values
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fragility curves for near-fault and far-field sources repre-

sent limit states of behavior as a function of the displace-

ment ductility demands on columns. The following

conclusions are based on the nonlinear dynamic analyses of

the bridge subjected to 70 earthquake records.

• The fragility curves of this study correspond to one of

the common class bridges in Iran. It can be used for

other type of bridges to determine the seismic risk

associated.

• The fragility curves can be used to evaluate potential

losses of bridges with the same typology of the

analyzed structure. The results showed that far-fields

seismic records dominated, while the impact of the

near-fields earthquake data bases is reduced.

• Results revealed that the selected typical pre-1990

bridges are seismically vulnerable.

• The columns were the only structural element analyzed

in this study; as suggestion for future research the

bearings, abutments and the foundation could be

included to develop fragility curves.
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