Evaluation of Capacity Spectrum Methods
for Seismic Fragility Analysis of Bridges
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ABSTRACT

This study presents the evaluation of CSM(Capacity Spectrum Method, ATC-40) in developing fragility curves for a sample concrete bridge. The
CSM is originally developed as one of the simplified procedures for building structures, while this study adopts the CSM to develop fragility curves
of bridge structures. Four(4) different approaches are demonstrated and the fragility curves developed are compared those by the nonlinear time
history andlysis. Fragility curves in this study are represented by lognormal distribution functions with two parameters and developed as a function
of PGA. The sixty(60) ground acceleration time histories for the Los Angeles area developed for the Federal Emergency Management Agency
(FEMA) SAC(SEAOC-ATC-CUREe) steel project are used for the bridge analysis. The comparison of fragility curves by the CSM with those by the
time history analysis indicates that the agreement is excellent for one of the methods investigated in this study. In this respect, it is recommended
that the demand spectrum might be improved according to the guidelines suggested in this study. However, this observatfion might not clways
apply, depending on the details of specific bridge characteristic

Key words : nonlinear static procedure, capacity spectrum method, fragility curve, ductility, pushover analysis, nonlinear time history analysis

1. Introduction can be also applied to bridge structures for performance-
based seismic evaluation under certain reasonable conditions.

In general, complete nonlinear time history analysis has ATC40" states “Available nonlinear static procedures

been perceived as the most reliable method in performing
seismic risk analysis of a structure with seismic vulnerability
of its components identified for various states of damages.
The vulnerability information can be taken into consideration
most conveniently in the form of fragility curves as widely
practiced. This rigorous analysis, however, would be a time
consuming procedure and would leave something desired
to reflect engineering intuition and physical understanding,
Several recent studies™®

that similar concepts and procedures in the nonlinear static

have successfully demonstrated

procedure” originally developed for building structures
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include (1) the capacity spectrum method(CSM)(e.g, ATC40)"
that uses the intersection of the capacity(or pushover) curve
and a reduced response spectrum to estimate maximum
displacement; (2) the displacement coefficient method(e.g.,
FEMA-273)® that uses pushover analysis and a modified
version of the equal displacerment approximation to estimate
maximum displacement; and (3) the secant method(e.g.,
City of Los Angeles, Division 95) that uses a substitute
structure and secant stiffness”.

This study focuses on the CSM to develop the fragility
curves as a function of PGA(Peak Ground Acceleration)
for the sample bridge under the ground acceleration time
histories assuming that the fragility curves can be expressed
in the form of two-parameter log-normal distribution functions.
Four(4) different demand spectrums are considered to
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Evaluation of Capacity Spectrum Methods for Seismic Fragility Analysis of Bridges

utilize CSM and the results are compared with those from
the nonlinear time history analysis. This study provides
insightful information on the seismic evaluation on bridges
for pre- and post-earthquake events as well as the seismic

design.

2. Bridge Models and Seismic Ground Motion

2.1 Description of Bridges

A sample bridge in California is selected for example
analysis with the elevation and the column section shown
in Fig. 1. The bridge has the overall length of 34m with
three spans. The superstructure consists of a longitudinally
reinforced concrete deck slab 10m wide and it is supported
by two pairs of columns(and by an abutment at each
end). Each pair has three columns of circular cross section
with 0.76m diameter.

A column is modeled as an elastic zone with a pair of
plastic zones at each end of the column. Each plastic zone
is then modeled to consist of a nonlinear rotational spring
and a rigid element depicted in Fig. 2. The plastic hinge
formed in the bridge column is assumed to have bilinear

hysterestic characteristics. Springs are also attached to the

L 34.0m
! 105m | 13.5m | 10.0 m .
T L T - T - B

Fig. 1 Elevation and column section of sample bridge

bases of the columns to account for soil effects, while two
abutments are modeled as roller supports. To reflect the
cracked state of a concrete bridge column for the seismic
response analysis, an effective moment of inertia is employed,
making the period of the bridge correspondingly longer.

2.2 Moment-Curvature Curves and Damage States

Evaluation of nonlinear response of the bridge arising
from the column nonlinearity is based on moment-curvature
curve analysis taking axial loads as well as confinement
effects into account. The moment-curvature relationship
used in this study for the nonlinear spring is bilinear
without any stiffness degradation. Its parameters are es-
tablished using the COLx computer code developed by
Caltrans.”

