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Abstract. This study presents a method to evaluate the seismic risk of an extradosed bridge with
seismic isolators of lead rubber bearings (LRBs), and also to show the effectiveness of the LRB isolators
on the extradosed bridge, which is one of the relatively flexible and lightly damped structures in terms of
seismic risk. Initially, the seismic vulnerability of a structure is evaluated, and then the seismic hazard of
a specific site is rated using an earthquake data set and seismic hazard maps in Korea. Then, the seismic
risk of the structure is assessed. The nonlinear seismic analyses are carried out to consider plastic
deformation of bridge columns and the nonlinear characteristics of soil foundation. To describe the
nonlinear behaviour of a column, the ductility demand is adopted, and the moment-curvature relation of a
column is assumed to be bilinear hysteretic. The fragility curves are represented as a log-normal
distribution function for column damage, movement of superstructure, and cable yielding. And the seismic
hazard at a specific site is estimated using the available seismic hazard maps. The results show that in
seismically-isolated extradosed bridges under earthquakes, the effectiveness of the isolators is much more
noticeable in the columns than the cables and girders.
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1. Introduction

Recently, many researches to assess seismic damages of a structure are being developed. Seismic
performance assessment of civil infra-structures such as bridges, buildings, nuclear power plants and
offshore structures is very important because the seismic damages of these structures may bring not
only economic loss but also loss of human lives (Su et al. 2002).

The seismic performance of a bridge can be evaluated using the nonlinear time history analysis or
the nonlinear static analysis (in other words, pushover analysis) such as the capacity spectrum
method based on the design response spectrum, and so on (Chung et al. 2006, Elnashai 2001).
Nonlinear analysis techniques are getting more popular owing to the development of high-
performance computational devices. However, these conventional methods are usually carried out in
the deterministic domain, and therefore it is difficult to consider the uncertainties of seismic events
such as duration, frequency components and seismic intensity.

To overcome this shortcoming of the conventional deterministic approaches, this paper presents
probabilistic seismic risk assessment (PSRA) of a structure considering uncertainties of earthquake
occurrences. In order to evaluate the seismic risk of a structure, seismic fragility as an index of the
seismic vulnerability of a structure and the seismic hazard as a measure of the earthquake intensity
at the specific site are to be combined.

Seismic fragility was first introduced to the probabilistic seismic safety assessment of nuclear
power plants in the 1980’s (Kennedy and Ravindra 1984), and was recently accepted as a reliable
method for the evaluation of the seismic performance of civil infra-structures, such as bridges and
buildings (Shinozuka et al. 2002). Seismic fragility curves generally show the probability of seismic
damage at specified levels versus the ground motion index such as peak ground acceleration (PGA)
and peak ground velocity (PGV). While the fragility curve usually takes the PGA value as the
ground motion index, Karim and Yamazaki (2001) recently performed an analysis taking the PGV
as well and compared the results with those using PGA. For bridge structures, seismic fragility has
been studied using various damage indices such as pier ductility, displacement of bearing, and the
damage index of Park and Ang (Ghobarah ef al. 1997). Fragility analysis has been performed for
retrofitted bridges as well (Kim and Shinozuka 2004).

Seismic risk describes the potential for damage or losses that a region is prone to experience
resulting from a seismic event. This is in contrast to seismicity which describes the recurrence rate
of earthquakes with different magnitudes and seismic hazards which quantify the recurrence rates of
different ground motions. Seismic risk can also be defined as the spatially and temporally integrated
product of the seismic hazard, the value of assets and the fragility of assets (Jacob 1992). For the
seismic hazard analysis, the seismic hazard maps of Korea are utilized to read the PGA values
corresponding to various return periods for a given site, and the probability density function of the
PGA is calculated using a probabilistic approach.

The seismic fragility analysis has been commonly carried out to calculate the probability of
structural damage versus the ground surface motion to which the structure is subjected. Hence in
this study, artificial earthquakes are generated according to the design response spectrum given for
the rock outcrop; and the acceleration time history at the surface ground are then evaluated
considering the site amplification effects according to the site condition, since the seismic hazard
map is constructed based on the rock outcrop motion.

