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SUMMARY

To predict the extent of probable damages, fragility curves are found to be useful tools. It shows the
probability of highway structure damages as a function of strong motion parameters. They allow
estimating a level of damage probability for a known ground motion index. In this study, an analytical
approach was adopted to develop the fragility curves for highway bridges based on numerical
simulation. Four typical RC bridge piers and two RC bridge structures were considered of which one
is a non-isolated system and the other one is an isolated system, and they were designed according to
the seismic design code in Japan. A total of two hundred and fifty (250) strong motion records were
selected from Japan, Taiwan and the United States. Using the selected acceleration records, nonlinear
time history analyses were performed, and the damage indices for the bridge structures were obtained.
Using the damage indices and ground motion parameters, fragility curves for the four bridge piers and
the two bridge structures were constructed assuming a lognormal distribution. It is found that there is
a significant effect on the fragility curves due to the variation of structural parameters. The
relationship between the fragility curve parameters and over-strength ratio of the structures was also
obtained performing a linear regression analysis. It is observed that fragility curve parameters show a
strong correlation with the over-strength ratio of the structures. Based on the observed correlation
between the fragility curve parameters and over-strength ratio of the structures, a simplified procedure
was developed to construct the fragility curves using thirty (30) non-isolated bridge structures. The
simplified method may be a very useful tool to construct the fragility curves for non-isolated highway
bridge systems in Japan.

KEY WORDS: strong motion records; ground motion indices; highway bridges; damage analysis;
regression model; fragility curves

INTRODUCTION

The actual damages [1, 2] to highway systems from recent earthquakes have emphasized the need for
risk assessment of the existing highway transportation systems. The vulnerability assessment of
bridges is useful for seismic retrofitting decisions, disaster response planning, estimation of direct
monetary loss, and evaluation of loss of functionality of highway systems. Hence, it is important to
know the degree of damages [1, 3, 4] of the highway bridge structures due to earthquakes. To estimate
a damage level (slight, moderate, extensive, and complete) of highway bridge structures, fragility
curves [1-3, 5] are found to be useful tool. Fragility curves show the relationship between the
probability of highway structure damages and the ground motion indices. They allow estimating a
damage level for a known ground motion index.
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The 1995 Kobe earthquake, which is considered as one of the most damaging earthquakes in
Japan, caused severe damages to expressway structures in Kobe area. Based on the actual damage
data from the earthquake, a set of empirical fragility curves [1] was constructed. The empirical
fragility curves give a general idea about the relationship between the damage levels of the highway
structures and the ground motion indices. These fragility curves may be used for damage estimation of
highway bridge structures in Japan. However, the empirical fragility curves do not specify the type of
structure, structural performance (static and dynamic) and variation of input ground motion, and may
not be applicable for estimating the level of damage probability for specific bridge structures [5]. It is
assumed that structural parameters and input motion characteristics (e.g., frequency contents, phase,
and duration) have influence to the damage of the structure for which there will be an effect on the
fragility curves. Karim and Yamazaki [6] developed a set of analytical fragility curves for highway
bridge piers considering the variation of input ground motions based on numerical simulation, and it
was found that there is a significant effect of earthquake ground motions on fragility curves.

The objective of this study is to develop analytical fragility curves for highway bridges
considering the variation of structural parameters based on numerical simulation. Four typical RC
bridge piers [7] and two RC bridge structures are considered of which one is a non-isolated system
and the other one is an isolated system, and they are designed [8, 9] according to the seismic design
code [10] in Japan. A total of two hundred and fifty (250) strong motion records were selected from
Japan, Taiwan and the United States as the input motions. Using the selected input motions, damage
analyses of the bridge structures are performed, and the fragility curves are obtained assuming a
lognormal distribution [1, 11]. A simplified procedure is also developed to construct the fragility
curves using thirty (30) non-isolated bridge structures. The simplified method may be a very useful
tool to construct the fragility curves for non-isolated highway bridge systems in Japan.

DEVELOPMENT OF FRAGILITY CURVES
Empirical fragility curves

Yamazaki et al. [1] developed a set of empirical fragility curves based on the actual damage data from
the 1995 Kobe earthquake, and showed the relationship between the damages occurred to the
expressway bridge structures and the ground motion indices. We do restrict to only a brief explanation
regarding the empirical approach while details can be found elsewhere [1]. In this approach, the
damage data of the JH expressway structures due to the Kobe earthquake were collected, and the
ground motion indices along the expressways were estimated based on the estimated strong motion
distribution using Kriging technique. The damage data and ground motion indices were related to
each damage rank [1, 3, 4], and the damage ratio for each damage rank was obtained. Finally, using
the damage ratio for each damage rank, the empirical fragility curves for the expressway bridge
structures were constructed assuming a lognormal distribution.