The critical parameter used to describe the nonlinear
structural response in this study is the ductility demand.
The ductility demand is defined as p=6/6,, where @ is
the rotation of a bﬁdge column at its plastic hinge and 4,
is the corresponding rotation at the yield point.

A set of five (5) different damage states are also
introduced following the Dutta” recommendations. Table 1
displays the description of these five damage states and
the corresponding drift limits for a typical column. For
each limit state, the drift limit can be transformed to peak
ductility demand of the columns for the purpose of this
study. Table 2 lists the corresponding values for the
sample bridge.

| |
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l ; L

onlinear rotational spring

i Node connected by
A 1 .

Assumed
plastic zone
H Flastic frame
member
Column L ¢

F

L,

SR
{a) Model of Column

{b) Finite Element Model of Column

F

9;. Rotation (0)

(¢) Moment-Curvature Relationship of
Nonlinear Rotational Spring

Fig. 2 Nonlinear model for the bridge column
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Evaluation of Capacity Spectrum Methods for Seismic Fragility Analysis of Bridges

Table 1 Description of damage states

Damage state Description Drift limits
Almost no First vield 0.005
Slight Cracking, spalling 0.007
Moderate Loss of anchorage 0.015
Extensive Incipient column collapse 0.025
Complete Column collapse 0.05

Table 2 Peak ductility demand of column of sample bridge

Damage states ductility demand
Almost no 100 < 1 <134
Slight 134 < p <27
Moderate 271 < p <442
Extensive 442 < p <870
Complete 870 < u

2.3 Seismic Ground Motion

The sixty(60) ground acceleration time histories for the
Los Angeles area developed for the Federal Emergency
Management Agency(FEMA) SAC(SEAOC-ATC-CUREe) steel
project are used for the bridge analysis to develop the
fragility curves. These acceleration time histories are derived
from historical records with some linear adjustments and

Table 3 Description of Los Angeles Ground Motions

consist of three(3) groups(each consisting of 20 time
histories) having probabilities of exceedence of 10% in 50
years, 2% in 50 years and 50% in 50 years respectively, as
listed in Table 3.

These sixty(60) Los Angeles earthquake time histories
are grouped and scaled to their PGA representative values
listed in Table 4 for the purpose of applying CSM to
develop fragility curves. It should be noted that the scaling
of ground motions to a specific PGA value might change
the characteristics of the earthquake ground motions
resulting in different responses of structures. This change,

however, is considered to be disregardable in approximation

3. Capacity Spectrum Method(CSM)

The terms “Demand” and “Capacity” are two key elements
in using the CSM. The “Demand” represents intensity of
the seismic ground motion to which bridges are subjected
and the “Capacity” represents the bridges” ability to resist
the seismic demand, while two(2) primary spectrums
(Capacity Spectrum and Demand Spectrum) are also
required to determine a performance point during the
procedure of CSM. These are utilized conforming to ATC40"
and the procedure developed by Shinozuka et al? is

10% Exceedence in 50 yr 2% Exceedence in 50 yr ’ 50% Exceedence in 50 yr

SAC DT 1 Duration PGA SAC DT Duration PGA SAC DT Duration PGA
Name | (sec) {sec) {om/sec®) | Name (sec) (sec) {em/sec®) | Name {sec) (sec) (cr/sec?)
LAO1 0.02 394 452 LAZ21 0.02 60.0 1258 LA41 0.01 394 578
LAD2 0.02 394 663 LAZ22 0.02 60.0 903 LA42 0.01 394 327
LAO3 0.01 304 386 LA23 0.01 25.0 410 LA43 0.01 39.1 141
LAM4 0.01 394 479 LA24 0.01 250 464 LA44 0.01 39.1 110
LAOS 0.01 304 296 LAZ5 0.005 15.0 8b2 LA45 0.02 786 142
LAOG 0.01 394 230 LA26 0.005 15.0 925 LA46 0.02 78.6 156
LAO7 0.02 80.0 413 LAZ7 0.02 60.0 909 LA47 0.02 80.0 331
LAO8 0.02 80.0 418 LAZ8 0.02 60.0 1304 LA48 0.02 80.0 302
LAO9 0.02 80.0 510 LA29 0.02 50.0 794 LA49 0.02 60.0 312
LAT0 0.02 80.0 353 LA30 0.02 50.0 973 LAS0 0.02 60.0 536
LA11 0.02 394 653 LA31 0.01 30.0 1271 LA51 0.02 440 766
LA12 0.02 39.4 951 LAZ2 0.01 30.0 1164 LA52 0.02 440 619
LA13 0.02 60.0 665 LA33 0.01 30.0 767 LLA53 0.02 26.1 680
LA14 0.02 60.0 645 LA34 0.01 30.0 668 LAY 0.02 26.1 775
LA15 0.005 150 523 LA35 0.01 300 973 LLABS 0.02 60.0 508
LA16 0.005 15.0 569 LA36 0.01 30.0 1079 LAS6 0.02 60.0 372
LA17 0.02 60.0 558 LA37 0.02 60.0 698 LAS7 0.02 795 248
LA18 0.02 60.0 801 LA38 0.02 60.0 761 LAS8 0.02 795 227
LA19 ’ 0.02 60.0 999 LA39 0.02 60.0 491 LAS9 0.02 40.0 754
LA0 | 002 60.0 %8 L0 | 0 | 600 613 LABD | 002 400 469