The seismic risk of a bridge, isolated using lead rubber bearings (LRBs) of a circular section, is
evaluated herein. An extradosed bridge with a 6-span continuous concrete deck is utilized as an
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example structure. In this study, the rotational ductility of a column, the displacement of a
superstructure and the cable yielding are considered as possible types of seismic damage. Generally,
the LRBs have not been considered as an effective tool to improve the seismic performance of
flexible and lightly damped structures including extradosed bridges because these bridges have
relatively long natural periods. In this study, the effectiveness of LRBs on extradosed bridges is
verified using a probabilistic seismic risk.

2. Design of LRB seismic isolator

Seismically-isolated structure is designed for exceeding the earthquake dominant period, which is
enabled by making its natural period artificially longer than the seismic dominant periods (Fig. 1).
For example, in the case of a bridge structure with a short period, the natural period of a structure
can be increased by installing the seismic isolator at the bottom of the girders (Fig. 2).

The seismic isolator is generally designed using the guidelines such stipulated in AASHTO or
UBC (Farzad Naeim et al. 2003).

LRB, one of the seismic isolators, behaves as elasto-plastic as shown in Fig. 3, so the seismic
force is reduced by shifting the natural period of the structure using the elastic behaviour of rubber,
and the seismic energy is absorbed by the plastic behaviour of lead. Therefore, it is very important
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Fig. 3 Properties curves of LRB seismic isolator

to consider how to combine the rubber and the lead in the design of LRB seismic isolators to
reduce the seismic force and displacement. In Fig. 3, K,, K; and K, are the initial stiffness, the
stiffness after yielding and the effective stiffness of LRB seismic isolators, respectively, Q, is the
yield strength of LRB, F, and F,. are the initial yield and the maximum horizontal forces,
respectively, and A, and A, are the yield and maximum displacements of LRB seismic isolator,
respectively.

The main purpose of the seismic isolator design is to reduce the seismic force by shifting the
natural period of a structure to the long period range. Ghobarah and Ali (1998) recommended that
the isolator design starts by deciding K, and K, to shift the natural period of a bridge and determine
the yield strength of lead (Q,) to impose additional damping of about 5% of the total weight of a
structure.

However, in cases of flexible structures such as an extradosed bridge or a cable stayed bridge, this
concept of seismic isolation is very difficult to apply as these kinds of bridges already have periods
beyond the peak seismic period range. Moreover, it is also very difficult to impose additional
damping for the yielding of lead because these bridges are very lightly damped structures. Ali and
Abdel-Ghaffar (1995) tried to apply the LRBs for seismic isolation of flexible and lightly damped
structures, but it has never been clearly recommended for extradosed or cable-stayed bridges. The
design parameters of the LRB seismic isolator can be established to minimize the response and
installation costs of the bridge. From this point of view, the effectiveness of seismic isolators is
quantitatively evaluated by using probabilistic seismic risk assessment.

3. Assessment of seismic risk
3.1 Introduction

Seismic events inevitably involve high levels of uncertainties such as the magnitude, frequency
contents, and duration. It is more preferable to deal with the seismic events as probabilistic ones
than as deterministic ones. Therefore, the seismic performance of a structure can be reasonably
evaluated considering the probabilistic properties of seismic events. The structural vulnerability can
be probabilistically evaluated by seismic fragility analysis, and the site hazard can be evaluated
using seismic hazard analysis. Then, the seismic risk of a structure on the given construction site
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can be assessed by combining the seismic fragility curves and seismic hazard curves. Seismic
fragility curves are obtained using Monte Carlo simulation with a set of input ground motion data
(Shinozuka et al. 2000).