Analytical fragility curves

Karim and Yamazaki [6] developed a set of analytical fragility curves for highway bridge piers based
on numerical simulation and considering the variation of input ground motions. The procedures
adopted for constructing the analytical fragility curves are briefly described below while details can
be found elsewhere [6]. The steps for constructing the analytical fragility curves are as follows:

1. Selection of the earthquake ground motion records.

2. Normalization of PGA of the selected records to different excitation levels.

3. Making a physical model of the structure.

4. Performing a nonlinear static pushover analysis and obtaining the elastic stiffness of the structure.
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Selection of a hysteretic model for the nonlinear dynamic response analysis.

6. Performing the nonlinear dynamic response analysis using the elastic stiffness and the selected
records.

7. Obtaining the damage indices of the structure in each excitation level using a damage model.

8. Calibration of the damage indices for each damage rank to obtain the damage ratio in each
excitation level.

9. Construction of the fragility curves using the obtained damage ratio and the ground motion

indices for each damage rank assuming a lognormal distribution.

BRIDGE MODELS AND INPUT GROUND MOTIONS

Four typical RC bridge piers [7] and two RC bridge structures are considered of which one is a non-
isolated and the other one is an isolated system. The piers are designed [8, 9] according to the 1964,
1980, 1990, and 1995 seismic design codes [10] assuming that only the size and reinforcement of the
piers can be changed with other conditions such as the height of substructure (11.8m), length (35m)
and weight of superstructure (23627 kN), ground condition (type II), and nominal design strength of
concrete (14.7 MPa) and reinforcement (294 MPa) being unchanged. The elevation and cross-sections
of the four piers are shown in Figure 1. Based on the past earthquake experience, the code
requirements have been changed since 1964. One can see (Figure 1(b)) that the cross-sections and as
well as the amount of both longitudinal and tie reinforcements have been changed significantly from
1964 code to 1980 code. One can also see (Figure 1(b)) that the arrangement of tie reinforcement has
also been changed significantly from the 1964 code to the 1980 code. These changes have been
adopted in order to have better performance of the structure against an earthquake force. However,
from 1990, it can be seen that the changes are not so significant. The longitudinal reinforcement (area
ratio) for the four bridge piers is taken as 1.21%, 1.25%, 1.36%, and 1.36%, respectively, while the tie
reinforcement (volumetric ratio) is taken as 0.09%, 0.32%, 0.64%, and 1.03%, respectively.

In case of the two bridge models, they are designed according to the seismic design code in Japan
[10] assuming that the size and reinforcement of the piers, height of the substructure, length and
weight (W) of superstructure, ground condition, and nominal design strength of concrete and
reinforcement being unchanged. Note that the parametric values for the two bridge systems are taken
as that of the 1980 pier except for the height, which is taken as 12m. For the non-isolated bridge
system, it is assumed that it has four spans with a 35m span length having 675 kN/m superstructure
weight, the piers are rectangular, pin-jointed to the superstructure and fixed to the base, and the
superstructure is assumed to slide on ordinary frictionless bearings at the abutments. For the isolated
bridge system, a Lead-Rubber Bearing (LRB) is used as the isolation device [9, 12-16]. Kawashima
and Shoji [16] recommended that the yield force of the LRB can be taken as 10-20% W, while
Ghobarah and Ali [12] recommended that the yield force of the LRB can be taken as 5% W, which
provides a reasonable balance between reduced forces in the piers and increased forces on abutments.
However, in this study, the yield force and yield stiffness of the LRB are taken as 5% W and 5%
W/mm, respectively [12]. Given the yield force level and the lead yield strength of 10-10.5 MPa [9,
12], the number and cross sectional area of the lead plugs can be designed. The advantage of LRB is
that it has low yield strength and sufficiently high initial stiffness that results higher energy
dissipation [9, 12-16]. The substructure stiffness for the whole bridge system is given as the sum of
the stiffness of all piers [15]. The physical models of the non-isolated and isolated bridge systems are
shown in Figure 2. The natural period for the non-isolated system to the longitudinal direction is
0.41s, and it shifts to 1.24s for the isolated system, which falls within the practical range of natural
period for isolated systems [12, 16]. )

For a nonlinear dynamic response analysis and to get a wider range of the variation of input
ground motion, a total of two hundred and fifty (250) records were selected from the 1995 Kobe, the
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Figure 1. Elevation and sectional views for the four bridge piers used in this study.