HeH M1E (83 HM35F) 2004.2



Evaluation of Capacity Spectrum Methods for Seismic Fragility Analysis of Bridges

Table 4 Grouping and Scaling of PGA values

Representative PGA Ground motion names (PGA values) Number of data
0.29 1244(0.1117), 1a43(0.1435), 1a45(0.1444), 1a46(0.1592), 1a58(0.2312), 1a6(0.2348), 1a57(0.2532) 7
04g 1a5(0.3017), 1a48(0.3079), 1249(0.3188), 1a42(0.3335), 1a47(0.3380), 1a10(0.3606), 1a56(0.3792), 15
1a3(0.3939), 1a23(0.4183), 1a7(0.4214), 1a8(0.4260), 1a1(0.4613), 1a24(0.4732), 1a60(0.4786), 1a4(0.4834)
1a39(0.5006), 1255(0.5179), 129(0.5201), 1a15(0.5340), 1a50(0.5468), 1a17(0.5698), la16(0.5802),

069 1a41(0.5901), 1a40(0.6258), 1a52(0.6320), 1a14(0.6576), 1a11(0.6658), 1a2(0.6764), la13(0.6785), 16
1a34(0.6812), 1a53(0.6939)

089 [a37(0.7121), 1a59(0.7691), 1a38(0.7768), 1a51(0.7813), 1a33(0.7829), 1a54(0.7909), 1a29(0.8096), 9
1a18(0.8178), 1225(0.8690)

10g 1222(0.9212), 1a27(0.9272), 1a26(0.9442), 1a12(0.9703), 1220(0.9874), 1a30(0.9924), 1a35(0.9930), 10
la19(1.0198), 1a36(1.1013), 1a32(1.1872)

1.29 1a21(1.2837), 1a31(1.2971), 1a28(1.3307) 3

introduced below using the sample bridge and the seismic
ground motion time histories described in the previous section.

3.1 Capacity Spectrum

A capacity beyond the elastic limits for a structural
frame is determined by performing the pushover analysis.
In order to plot the force-displacement curve, the total
shear force at column bottoms is tracked as a function of
displacement of the superstructure. The lateral forces are
applied in proportion to the fundamental mode shape as
shown in Fig. 3 below where F; is the lateral force on
node (7=1,2,--N), w; dead weight assigned to node
i, ¢; amplitude of the fundamental mode at node 7 V

the base shear and the number of nodes.”

N

Fz:(wi¢i/ Z:lwi¢i)v (1)
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Fig. 3 Applied load pattern to the fundamental mode of bridge model
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Fig. 4 Base shear increments with respect to time

By increasing lateral loads(or base shear) gradually as
shown in Fig. 4, plastic hinges are formed in succession at
column bottoms and overall pushover curve deviates from
the initial straight line for elastic deformation as shown in
Fig. 5.

To utilize CSM, it is necessary to transform the capacity
curve to the capacity spectrum. The capacity curve expresses
overall shear force on all supports as a function of the
horizontal displacement of the superstructure, while the
capacity spectrum represents the capacity curve in the ADRS
(Acceleration-Displacement Response Spectra) format. The
spectral acceleration S, and the spectral displacement S,

can be obtained using the following equations';

s,=Y¥ @
A girder 61)1

— — 3

S1= PFprie — PFéy )

where V is base shear, W overall dead weight of bridge,
@ modal participation factor, A ., horizontal displacement
of girder, §, rotation of plastic hinge, ¢,,., and ¢,
amplitudes of the fundamental mode at girder and plastic
hinge, PF respectively, modal participation factor of the
fundamental mode defined as follows.