3.2 Seismic fragility analysis

In this study, the seismic fragility curves are expressed in the form of two-parameter log-normal
distribution functions as follows. The median (¢;) and the log-standard deviation (¢;) of each
lognormal distribution are evaluated with the aid of the maximum likelihood estimation. The
fragility curve for the k™ damage state F,(a), takes the following form

wazqfﬂth (1)

where a is a PGA value of the earthquake motion, and ®(.) is the standard normal distribution
function. The likelihood function for the present purpose can be taken as

L=T[[Fda)]" [1-Fya)] " @

where x; = 1 or 0 depending on whether the bridge sustains the kth damage state under the ground
motion with PGA = g;, and N is the number of input ground motion data. Two parameters ¢, and ¢
in Eq. (1) are computed by maximizing the log-likelihood function as

SnL _ AL _

ac, ac.
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3.3 Seismic hazard and risk analyses

For the purpose of seismic risk assessment for a certain period, say the service life, it is required
to know the probability of the earthquake occurrence in addition to the fragility curves. In this
study, it is assumed that the earthquake occurs in accordance with the Poisson law and Gumbel’s
extreme distribution of Type Il (Shinozuka et al. 1984). If a ground shaking that can be considered
as an earthquake (PGA > q,) occurs at a rate of Az per year at a site of interest, the probability
distribution function of the annual maximum PGA(4), F,(a), is related to the probability of the
PGA of one seismic event (4,), F, (a), as

F(a) = exp{-Ax(1-F, (a))} “)
Therefore, when q, indicates the minimum PGA value to be considered, F' A,(ao) = 0, and hence
Ap = -InF(a,) (5)

Assuming that F,(a) is of the extreme distribution of Type II, the following can be obtained as

Fyla) = exp{—(g) a} (6)
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Since the seismic hazard map is defined as the PGA levels associated with a return period or an
exceedance probability for a certain period of time, the probability distribution of the annual
maximum PGA F(a) can be obtained from the annual exceedance probability, P{4>a}, as

F(a) = 1-P{4d>a) 7)

The two parameters (¢ and u) of Eq. (1) can be obtained from a curve fitting to the data in
seismic hazard maps for various probability levels. The annual occurrence rate, Az, is calculated by
Eq. (8), and thus, the probability distribution F, (a) of an earthquake and its probability density
function f, (a) are also calculated as

ag\ “
s = -InF (a) = (2) ®)
1 —-a
Fy(a)=1 +/1—E-1nFA(a) =1 _(50) )
futay = 28D — (g aiy-a (10)
a

Combining Eq. (10) with the fragility curve F,(a), the seismic risk for the k" damage state due
to one occurrence of earthquake, p;, and the seismic risk for n-years, p;~" can be obtained as

pr= j;m“*Fk(a)ﬁ;,(a)da (11)
py = l—exp(-n- Az py) (12)

4. Free field analyses

For the seismic analysis of a structure, the soil amplification effect is roughly considered using
classification of soils. However, it is also important to significantly consider the site amplification
due to the soil characteristics and to input seismic excitations. This is because the seismic waves are
usually amplified according to the characteristics of soil layers during propagation from bed rock to
the site surface. Depending on the locations, the ground motions for an earthquake can be divided

" Structure
0ao Ground Surface Motion ﬁ'

Point B t. f k
oin outcrop of roc DDD

3 free surface (][] Point A Rock Outcrop
LB — ® e Motion
2% A ill soil i
%5 o5 Soil (p, Vs, D, G/Gmax)
& > 23 3 L deposit soil
3> 525 L
o p ER=F o
=3 529 weather soil | =
2t $5¢ 3
° g bed rock H ;; weather rock | =
S \l soft rock
------ - - - T Bed Rock Motion
-—W—-———— v—’%&*—o————-hard rock
(a) Amplification of seismic wave (b) Input parameters

Fig. 4 Free field analyses



Earthquake risk assessment of seismically isolated extradosed bridges 695

into three different phases: rock outcrop motion, bed rock motion, and surface motion, as shown in
Fig. 4(a). The design earthquakes in seismic codes are usually defined using the design values at the
rock outcrop (AASHTO 1999, KSCE 2005).

In this study, artificial earthquakes are generated according to the design response spectrum given
for the rock outcrop, and the acceleration time history at the surface ground are evaluated
considering the site amplification effect according to the site condition. Site amplification can be
evaluated using several techniques. Among them, the one dimensional free field analysis technique
is most widely used. The same technique is incorporated here. In the 1D free field analysis, it is
assumed that the seismic response of ground is composed of SH waves propagated in vertical
direction from bed rock to the surface, and the soil layers are under half infinite horizontal
boundaries.