1994 Northridge [17], the 1993 Kushiro-Oki, the 1987 Chibaken-Toho-Oki, and the 1999 Chi-Chi
[18] earthquakes.
DAMAGE ANALYSIS AND FRAGILITY CURVES
Damage analysis
After performing the nonlinear static pushover [19, 20] and dynamic response analyses [21, 22], for

the damage assessment of the structure, Park-Ang [23] damage model was used in this study. For a
nonlinear dynamic response analysis, the piers and the non-isolated bridge system are modeled as a
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(b) Physical model of an isolated bridge system

Figure 2. Physical models of the non-isolated and isolated bridge systems used in this study.

SDOF system [9], a bilinear hysteretic model was considered [9, 22], and the post-yield stiffness was
taken as 10% of the initial stiffness with 5% damping ratio [22]. For the isolated system, it is modeled
as a 2DOF system [12-16], a bilinear hysteretic model was considered for the both substructure and
isolation device [12, 16], the post-yield stiffness was taken as 10% of the initial stiffness for the both
substructure and isolation device [9, 12, 16], the damping matrix C is evaluated by using the Rayleigh
damping [9, 21], and the damping constant #; is found by using the following expression [10]

¢ T
hi = i——‘T‘“—‘“ €y
D, Ko;
where h; is the equivalent damping constant of element j, ®; is the mode vector of element j of the
i-th vibration mode, K ; is the equivalent stiffness matrix of element j, ®; is the mode vector of the
overall structure of the i-th vibration mode, and K is the equivalent stiffness matrix of the overall
structure. The damage index DI is expressed as
+ 8-
pr o td t B Bn @)
Hy
where p; and p, are the displacement and ultimate ductility of the structure, B is the cyclic
loading factor taken as 0.15, and u,, is the cumulative hysteretic energy [24] ductility. The obtained

damage indices for the selected input ground motions are then calibrated to get the damage ratio for
each damage rank, which are used to construct the fragility curves [6].

Structural damage and input motion parameters

To construct a relationship between earthquake ground motion and structural damage, a data set
comprising inputs (strong motion parameters) and outputs (damage) is necessary. There are two
methods for doing this: 1) collect the actual earthquake records and damage data and 2) perform
earthquake response analyses for given inputs and models and obtain the resultant damage (outputs).
The former is more convincing because it uses actual damage data. However, earthquake records
obtained near structural damage are few. With the latter, it is easier to prepare well-distributed data.
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Figure 3. Relationship between (a) damage index and PGA, and (b) damage index and SI obtained
from nonlinear regression analysis for the 1964 pier.

Since it is not based on actual observations, however, much care should be taken in selecting structure
models and input motions. The former was used by Yamazaki et al. {1] and Tong and Yamazaki [25]
and the latter is used in this study.

Selection of input motion parameters to correlate with the structural damage is important,
however, is not an easy task. The Peak Ground Acceleration (PGA) and Peak Ground Velocity (PGV)
are commonly used indices to describe the severity of the earthquake ground motion. However, it is
well known that a large PGA is not always followed by severe structural damage, especially for long-
period structures. Similarly, a large PGV is not always followed by severe structural damage [26],
especially for the input motion including permanent fault displacements. Other indices of earthquake
ground motion, e.g., Peak Ground Displacement (PGD), time duration of strong motion (Tq4) [27],
Spectrum Intensity (SI) [28], and spectral characteristics, can be considered in damage estimation
[29].

In Japan, the JMA seismic intensity [30-32] has been used as the most important index for
estimating structural damage, identifying affected areas, and preparing for crisis management due to
earthquakes [33]. Also, Tokyo Gas Co. Ltd. uses the SI value [28] as the index to shut-off the natural
gas supply after a damaging earthquake, and developed an SI-sensor [28] and a new Sl-sensor [34,
35], which monitor both PGA and SI. Hence, it is necessary to know the correlation between the JMA
seismic intensity and structural damage with other strong motion parameters. Karim and Yamazaki
[36] obtained the correlation between the JMA seismic intensity with other strong motion parameters,
and it was found that the JMA intensity shows the highest correlation with both PGA and SL
Similarly, the relationship between the DI and other strong motion parameters are obtained
performing a nonlinear regression analysis [37, 38], and the regression model [25] used in this study
is given as

b

y=ax (univariate) 3)
b

y=ax’z¢ (multivariate) @

where y is the DI, x and z are the strong motion parameters (e.g., PGA, PGV, and SI) and, a, b, ¢ are
the regression coefficients. Figure 3 shows the relationship between the DI and PGA and DI and SI
obtained only from univariate regression analysis, and the coefficient of determination (R?) are also
shown in the figure. The relationship is also obtained from multivariate regression analysis, and
similar to the JMA intensity, it is also found that the DI shows the highest correlation with both PGA
and SI (R*=0.852). Hence, fragility curves can be constructed with respect to both single and multiple
ground motion parameters, however, in this study, we do restrict to consider only single ground
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Figure 4. Comparison of the fragility curves for the four bridge piers with respect to PGA.
motion parameter, and PGA, PGV, and SI are taken as the amplitude parameters to construct the
fragility curves.