800

pear (),
8 8

Base Shear

N
Q
o

0 0.02 0.04 0.06 0.08
Rotational Disp (rad) .

Fig. 5 Capacity curve derived from pushover analysis
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The spectral displacement S, can be calculated at any
displacement component of the structure as shown in (3).
Although the horizontal displacement of girder is considered
as a most critical displacement component for developing
the capacity curve for building structures, the rotation of
plastic hinge is more conveniently used to develop the
capacity curve for bridge structures when the rotational
ductility demand of plastic hinge at column bottom is
used to represent the damage states defined in the previous
section. Fig. 6 shows capacity spectrum developed for the
sample bridge.

0,8 ¥ ! T l, T f Ll H T
06 feid
Y e M —

02 Ho

Spectral acceleration Sx(g)

0 02 0.4 0.6 0.8
Spectral displacement, Sy(g)

Py

Fig. 6 Capacity spectrum

3.2 Demand Spectrum

Standard elastic acceleration response spectrum can be
transformed to ADRS format using the following Eq. (4).

2

LS. (6)

Sa= 4

According to ATC40", the reduced inelastic ADRS is
developed by multiplying the reduction factors SR, and
SRy for the range of constant spectral peak acceleration

and constant spectral peak velocity, respectively as follows;

3.21—0.68In(5,.4)
2.12

SR ,= > values in Table 5 (7)

2.31—0.41In(B.)
2.12

SR,= = values in Table 6 8)

where B, (in percentage) is the effective viscous damping

including assumed 5% structural damping as follows;

63'7;((aydpi‘
@pidpi

dydm‘)

Bey=xByto= +5 ©)

where j, is equivalent viscous damping associated with

full hysteresis loop area of capacity spectrum, x is damping
modification factor to compensate for the uncertainty in 5,
because of probable imperfections in real bridge hysteresis
loops and defined as a function of structural behavior
type as shown in Table 6. Also, in (9), (d,, a,) represents
the yielding point on the bilinear capacity spectrum, and
(dy, a,) the performance point on the bilinear capacity
spectrum at the i" trial with the significance of yield
points and performance points graphically depicted later
in Figs. 7 and 8. It should be mentioned that the selection
of structural behavior type affects the response of bridge
in connection with two parameters such as the “minimum
allowable values of reduction factors” in Table 5 and the
“damping modification factor”, x in Table 6. Both parameters
play an important role in determining the spectral reduction
factors, SR, and SR. Assuming that any probable imper-
fection in real bridge hysteresis loops is not considered in
time history analysis, SR, and SRy in (7) and (8) can be
obtained without reducing g8, with x (ie, x=1.0) in (9)
and without limiting by the minimum allowable values in
Table 5. The structural behavior type A is also considered
to be the most reasonable assumption in this study. But
this case may overestimate the effective damping resulting
in overly reduced response.

Table 5 Minimum allowable SR, and SR, values”

Structural behavior type SR 4 SRy
Type A 033 0.50
Type B 0.44 056
Type C 0.56 0.67

Table 6 Values for damping modification factor, %

Structural behavior type By x
Type A <16.25 1.0
>16.25 1.13-0.008 8, =0.77
Type B <25 0.67
>05 0.845-0.007 8, =0.53
Type C any value 0.33

HMeH M1z (83 M35F) 20042
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Fig. 7 ADRS for time histories grouped to representative PGA(CSM1}

3.3 Performance Point

In determining a performance point, it is assumed that

when the displacement 4,; at the intersection of the

reduced demand spectrum with the 15 capacity spectrum
falls within the percent range of the displacement of
the performance point obtained at (i-1)" iteration i.e.,
(0.95,41) < dpi < 1.0551), dpi becomes the performance
point.

4. Development of Fragility Curve

4.1 Fragility Curves by Time History Analysis

In this study, the fragility curves are expressed in the
form of two-parameter lognormal distribution functions,
and the two parameters(median and log-standard deviation)
are estimated with the aid of the maximum likelihood
method. A common log-standard deviation, which forces

HeH M1%5 (S HM355) 2004.2
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Table 8 Spectral displacements and statistical properties for each representative PGA values(CSM1)PGA

the fragility curves not to intersect, can also be estimated.
The likelihood formulation described by Shinozuka et al.®
is used for the purpose of this method.