In general, the ground motions are measurable only on the rock outcrop and on the surfaces. The
validity of the free field analyses has been verified by comparing two responses from the real
measurement and the numerical analysis (free field analysis) at the surface using the same input
rock outcrop motion (Yun ef al. 1999). There are several available free field analysis programs. One
such well-known program, the SHAKEO1, utilizes the equivalent linearization algorithm to consider
the nonlinear constitutive equation of soils (Idriss and Sun 1992).

In this study, SHAKEO91 is used for free field analyses. Relevant input parameters such as mass
density (p), shear wave velocity (V;), damping ratio (D), and shear modulus (G/Gy.x) are shown in
Fig. 4(b). It uses the nonlinear deformation characteristics, such as the change of G/G,. and
damping ratio (Rechart ez al. 1970).

5. Seismic risk assessment of an extradosed bridge
5.1 Generation of artificial earthquakes

In nonlinear time history analysis for earthquakes, it is preferred to take into account the
uncertainties related to the earthquake input, such as the magnitude, frequency contents, and
duration. Hence, it requires many cases of input ground motions to evaluate the seismic fragility of
a bridge. Since only a few measured data are available in Korea a sufficient number of input
earthquakes (herein 100 earthquakes) are generated based on the design response spectrum, and then
scaled assuming the uniform distribution from 0.005 g to 0.6 g of PGA for input ground motions.
To generate the artificial ground motions, the iterative method proposed by Vanmarcke and
Gasparini (1976) is used as

i;(t):{s"{lR(a),@ewH , 552+](t)=3_1{)"(;(a))u = } (13)
@ Re Rn(a)’f)

where )'é;(t) is the ground motion generated at the first iteration from the given design response
spectrum R(w, &), XZ”(t) is the ground motion of the (n+1)th iteration, and R"(w, &) is the
response spectrum calculated from the time history at the nth iteration. & is a random variable with
uniform distribution between 0 and 2.

Surface ground motions are generated considering the soil amplification effect using SHAKE9I.
Fig. 5 shows the procedure for obtaining a surface ground motion from a standard design response
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spectrum for rock outcrop by considering the soil characteristics. For a given soil layer, the mean of
soil amplification rate is about 1.1 times on the PGA.

5.2 Numerical models for an extradosed bridge

The example extradosed bridge is a six-span continuous concrete girder bridge, with a total length
of 670 m, composed of five columns with hollow sections as shown in Fig. 6. The example bridge
is designed using the requirement of collapse preventive level under the prescribed return period
(1000 years for this bridge), and the design PGA value is 0.154 g. Two cases (Cases I and II) of
bearing arrangements are considered: Case I for the typical bridge with general shoes (rollers and
hinges) as shown in Fig. 6(a), and Case II for the seismically-isolated bridge with seismic isolators
(i.e., LRBs in this study) in Fig. 6(b). In Figs. 6(a) and 6(b) the C3, O and B represent “general
shoe”, “plastic hinge” and “seismic isolator”, respectively. The column is modelled as an elastic
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zone with a pair of plastic hinges at each end of the column. The plastic hinge formed in the bridge
column is assumed to have bilinear hysterestic characteristics (Fig. 7). The bilinear parameters such
as yielding moment and rotation are calculated using the UCFyber based on the stress-strain
relationships of concrete in compression as shown in Fig. 8 (Priestley et al. 1996, UCFyber Users
Manual 2001). 5% viscous damping is considered for the nonlinear seismic analysis. And the
additional damping is provided by the hysteretic behavior of LRB isolators during strong

earthquakes.
5.3 LRB seismic isolator

Two types of LRB seismic isolators are designed following the equivalent static design method
(AASHTO 1999) considering the installation position: i.e., LRBs for abutment part (Type A) and
LRBs for column part (Type B). LRBs of type A are installed by one per shoe and two per
abutment, while LRBs of type B are installed by four (4) per shoe and eight (8) per column. The
sectional properties and design parameters are shown in Fig. 10 and Tables 1 and 2.
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Fig. 10 LRB seismic isolator section

Table 1 Design parameters of LRB seismic isolator

H;