Fragility curves

For the cumulative probability Py of occurrence of the damage equal to or higher than damage rank R
is given as

£ )

where @ is the standard normal distribution, X is the ground motion index (e.g., PGA, PGV, and SI),
A, and &, are the mean and standard deviation of In X . Two parameters of the fragility curves, ie.,

perm-of 2]

mean A, and standard deviation &, are obtained for each damage rank by plotting the damage ratio

in each excitation level on a lognormal probability paper, and performing a linear regression analysis.
Figure 4 shows the plots of the fragility curves for all damage ranks obtained for the four bridge
piers with respect to PGA. One can see that the level of damage probability goes higher from 1995
pier to 1964 pier. As the code requirements changes from time to time (Figure 1(b)), the structure that
is designed using the recent code is supposed to perform better against earthquake forces than the
previous one does, and the evidence can be seen in the fragility curves (Figure 4). Figure 5 shows the
fragility curves for the non-isolated and isolated bridge systems, and it can be seen that the level of
damage probability for the isolated system is less than that of the non-isolated one. This is because the
substructure experiences less lateral forces due to the energy dissipation of the isolation device. Now,
it is understood that there is an effect on the fragility curves (Figures 4 and 5) due to the variation of
structural parameters. It is also true that there might be an effect on the fragility curves due to the
structure-soil interaction [39], however, this effect is not considered in the present study for which a
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Figure 5. Comparison of the fragility curves for the non-isolated and isolated bridge systems with
respect to PGA.

further research is necessary.
Relationship between the fragility curve parameters with structural parameters

It is observed (Figures 4 and 5) that if the structural parameters are changed then the fragility curves
also change, in other words, there is an effect on the fragility curves due to the variation of structural
parameters. However, if one looks at all these fragility curves (Figure 4) then a common trend can be
seen among them. As the code requirements changes from time to time (Figure 1(b)), so, the structure
that is designed using the recent seismic code has a higher strength than the previous one does, and it
performs better against the seismic force than the previous one does, and the evidence can also be
seen on the fragility curves (Figure 4). Hence, it is assumed that there might be a correlation between
the fragility curve parameters and the structural parameters, viz., the over-strength ratio 8 of the
structure, height of the pier (%), span length (L), and weight (W) of the superstructure. However, for
simplicity, only 8 is considered in the current analysis, as it is one of the key structural parameters.
The over-strength ratio 8 [10] of the structure is defined as
L ©
kW
where F, is the horizontal capacity of the structure, &, is the equivalent lateral force coefficient,

and W is the equivalent weight, which is calculated as the weight of the superstructure and 50%
weight of the substructure [10]. The lateral force coefficient &, is defined as

8 =

@
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Figure 6. Relationship between fragility curve parameter A and over-strength ratio 6 of the four bridge
piers used in this study (a) with respect to PGA, and (b) with respect to SL

where ky, is the design lateral force coefficient, and u, is the allowable ductility factor [10] of the
substructure. The design lateral force coefficient kj. is defined as

kpe =Czkpeo ®
where ¢, is the zonation factor, and kj, is the standard design lateral force coefficient. There are
mainly three regional classes [10], viz., A, B, and C. A is defined as the region where there is higher

earthquake occurrence frequency, while C is defined as the region where there is lower earthquake
occurrence frequency. In this study, the region is considered as A, and the corresponding value of c,
for this region is taken as 1.0 [10]. The value of k., can be obtained knowing the fundamental
period of the structure, and ground condition [10]. In this study, the ground condition is considered as
type II. Note that there are two types of &y, , viz., type I and IL Type I kyco is defined as the design
lateral force coefficient stipulated in the earlier Seismic Design Specifications (1990 code), provides
seismic force that hypothesizes a large scale marine earthquake occurring on the boundary between
plates. On the other hand, Type II kj,, is defined as the design lateral force coefficient stipulated in
the recent Seismic Design Specifications (1995 code), provides seismic force that is based on
acceleration strong motion records actually obtained at ground surface during the Hyogo-ken Nanbu
(Kobe) Earthquake of 1995, was established by categorizing its acceleration response spectra for each
ground category. In this study, k., is considered as type IL. Hence, knowing the fundamental period
of the structure, the standard lateral force coefficient k., can readily be obtained from the seismic
design code [10].