4.2 Fragility Curves by CSM

The CSM is considered as much a simplified procedure
as possible in evaluating bridge response using a code-type
predetermined response spectrum rather than an individual
spectrum associated with a particular ground motion time
history. The most appropriate approach to develop fragility

curves using CSM, four(4) methods are introduced in
Table 7. CSM1 and CSM2 were studied by the authors
(Shinozuka et al 2000), while CSM3 and CSM4 are developed

Table 7 Four (4) different approaches in developing demand spectrum
for CSM

Names | Sixty(60) ground motion time histories | Reduction factors
CSM1 |Six(6) grouped spectrums by scaling Yes
CSM2 |Six(6) grouped spectrums by scaling No
CSM3 |Sixty(60) individual spectrums Yes
CSM4 |Sixty(B0) individual spectrums No

HeA ME (8 H3BE) 2004.2
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Evaluation of Capacity Spectrum Methods for Seismic Fragility Analysis of Bridges

to examine the improvement of the method presented in
this study.

For C5M1 and CSM2, ground motion time histories are
sorted by PGA and grouped to the nearest representative
PGA(e.g. 020, 045, 0.60, 0.8, 1.0, 1.2) by scaling as in
Table 4. For each group of PGA, the mean and standard
deviation of the elastic acceleration response spectra for all
the time histories in the group are calculated for the range
of structural period considered. By developing three elastic
acceleration response spectra in this way(ie, mean and
meanone standard deviation) and transforming them to
ADRS format, three ADRS, ie, mean (x) and meanone
standard deviation (z+ ) ADRS, are developed. Then a
capacity spectrum for the sample bridge is constructed
and drawn on the same coordinates. The three performance
points for each of the capacity spectrum are determined
as its intersections with g and px+o¢ ADRS. These three
spectral displacements are defined as S%(q4) and S; =
S%a) +6,(a) and shown in Figs. 7 and 8 for the CSM1
and CSM2 in Table 7, respectively. Since the three ADRS
are developed on the time histories grouped by PGA, they
are functions of ¢ (PGA).

It is assumed that the spectral displacement has the

mean S%(q) and the standard deviation ¢,(a) defined as

Vo) (a) - 67(a). The two parameters are obtained from

Table 8 Spectral displacements and statistical properties for each
representative PGA vaiues(CSM1PGA

the following equations under the assumption that the
spectral displacement can be expressed as lognormal dis-
tribution listed in Tables 8 and 9 for CSM1 and CSM2,

respectively.
Si(a)=da)exp[{{a)}?/2) (10)
{6,V ={S ()} Texp({& )} —1] (11)

S%a) and S; = S% (@) + 6,(a) of the sample bridge for
each PGA are also shown in Fig. 9 for CSM1 and CSM2.

The limit displacement d; defined as the spectral displace
ment S,(a) for the specified state of damage can be
obtained from (12)

0,18, _ Ductility Demand) gumage 12)

= PF¢pl/8y N (PF¢pl)damage/‘9y

where (X') jumaq denotes the value of X at the specified
state of damage and 4, is the yielding rotation of the plastic
hinge. In general, the probability that sample bridge ; will

have a state of damage exceeding &, is given by

P[S,(a) =d, for sample bridge ]

In(d;/c(a)

:P(d,dl)zl_@ é‘(a)

(13)

Table 9 Spectral displacements and statistical properties for each
representative PGA values(CSM2)PGA

PGA s%a) | Sz(a) | Sq(a) c(a) £(a) PGA si(a) | Si(a) | Si(a) c(a) £ a)
02 00530 | 00445 | 00615 | 00523 | 0.1588 02 00530 | 00445 | 00615 | 00523 | 0.1588
0.4 00784 | 00665 | 04121 | 00760 | 0.2511 04 01529 | 00732 | 02878 | 0.1266 | 06151 |
06 0125 | 00735 | 02958 | 01005 | 06678 06 03250 | 0.1507 | 05472 | 02789 | 05578
08 02113 | 01262 | 03728 | 01848 | 05179 08 04588 | 02174 | 08343 | 03836 | 05984
10 02789 | 0.1247 | 05643 | 02229 | 06695 10 06122 | 02615 | 1.1355 | 05016 | 06313
12 05737 | 04349 | 08164 | 05484 | 03121 12 08370 | 05724 | 13327 | 07682 | 04142
. 1.6 ——T T T T .