699

Dimensions
Specification Symbol Units
Type A Type B
Widths of the top & bottom steel plate W, Mm 840 1,160
External diameter of LRB D Mm 760 1,080
Diameter of the internal reinforcement steel plate D, Mm 720 1,040
Diameter of lead core D, Mm 170 230
Rubber layer total thickness T, Mm 140 140
Rubber layer numbers n - 14 14
Thickness of rubber 1 layer t; Mm 10 10
Thickness of the middle internal steel plate t Mm 4 2.5
Thickness of the top & bottom internal steel plate t, Mm 30 40
Thickness of the top & bottom steel plate ty Mm 38 38
Internal height of the LRB h Mm 210 232
Total height of LRB (with conclusion) H, Mm 318 318
Height of LRB (without conclusion) H, Mm 252 252
Table 2 Material properties of LRB seismic isolator
Dimensions
Specification Symbol Units
Type A Type B
Design displacement d; cm 6.00 6.00
The first slope stiffness K, kN/cm 221.71 408.78
The second slope stiffness K, kN/cm 18.54 39.63
Yield strength (o) kN 236.42 346.49
Yield force F, kN 258.10 383.67
Yield displacement A, m 1.16 0.94
Effective stiffness in design displacement K kN/cm 57.98 97.41
EDC* in of design displacement EDC kN-cm 4573.32 7014.15
Equivalence damping in design displacement Eeq % 34.87 31.85
Vertical stiffness K, kN/cm 23.29 70.63

*EDC : Energy Dissipated per Cycle (area of hysteresis loop)
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Table 3 First natural periods of numerical models of the bridge models (units: sec)
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Fig. 11 Seismic responses of an example bridge with and without base isolation
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5.4 Seismic fragility analysis

Nonlinear time history analyses are performed for seismic fragility analysis using SAP2000/
Nonlinear (Computers and Structures 2002), and 100 artificial earthquakes generated using design
response spectrum are used as input earthquakes. Since the EI value for the transverse direction of
column is about 5.4 x 10® kN/m? and this is almost 160% of EI value for the longitudinal direction
(3.4 x 108 kKN/m?), the seismic risk for longitudinal direction is more important and the seismic risk
in transverse direction is disregarded in this study. The 1st natural periods for vertical and horizontal
directions are compared in Table 3, and it is found that the Ist natural period is significantly
increased from 1.42 sec to 2.23 sec for the 1st horizontal mode by adopting the LRBs as the
supporting devices. This result contradicts the perception that isolation devices are not so effective
in increasing the natural period for extradosed bridges and similar cable stayed bridges. By
increasing the natural period, the nonlinear behaviour can be reduced as shown in Fig. 11. Here, the
typical responses of the example bridges including the rotational displacement at the bottom of the
center pier, the relative displacement of the superstructure at the center and the axial force on the
longest cable member in left side of the center pier for three typical PGA levels (0.005 g, 0.3 g and
0.6 g) from nonlinear time history analyses are shown. In the case of responses under the
earthquake with PGA of 0.005 g, the maximum amplitudes are not so different and even the
maximum amplitude appears to be increased by adopting the LRBs for the relative displacement of
superstructure. However, the maximum amplitude of rotational displacement of an isolated bridge is
significantly reduced for the earthquake with PGA of 0.6 g. This implies that the LRBs may be
more effective for protection of bridges under strong ground motions rather than small scale ground
motions. In the case of axial forces on the cable, the maximum axial force can be significantly
reduced by introducing LRBs.

The damage states are defined using the rotational ductility of columns following the qualitative
description of HAZUS (HAZUS 1997), the relative displacement of superstructure, and the yielding
of cables for seismic fragility analysis of an example bridge.

A set of five different damage states are introduced for the seismic damage at columns (Dutta and
Mander 1998). Table 4 shows the description of these five damage states and the corresponding
drift limits for a typical column. For the purpose of this study, the drift limit can be transformed to
peak ductility demand of the columns for each limit state. For the component fragility of
superstructure, the relative displacement of the superstructure is evaluated and the limit
displacement is set as 6 cm considering the allowable relative displacement in the design
specification. The allowable load for the cable elements are determined by adopting 0.6 times the
allowable design force, and the value is set as 0.6p, = 6.2 MN.