Tf one looks at Equations (6) to (8), then it is obvious that the over-strength ratio & takes into
account almost all of the structural parameters, in other words, it is a function of almost all of the
structural parameters. It is recommended in the code [10] that the value of ¢ should be greater than or
equal to 1.0, however, the definition for 6 is given based on the recent seismic design code [10], and
the @ for the all structures are obtained based on this definition irrespective of the design codes that
were used to design them. Hence, some values of 6 fall below 1.0, especially, for the 1964 pier. The
regression model used to obtain the relationship between fragility curve parameters A and & with the
over-strength ratio 6 is given as

A’H = bo + b10 (9)
Eg =bg +by0 (10)
where Ay and &, are the mean and standard deviation of the fragility curves with respect to 8, 8 is



the over-strength ratio of the structure, and by and b; are the regression coefficients. Figure 6 shows

only the relationships between the fragility curve parameter mean A and over-strength ratio 6
obtained from linear regression analysis for the four bridge piers for the all damage ranks with respect
to PGA and SI, and the corresponding coefficient of determination (R?) are also shown in the figure.
Note that the data points for the isolated and non-isolated bridge systems are not included in the
regression analysis as they are different systems having different pier height. It can be seen (Figure 6)
that there is a very strong correlation between the fragility curve parameter A and over-strength ratio
6, and the R* values are obtained for the four damage ranks with respect to PGA as 0.991, 0.993,
0.998, and 0.992, respectively, and with respect to SI, the values are obtained as 0.999, 0.998, 0.999,
and 0.992, respectively. This clearly indicates that there is a strong correlation between 4 and 6, and
this relationship may be a very useful tool to construct the fragility curves for highway bridges
knowing the 8 factor only.

SIMPLIFIED METHOD TO CONSTRUCT THE FRAGILITY CURVES
Description of bridge models

In the preceding section, it is observed that there is a strong correlation between the fragility curve
parameter A with the over-strength ratio 8 of the structure. However, to draw a solid conclusion, it is
also necessary to consider many bridge structures that take into account all other structural
parameters, for instance, span length (L), pier height (%), weight of the superstructure (W), etc. In this
case, a total of thirty (30) bridge models are considered to have a wider range of the variation of
structural parameters. The bridges are considered non-isolated, the piers are rectangular, pin-jointed to
the superstructure and fixed to the base, and the superstructure is assumed to slide on ordinary
frictionless bearings at the abutments. The ground condition is considered as type II, the regional class
is considered as A, and the %, is considered as type II. The bridge models are divided in three

categories, viz., bridges designed with different seismic codes, bridges having different pier heights,
and bridges having different span lengths or weights, however, the number of spans for the all bridge
models are assumed to be four. The substructures (piers) for any typical bridge model are considered
to be similar, in other words, one pier model can be considered as the representative of all other piers
for a particular bridge structure. This assumption is adopted to avoid a rigorous computation
necessary to perform nonlinear pushover analysis for the all piers of a particular bridge model. The
physical model is considered as the one shown in Figure 2(a), and the substructure stiffness of the
whole bridge system is given as the sum of the stiffness of all piers. Table I shows all the structural
properties for different categories of bridges having span length of 30m and 40m with superstructure
weight as 500 kN/m. Note that same structural properties have been considered for the all bridge
models having a span length of 40m, in other words, changing only the span length or weight of the
superstructure while all other parameters being unchanged. It can be seen that (Table I) the pier cross
section changes for different seismic design codes even having the same height, and it changes from
smaller to larger from the 1964 code to the 1995 code. It can also be seen (Table I) that the pier cross
section also changes due to the changes of pier height even it is designed with the same seismic code,
and it changes from smaller to larger from pier height 6m to 18m. One can also see that the
longitudinal (area ratio) and tie (volumetric ratio) reinforcement also changes for different seismic
codes, and the value goes higher from the 1964 code to the 1995 code.

Correlation of A and & with structural parameters for thirty bridge models

The fragility curve parameters A and & for the thirty (30) bridge models are obtained by performing
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Table 1. Structural properties for the thirty (30) bridge models used in this study.

Span Length, L=35m, 40m (w=500kN/m)

reinforcement
pier height (m)

Design Code 6 9 12 15 18 Long. Tie

section  section  section  section  section (%) p:(%)

al b* a' b2 a' b* a' b? a' b® arearatio vol.ratio

1964 20 28 26 32 30 35 34 38 35 40 121 0.09
1980 21 30 28 32 32 38 38 40 38 42 125 0.32

1995 22 30 28 34 32 40 38 42 40 45 136 1.03

1Dimension in the longitudinal direction in m.
2Dimension in the transverse direction in m.

o'. (MPa) and o,, (MPa) are taken as the same for the all codes, and they are taken as 27 and 300, respectively.

a series of nonlinear static pushover, nonlinear dynamic response, damage, and fragility analyses
using the selected two hundred and fifty (250) strong motion records. The over-strength ratio 8 is
calculated using Equation (6). The relationships between A and & with the over-strength ratio 6 only

are then obtained using Equations (9) and (10) for the all damage ranks with respect to PGA, PGV,
and SI considering all the data points obtained for the thirty (30) bridge models.

