
 Cherng: Preliminary study on the fragility curves for steel structures in Taipei 1 

 

 

Preliminary Study on the Fragility Curves for  
Steel Structures in Taipei 

Rwey-Hua Cherng 
1) 

 
1) Department of Construction Engineering, National Taiwan University of Science and 

Technology, Taipei, Taiwan, R.O.C. 

ABSTRACT 

The fragility curves are used to represent the probabilities that the 
structural damages, under various levels of seismic excitation, exceed 
specified damage states.  This study first reviews different methods in 
deriving fragility curves.  A modified nonlinear static analysis method is 
proposed and then adopted in evaluating the fragility curves for steel 
building structures in Taipei.  Most steel buildings in Taipei are high-rise 
and were designed to resist lateral loads by either special moment 
resisting frames (SMRF) or special moment resisting braced frames 
(SMRBF), which are targeted in this study.  The capacity curves (and 
spectra) for six SMRF and six SMRBF, designed according to the Taiwan 
seismic code prior to Chi-Chi earthquake, are computed by nonlinear 
static analyses.  The code-specified Taipei earthquake response spectrum 
is transformed into the demand spectrum.  After considering the 
uncertainties in the building capacity spectrum, in the demand spectrum 
and in the damage states, this study applies a Monte-Carlo simulation 
method to compute the fragility curves. 

INTRODUTION 

Earthquakes may cause extensive 
direct/indirect losses in which structural 
damage plays an important role.  One of 
the most important elements in 
evaluating the seismic damage to 
structures is the so-called fragility curve.  
The fragility curves for certain type of 
building structure are used to represent 
the probabilities that the structural 
damages, under various levels of seismic 

excitation, exceed specified damage 
states.  In other words, each point on 
the curve represents the probability that 
the spectral displacement under certain 
level of ground shaking is larger than the 
displacement associated with certain 
damage state.  The damage states in this 
study are classified into four categories, 
including slight damage (SD), moderate 
damage (MD), extensive damage (ED), 
and complete damage (CD) [1]. 

This study first reviews different 
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methods in deriving fragility curves, 
including empirical statistical methods, 
seismic code methods, nonlinear 
dynamic analysis methods, and 
nonlinear static analysis methods.  A 
modified nonlinear static analysis 
method is proposed and then adopted in 
estimating the fragility curves for steel 
building structures in Taipei.  The 
obtained fragility curves can be imported 
into HAZ-TAIWAN for evaluating the 
potential seismic damage and economic 
loss, and also serve as the basis for 
future seismic retrofitting and seismic 
code revision [2]. 

REVIEW OF METHODS 

Researchers in deriving the fragility 
curves generally adopt four kinds of 
methods, which are empirical statistical 
methods, seismic code methods, 
nonlinear static analysis methods, and 
nonlinear dynamic analysis methods. 

Empirical statistical methods, or 
post-earthquake investigation methods, 
provide the best estimates for fragility 
curves when sufficient and reliable 
post-earthquake damage data are 
available, which is seldom realistic.  
Some researchers [3,4] collected, 
assorted, and analyzed the damage data 
and the ground shaking data to give 
preliminary estimates for the 
corresponding fragility curves.  However, 
very few reliable data can be used to 
conduct similar statistical analyses in 
Taiwan, especially when considering the 
seismic fragility of steel structures in 
Taipei. 

Seismic code methods, adopted by 
HAZUS97 [1], estimate the capacity curve, 
demonstrating the seismic capacity of 
certain type of structure, by the local 
code provisions.  Specifically, the 

yielding point (yielding strength and 
yielding displacement) and the ultimate 
point (ultimate strength and ultimate 
displacement) for a given type of 
structure are determined based on a 
standard code procedure; the 
corresponding capacity curve is simply a 
smooth curve connecting the origin, the 
yielding point, and the ultimate point.  
The fragility curves are then computed 
based on a capacity-demand spectrum 
method.  This concept is not difficult to 
implement, but the obtained results may 
be highly inaccurate [2]. 

Nonlinear dynamic analysis methods 
first define and calibrate the damage 
indices, functions of the maximum 
displacement and the cumulative energy 
dissipation, for structural components 
based on monotonic and cyclic test 
results.  Secondly, all significant 
uncertain seismic and structural 
quantities are appropriately modeled by 
random variables or random processes.  
Finally, the simplified target structures 
are analyzed by a sufficiently large 
number of nonlinear time-history 
analyses.  The obtained fragility curves 
are more accurate than those obtained 
by most methods, but require much more 
modeling and computational effort. 

Nonlinear static analysis methods 
compute the capacity curves by 
nonlinear static analyses (or the so-called 
pushover analyses) [5,6] and evaluate the 
fragility curves by capacity-demand 
spectrum methods.  Twelve seismic 
code-complying steel structures are 
designed in this study; the associated 
fragility curves are derived by a modified 
nonlinear static analysis method, which 
is described in the next section.  The 
effort in dealing with the same problem 
by a nonlinear dynamic analysis method 
is under progress.  
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PROPOSED METHOD 

The proposed nonlinear static 
analysis method is discussed in details 
as follows: 

Classification of Model Structures 
Thirty-seven model structures, 

distinguished by their construction 
materials, lateral force resisting systems, 
and heights, are considered in HAZ- 
TAIWAN.  It is found in a detailed survey 
[2] that most steel buildings in Taipei are 
high-rise and were designed to resist 
lateral loads by either special moment 
resisting frames (SMRF) or special 
moment resisting braced frames (SMRBF), 
according to the Taiwan seismic code 
prior to Chi-Chi earthquake.  It is 
therefore determined that these two types 
of structures are the targeted model 
structures. 