Table 4 Damage states and numbers on the maximum ductility of column

Damage Description Drift limits Ductility Damage numbers
state demand CASE I CASE Il

I (Almost none) First yield 0.005 1.00 90 87

IT (Slight) Cracking, spalling 0.007 1.60 87 68

IIT (Moderate) Loss of anchorage 0.015 3.98 63 9

IV (Extensive) Incipient column collapse 0.025 6.95 36 1

V (Complete) Column collapse 0.050 14.40 3 0
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Fig. 12 Seismic fragility curves (Kim et al. 2005)

Table 4 lists numbers for the cases exceeding the damage states with and without LRB seismic
isolator. From this Table, it can be observed that the number of damaged cases for a seismically-
isolated bridge is less than that for a typical bridge owing to the seismic isolation devices. The
numbers of damaged cases for moderate and extensive damages (Damage States III and IV) are
reduced from 63 to 9 for State III and from 36 to 1 for State IV by replacing the general hinges and
rollers with seismic isolation devices. It means that the seismic isolation devices are much more
effective for the moderate and extensive seismic damages rather than the slight and almost no
damage states. In the case of cable yielding, the maximum axial forces are much less than the
allowable value (6.2 MN) as shown in Fig. 11(c). There is no case for cable yielding, and therefore
the seismic risk of a bridge in terms of cable yielding is not discussed in the later parts of this
study.

Fig. 12 compares seismic fragility curves for an example bridge with typical bearings (Case I) and
seismic isolation devices (Case II). Fig. 12(a) shows the fragility curves for column damages while
Fig. 12(b) for the seismic damages of the superstructure. From the figures, it can be found that: (1)
the median value of the fragility curve for a isolated bridge is shifted from 0.64 to 1.02, which
means that the seismic performance of a bridge is enhanced by adopting LRBs as bridge bearings;
(2) the median value of fragility curve of a superstructure is slightly reduced from 0.15 to 0.13, and
this shows that the superstructure is more susceptible to damages by introducing the LRBs due to
allowing large deformation of superstructures.

5.5 Seismic hazard and risk analyses

For the probabilistic seismic risk assessment, the seismic fragility and seismic hazard are to be
combined. Seismic hazard on the specific site, where a bridge is located, can be efficiently
evaluated using seismic hazard maps in Korea. For the Korean peninsula, the seismic hazard maps
have already been constructed through the statistical procedure using historical earthquake data.
Therefore the maximum PGA values for a specific return period can be easily read from the seismic
hazard maps.

In this study, the seismic hazard maps for the earthquake with 10% exceedance probability for 5,
10, 20, 50, 100, 250 and 1000 years are utilized (EESK 1997). The annual exceedance probability
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Fig. 13 Seismic hazard maps in Korea (EESK 1997)

(PE,) can be obtained by converting the exceedance probability of N years (PEy) as follows
PE, = 1—(1_pEN)1/N (14)

Then, the return period (7) can be obtained by taking the reciprocal value of the annual
exceedance probability as

T = 1/PE, (15)

Using Eq. (15), the corresponding return periods for the above-mentioned seismic hazard maps
are evaluated as about 50, 100, 200, 500, 1000, 2400, and 4800 years. The obtained maximum PGA
values at the field sites for several return periods are summarized in Table 5.

Fig. 14 shows the procedure in determining the values of & and u in Eq. (6). Ultimate distribution
of Type Il in Eq. (6) can be linearized by taking the logarithmic operation. Then, the regression
curve can be obtained using several data of F,(a) and a, and the probability constants can be
estimated as « = 2.44313, and u = 0.00749. The solid line in Fig. 14 shows the interpolated relation

constructed using estimated « and u.
After two parameters (o and u) of Eq. (6) were obtained from a curve fitting to the data, the

Table 5 Exceedance probability of PGA on the return periods

Return period (years) Exceedance probability per years PGA
50 10% / 5 years 0.035 ¢
100 10% / 10 years 0.046 g
200 10% / 20 years 0.068 g
500 10% / 50 years 0.100 g
1000 10% / 100 years 0.130 g
2400 10% / 250 years 0.180 g

4800 10% / 500 years 0220 g
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annual occurrence rate Az is then calculated by Eq. (8). When the minimum PGA value g is
assumed as 0.005 g, the annual occurrence rate, Az, can be evaluated as Az = 2.68672. The
probability distribution £, (a) of an earthquake and its probability density function f, (a) are also
calculated as Egs. (9) and (10). Fig. 15 shows exceeding probabilities along the annual maximum
PGA (4) and the PGA of one seismic event (4;), and Fig. 16 shows the seismic hazard curve which
represents the probability density function ( f, (a)) of the PGA (4,) for each seismic event.