Figure 7(a) shows the relationship between A and 8 obtained for the slight damage with respect
to PGA considering all the data points performing a linear regression analysis. It is observed (Figure
7(a)) that if all the data points are considered together without making any subgroups, for instance,
data points for different codes, heights, and weights, etc., then the relationships are found not to be so
good like the one as it was found (Figure 6) in case of the four bridge piers where the heights were the
same. Note that the maximum R? for the both A and & for the all damage ranks with respect to PGA,
PGV, and SI is found to be 0.857. It is anticipated that fragility curve parameters might depend on
other structural parameters, viz., weight of the superstructure or span length, height of the pier, and
variation of the seismic codes even having the same 8 value. As the bridge models are grouped mainly
in three categories, hence, it is necessary to see how the weight or span length, height of the pier, and
different seismic codes influence the fragility curve parameters. In order to do so, the data points are
plotted for different pier heights having different superstructure weight or span length, and designed
with different seismic codes.

Figure 7(b) shows the plots of A vs. 6 for different pier heights obtained from linear regression
analysis, and the corresponding R? values are also shown in the same figure. In each level of pier
height, the data points are included for different seismic codes and different superstructure weight or
span length. It can be seen (Figure 7(b)) that there is a very strong correlation between A and 6 within
each level of pier height like the one as it was found (Figure 6) in case of the four bridge piers where
the heights were the same. Though the data points are not plotted for different weights and different
seismic codes, however, as they are included within each pier height, it is clear that there is no
significant effect on A due to the variation of weights and seismic codes. This can be explained in
another way: as the 6 of the structure is directly related to the weight and ultimate capacity (Equation
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Figure 7. Relationship between (a) A and 6 obtained for the thirty bridge models used in this study, (b)
) and 6 for different pier heights, (c) A and h for different 6, and (d) F and A for different pier
heights, all for a slight damage with respect to PGA.

(6)) of the structure, which is directly related to the seismic code used, hence, the 6 takes into account
the effect of both weight and the seismic design code used. It is also observed that as the code
requirement changes, the @ also changes, which directly influences the A, and the evidence can be
seen in Figures 6 and 7(b), where one can see that the structure that is designed using the recent
seismic code has a higher 8 value, which results to have a higher A value.

If one looks at the all relationships between A and & (Figure 7(b)) obtained for different pier
heights, then it can be seen that the relationships are different. These relationships can be used for the
bridge structure that has a pier height either any one of the heights that is considered in this study.
However, practically, the pier height is rather random, and it is not possible to consider a lot of bridge
models having a wide range of the variation of pier heights due to the limitations of numerical
simulation, which could be solved if we could specify any stochastic model to consider the
randomness of the pier heights. However, this problem has been solved in another way. First, the 4
for different pier heights are obtained by fixing some & using the relationships shown in Figure 7(b).
Then the relationship between A and 4 is obtained using the following regression model

Ay =bg +byh + byh? 1)
where A, is the mean with respect to k, h is the height of the pier, and by, b; and b, are the

regression coefficients, Figure 7(c) shows the relationship between A and k obtained for different 6.
Like the pier height, it is also found that there is a strong correlation between A and 4 for each level
of 6, for instance, R” is found to be 0.987 for a @ value equal to 1.0. It can be seen (Figure 7(c)) that
the relationships between A and k& obtained for different 6 seem to be quite parallel, and it is also
visible that knowing only one of the relationships between A and % for a given 6, the other
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relationships for different 8 can also be obtained knowing only some scale factors for a change of the
6. In this objective, the scale factors are obtained for changing different 6 for different pier heights
considering the relationship between A and & obtained for 8 equal to 1.0 as the base one, and the
scale factor Fy is given as
Fy =ag +a1A0 (12)
where F, is the scale factor with respect to the change of 6, Ag is the change of 6 given as (6-1),
and ag and a; are the regression coefficients.
Figure 7(d) shows the relationship between Fy and A8 obtained for different pier heights, and

they look very similar. However, to minimize the error that might results for different pier heights, the
average scale factor obtained for different pier heights is considered in this study. Hence, the A value
can readily be obtained using Equation (11) for a known A, and then simply multiplying it by the scale
factor Fy of Equation (12) that can be obtained for a known A6 . In other words, the A value can be

obtained by using the following expression:

A=A, Fy (13)
Substituting for A, and F, from Equation (11) and (12) into Equation (13) gives
A =[bg +byh +byh?][ag +a;A6] (14)

From Equation (14), it can be said that A is a function of both / and 6, and this expression might
conveniently be used to obtain the A for any given 4 and 6. Similar expressions are also obtained for
other damage ranks, i.e., moderate, extensive, and compete. Figure 8(a) shows the relationships
between A and @ obtained for different damage ranks for 6 equal to 1.0, and the corresponding
average scale factors for A obtained for different damage ranks are shown in Figure 8(b).