£ ~o—S : : ; 1 £

R | ot TR N N B z

% i H H H H é

bS] ; L S

£ £

[} [0

o [o R

V5] w

Fig. 9 Performance displacement of sample bridge
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where d,=(d;),, d,=(d,;)s d,={(d,)s d;=(d,;), and
d,;=(d,)s represent respectively the states of almost no,
slight, moderate, extensive and collapse damage under the
assumption that the same state of damage will be imposed
on all the columns simultaneously as the nonlinear static
analysis tends to imply.

For CSM3 and CSM4, each of sixty(60) ground motion
time histories in Table 7 is considered as a single event
and nonlinear static procedure is performed for each event
to evaluate damage states of columns of the sample bridge.
Then, fragility curves are represented by lognormal distri-
bution functions with two parameters as a function of
peak ground acceleration(PGA).

The maximum horizontal displacement of the girder and
the maximum rotational displacement at column bottoms
by CSMB, CSM4 and NTHA(Nonlinear Time History Analysis)
are examined. The response ratios, defined as the “response
by the CSM" divided by the “response by the NTHA”, are
plotted as a function of the ductility demand for plastic
hinge as shown in Fig. 10. For the maximum horizontal
displacement of the girder, the responses by CSM3 and
CSM4 are almost same as that from NTHA up to ductility
of 2.0, while they show considerably greater displacements
than the time history analysis after this range. For ductility
between 4.0 and 5.0, the difference in the response by two
methods increases three times for CSM3 and six times for
CSM4, respectively, as shown in Fig. 10(a). Fig. 10(b) also
shows a similar trend except that the responses by CSM3
become smaller for the ductility demands between 2.0 and
11.0.

Fragility curves for the sample bridge associated with
those damage states are developed and plotted in Fig. 11
for the cases CSM1, CSM2, CSM3, CSM4 and NTHA as a
function of PGA.

Considering five(5) case fragility curves, the fragility
curves by CSM3 and 4 are rather consistent than those by

8 — T
+ CSM3 :
r 0 CSM4 : 1
<€ H
6 F o i i
= i
< 4L |’ |
= o® :
w O O‘Q.
<« B + T
3 o P,
<]E 2 F 9*08% 1-%0 g
I Q.W bt O . J
m,. +$N:I,#*+
0 1 IIILLUJv 1 J_l;llllllI —r L1 1
0.1 1 10 100

Ductility factor (u)
{a) Horizontal displacements of bridge girder

C5M1 and 2 in comparing with the one by NTHA. It is
noted that CSM1 and 2 might loose their original charac-
teristics of earthquake ground motions by grouping and
scaling of ground motion time histories and result in
different responses from those by NTHA.

5. Discussions and Conclusions

This study examines the fragility curves of the sample
bridge by four(4) different analytical approaches utilizing
CSM, and the results are compared with those by the time
history analysis. The comparison indicates that the CSM4
is a best approach showing excellent agreement for all the
damage states, while the others do show discrepancy at
more severe states of damage where nonlinear effects
obviously play a crucial role.

The following conclusions are drawn from the results of
this study, however, this observation might not always apply,
depending on the details of specific bridge characteristic.

(1) Grouping and scaling of ground motion time histories
might loose their original characteristics of earthquake
ground motions resulting in different responses from
those by time history analysis (CSM1&2 vs CSM3é&4).

(2) Horizontal displacements of the bridge girder with
reduction factors produces similar responses with those
by time history analysis, while rotational displacements
at column bottom without reduction factors do overall
(CSM1&3 vs CSM2&4).

(3) Although CSM4 is a best fit in applying CSM to
develop fragility curves of the sample bridge, CSM2
might be better for the purpose of practical use.

Acknowledgement

The second writer is grateful for the support by the Korea
Science and Engineering Foundation as a postdoctoral fellow.

4 T
+ CSM3 :
i o C5Md : o b
E 3 F P o o .
= S :
3 - ¢ o ‘o .
< | o
\E 2 F io S+ +O 4
< B iow 1
8 o o° © 1,:. o
= 1F a.*g'e;;dﬁgpj.é. - 4
- "'m"‘gﬂxﬂ.o i
0 1 J_lllllll. S 1 IIIII‘ 1 1 bty
0.1 1 10 100

Ductility factor (1)
(b) Rotational displacements at column bottoms

Fig. 10 Response ratios of sample bridge as function of ductility demand
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Fig. 11 Fragility curves of sample bridge
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