Combining seismic hazard F, (a), with the fragility curve Fy(a), the seismic risk for the K"
damage state for one occurrence of earthquake (py ), and for n-years (p; "), can be evaluated using
Egs. (11) and (12).

Table 6 summarizes the results of seismic risks for one occurrence of earthquake, and several
service years (in this study, 20, 50 and 100 years are considered) for the complete column collapse
and superstructure damage cases. In the case of seismic damages on the column, only the complete
damage is considered because this is the case of utmost concern. From the results, it can be
concluded that the seismic risk can be reduced by introducing the seismic isolation devices about
10% of that of a typical bridge (i.e., from 2.7% to 0.3% for 20 years and from 6.6% to 0.6% for 50
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Table 6 Seismic risk analysis results

Service years

Damage states 1 time 20 year 50 year 100 year
Non-isolated Columns(collapse) 0.0005 0.0271 0.0664 0.1284
bridges Behaviour of superstructure 0.0326 0.8261 0.9874 0.9998
Seismically- Columns(collapse) 0.0001 0.0030 0.0059 0.0118
isolated bridges  Behaviour of superstructure 0.0439 0.9054 0.9972 1.0000

years) while the seismic risk for a superstructure is a little bit increased from 80% to 90% for 20
years. Even though the excessive relative displacement of superstructure is a little bit increased, and
the risk is almost 1.0 for 50 and 100 years, it can be considered as relatively small damages. The
movement does not draw the catastrophic collapse of a bridge because the excessive displacement
usually causes the damage for the supporting devices which can easily be replaced by new devices.
Also, the unseating is not a problem since extradosed bridges are usually designed as a continuous
girder system, and also the abutment size can be increased to prevent unseating. In this example
bridge, the abutment is about 2 m and the gap between the abutment and bridge deck is about 0.4 m
for preventing pounding. Therefore the relative displacement exceeding 1.6 m causes the unseating
problem, and the 0.4-m relative displacement under a strong earthquake with 0.6 g of PGA can be
ignored.

6. Conclusions

This paper presents a method for the probabilistic seismic risk assessment of a structure. First, the
seismic vulnerability of a structure is evaluated in the form of seismic fragility curves using
earthquake data set. Then, the seismic hazard of a given construction site is analyzed using available
seismic hazard maps or others. Finally, the probabilistic seismic risk of the structure is assessed by
combining the seismic vulnerability and seismic hazard.

This method is applied to evaluate the seismic risk for small and medium scaled earthquakes on
an extradosed bridge with and without LRB seismic isolators. It is found that the seismic risk of an
extradosed bridge can be reduced by adopting the LRB seismic isolators even though the bridge is
relatively flexible and lightly damped. The following concluding remarks are drawn from the results
of this study:

1. The exceeding damage probability for columns of an isolated bridge is much less than that of a
typical bridge with the same service lives, and the seismic risk can be reduced to about 10% by
introducing LRBs as supporting devices of a bridge.

2. The probability of seismic damage of superstructures is slightly increased by adopting the
isolation devices up to a maximum of 30%. However, the excessive movement of a
superstructure usually causes the damage for bearings which can easily be replaced by new
ones after earthquakes.

3. The cables have not yielded under the earthquakes considered in this study, i.e. earthquakes
with PGAs of under 0.6 g for an example bridge with and without seismic isolation devices.
Therefore, the seismic fragility is not considered for the seismic cable damages. However, it is
found that the axial force can be significantly reduced by installing LRBs.
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4. Even though the LRBs have not been actively used as an effective tool to improve the seismic
performance of flexible and lightly damped structures including extradosed bridges, it is
verified that the LRBs can enhance the seismic performance and reduce the seismic risk of
extradosed bridges by designing the LRBs carefully.
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