Similar procedure has also been adopted to obtain the expression for standard deviation & and
the graphical representation is shown in Figure 9 for a slight damage case. The expression for & is
given as

& =[bg +byh + byh?][ag +a;A0] (15)
Figure 10(a) shows the relationships between & and 6 obtained for different damage ranks for 8 equal
to 1.0, and the corresponding average scale factors for & obtained for different damage ranks are
shown in Figure 10(b). Equations (14) and (15) are given with respect to PGA only. Following the
same procedure, the expressions for A and & are also obtained with respect to PGV and SL Finally,
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the regression coefficients are obtained for the all damage ranks with respect to PGA, PGV, and SI,
and the regression coefficients are shown in Table II. Note that the corresponding R? values are also
shown in the same table. The simplified expressions (Equations (14) and (15)) obtained for the
fragility curve parameters A and & with respect to /# and 8 may be a very useful tool to construct the
fragility curves of highway bridges knowing the 4 and @ factors only. It should be noted that the
simplified expressions for the fragility curve parameters are obtained based on a set of non-isolated
bridge systems, and these simplified expressions for fragility curve parameters might conveniently be
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Table II List of the regression coefficients for the fragility curve parameters obtained from the simplified method.

Parameters
Indices DR A
Ay=bo+bih+bh® Fo=ap+a;A0 &=bo+bih+bh* Fo=ap+a;A8

by by b, c R a a o R b by b, o R a a o K
S 516 006 -0.002 0014 0987 1.00 007 000 1.00 024 00244 -0.0006 0002 0999 100 -029 0.00 1.00
M 58 007 -0002 0017 0991 1.00 007 000 1.00 031 00001  0.0001 0004 0978 100 -051 0.00 1.00
roA E 6.02 0.07 -0002 0021 098 100 005 000 100 027 -0.0021 0.0003 0.003 0993 1.00 -0.50 0.00 1.00
C 622 007 -0002 0005 0999 1.00 006 000 1.00 023 -0.0043 0.0005 0005 0991 100 -041 0.00 1.00
S 284 006 -0001 0.021 0989 'l.QO 020 0.00 100 0.81 -0.0043 -0.0004 0.020 0955 1.00 025 000 1.00
M 348 011 -0002 0045 0982 100 018 000 1.00 072 -0.0095 00002 0004 0981 1.00 044 000 1.00
rov E 355 015 -0.004 0001 0999 1.00 018 000 100 070 0.0002 -0.0002 0003 098 100 036 0.00 1.00
C 432 008 -0002 0039 0975 1.00 015 000 100 076 -0.0086 0.002 0004 0981 100 034 000 1.00
S 294 007 -0002 0016 0989 1.00 0.6 000 1.00 065 -0.0185 00001 0010 0991 1.00 043 0.00 1.00
M 360 009 -0.002 0025 0987 1.00 016 000 1.00 051 -0.0160 00002 0006 0994 100 099 000 1.00
. E 373 010 -0.003 0009 0999 100 016 000 100 043 -0.0048 -0.0003 0012 0974 100 084 000 1.00
C 387 014 -0.004 0031 098 100 0.19 000 1.00 033 0.0040 -0.0006 0.009 0982 1.00 1.28 0.00 1.00

DR: Damage Rank, S: Slight, M: Moderate, E: Extensive, C: Complete.



Table III. List of the fragility curve parameters for the example bridge structure obtained from the
both analytical and simplified methods.

Parameters

Indices DR A &

analytical simplified error, € (%) analytical simplified error, € (%)

S 5.70 5.68 0.35 0.35 0.35 0.00
M 6.46 6.39 1.08 0.24 0.26 8.33
PGA
E 6.64 6.59 0.75 0.20 0.22 10.00
C 6.84 6.75 131 0.17 0.19 11.76
S 3.47 3.46 0.28 0.82 0.81 1.21
M 4.46 447 0.22 0.74 0.74 0.00
PGV
E 4.79 475 0.83 0.75 0.76 1.33
C 4.99 5.06 1.40 0.79 0.78 1.26
S 3.52 3.54 0.56 0.62 0.57 8.06
- M 4.40 4.40 0.00 0.48 0.51 6.25
E 4.65 456 1.93 0.46 0.47 2.17
C 5.02 5.02 0.00 0.41 0.45 9.75

DR: Damage Rank, S: Slight, M: Moderate, E: Extensive, C: Complete.

used to construct the fragility curves of similar kind of structures. However, these expressions for the
fragility curve parameters might be different for isolated bridge systems as significant difference was
observed between the fragility curves of the isolated and the non-isolated bridge systems (Figure 5),
and it is also anticipated that there might be an effect on the fragility curves due to the structure-soil
interaction [39] for which a further research is necessary.

Numerical example

To see how the simplified expressions for the fragility curve parameters work, a different bridge
structure is considered, which was not used to obtain the simplified expressions. The bridge is
designed according to the recent seismic design code in Japan [10]. It is assumed that only the number
of spans, span length, superstructure weight, height and cross-section of the pier can be changed while
other conditions being the same as that of the thirty bridge models that were used to develop the -
simplified expressions. For the example bridge structure, the number of spans is assumed to be five,
the length of each span is taken as 50m, the weight is taken as 320 kN/m, the height of each pier is
taken as 10m, and the cross-section of each pier is taken as 2.5m by 3m. The over-strength ratio 8 is
calculated using Equation (6) as 1.32. Now, knowing the height of the pier as 10m and 8 as 1.32, the
fragility curve parameters A and & for different damage ranks with respect to PGA, PGV, and SI are
obtained using the simplified expressions given in Equations (14) and (15), and using the regression
coefficients given in Table II. The A and & are also obtained performing a series of nonlinear static
pushover and dynamic response analyses.
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Figure 11. Comparison of the fragility curves obtained from the analytical and simplified methods for
a non-isolated bridge system with respect to PGA.

Table III shows the list of the fragility curve parameters for the example bridge structure obtained
from the both analytical and simplified methods, and the corresponding errors & for the both A and &
with respect to the analytical one are also shown in the table. Figures 11, 12, and 13 shows the
fragility curves for the all damage ranks with respect to PGA, PGV, and SI, respectively obtained
from the both analytical and simplified methods. It can be seen that the fragility curves obtained by
the both analytical and simplified methods seem to be very close with respect to PGV (Figure 12), and
with respect to SI, they are also found to be very close except the extensive damage (Figure 13),
where a small difference is found. However, with respect to PGA, a small difference is observed for
the all damage ranks except the slight damage (Figure 11). Note that the maximum error with respect
to PGA, PGV, and SI for the both A and £ are shown in Table III with an underline mark. It can be
seen (Table III) that the maximum error for A with respect to the all parameters, i.e., PGA, PGV, and
SIis found to be only 1.93%, and for &, it is found as 11.76%. It should be noted that all the values of
& fall below 1.0 (Table III), and the 11.76% error does not necessarily mean that it might result a
significant difference between the two values, for instance, from Table IIL, it can be seen that the
values of & for the analytical and simplified method corresponding to this 11.76% error are found to
be 0.17 and 0.19, respectively. Hence, the error terms for the both A and & given in Table III seem to
be within an acceptable range, and the simplified method might conveniently be used to construct the
fragility curves for non-isolated bridge structures in Japan knowing the height # and over-strength
ratio 8 only.
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Figure 12. Comparison of the fragility curves obtained from the analytical and simplified methods for
a non-isolated bridge system with respect to PGV.

CONCLUSIONS

Analytical fragility curves for the four typical bridge piers and two bridge models, of which one is a
non-isolated and the other one is an isolated system, were obtained with respect to the ground motion
parameters based on numerical simulation using two hundred and fifty strong motion records. Based
on the nonlinear regression analysis between the damage indices of the structure with strong motion
parameters, PGA, PGV, and SI were considered as the amplitude parameters for the fragility curves.

It was found that there is a significant effect on the fragility curves due to the variation of
structural parameters. It was also found that the level of damage probability for the isolated bridge
structure is less than that of the non-isolated one. This is because the substructure of the isolated
system experiences less lateral force due to the energy dissipation of the isolation device. '

It was observed that fragility curve parameters are highly correlated to the over-strength ratio of
the structures. Based on this observation, a simplified method was developed to construct the fragility
curves for highway bridges using thirty non-isolated bridge systems. The simplified method may be a
very useful tool, and conveniently be used to construct the fragility curves for non-isolated bridge
systems in Japan knowing the height of the pier and the over-strength ratio of the structure only.

It is anticipated that the simplified method developed in this study may not be applicable for the
base-isolated systems as the fragility curves for the non-isolated and isolated systems were found to
be rather different. It is also anticipated that there might be an effect on the fragility curves due to the
structure-soil interaction. Hence, to draw a solid conclusion, it is necessary to consider these two
effects for which a further research is going on.
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