Computation of Capacity Curves 
A capacity curve is used to 

demonstrate the seismic capacity of a 
structure; its ordinate is usually the base 
shear V and its abscissa is usually the 
maximum displacement δn.  The capacity 
curves associated with twelve code- 
complying target structures, belonging to 
the considered model structures, are 
computed in pushover analyses, in which 
a suitable nonlinear analysis program 
(e.g., DRAIN-2DX) is necessary.  The 
lateral displacements due to the 
progressively increased lateral forces are 
computed in order. 

The m-th modal lateral force acting 
on the i-th story, Fi,m, is given by [5] 

imamimmi wSPFF ⋅⋅φ⋅= ,,,  (1) 

where wi is the mass of the i-th story; 
Sa,m is the m-th modal spectral 
acceleration; φi,m is the i-th story 
amplitude of the m-th mode shape, 
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The total lateral force applied at the i-th 
story, Fi, is thus 
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where the determination of k is related to 
the cumulative effective mass coefficient, 
in which the m-th modal effective mass 
coefficient EMm is 
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Transformation into Capacity 
Spectra 

To facilitate the subsequent solution 
process, the obtained capacity curves 
need to be transformed into their 
corresponding capacity spectra in which 
the ordinate is the spectral acceleration 
Sa and the abscissa is the spectral 
displacement Sd.  Sd and Sa are related 
to δn and V as follows: 

1,1 n

n
d PF

S
φ⋅
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=  (5) 
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EM

WVSa =  (6) 

where W is the total mass. 
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Uncertainty in Capacity Spectra 
The capacity spectra computed for 

target structures, belonging to a model 
structure, will be different one another; 
the uncertainty can be quantified by 
statistical approaches.  A nonlinear 
regression with non-constant variance 
analysis [7] is conducted in this study to 
derive the mean capacity spectrum 

)|( xSSE da =  and the standard deviation 
)|( xSS da =σ  for a model structure.  

The associated probability density 
function is verified by goodness-of-fit 
tests.  Therefore, the “actual” capacity 
spectrum for a model structure can be 
expressed as  

)|()()( xSSExRxSS dada =⋅==  (7) 

where R(x) denotes a series of random 
variables with a mean of 1 and standard 
deviations of σ(Sa | Sd = x). 

Determination of Demand 
Spectrum 

The inelastic response spectrum may 
be determined by modifying the elastic 
spectrum according to the ductility ratio 
µ*, which is defined as the ratio between 
the maximum displacement and the 
yielding displacement.  The yielding 
displacement is taken as the mean value 
of the yielding displacements computed 
for different target structures belonging 
to a model structure.  The median 
demand spectrum in this study is derived 
by applying Newmark and Hall approach 
[8] in modifying the code-specified Taipei 
acceleration spectrum.  Figure 1 
demonstrates the variation of the 
demand spectra for different ductility 
ratios when the peak ground acceleration 
(PGA) equals 1g. 

To account for the uncertainty in the 
demand spectrum, the “actual” demand 
spectrum is modeled as the median  

 
Fig. 1 Demand spectra for various 

ductility ratios 

demand spectrum times a random 
variable S that is assumed to be 
lognormally distributed with a median of 
1 and a coefficient of variation of 0.474 
[1]. 

Quantification of Damage States 
To obtain the fragility curves, 

different damage states need to be 
quantified in terms of spectral 
displacements.  The relationship 
between damage states and 
displacements is, however, difficult to 
establish; it requires a large amount of 
local damage data and sound engineering 
judgment.  Based on the discussion with 
the practicing engineers and the 
recommendations in HAZUS97 and 
VISION2000, the mean interstory drifts 
associated with slight damage state, 
moderate damage state, serious damage 
state, and complete damage state are set 
to be 0.5%, 1.5%, 2.5%, and 3% 
respectively.  The transformations from 
the interstory drifts to the spectral 
displacements are established through 
careful examinations on the output of 
nonlinear analyses.  The statistical 
information on the spectral 
displacements corresponding to different 
damage states is also obtained. 
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Evaluation of Exceedance 
Probability 

A fragility curve is a probabilistic 
measure for the fragility of a model 
structure under various levels of ground 
shaking; the exceedance probability over 
a damage state ds is defined as  

)|()|( , dddds SSXPSdP
s

>=  (8) 

where Sd,ds is the spectral displacement 
corresponding to ds; Sd is the mean 
spectral displacement under certain level 
of ground shaking; X is the spectral 
displacement corresponding to the 
intersection of the capacity spectrum and 
the demand spectrum.  It is noted that 
both X and Sd,ds in Eq. (8) are random 
variables. 

HAZUS97 transforms Eq. (8) into the 
following equation: 
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where Φ(‧) is the cumulative distribution 
function of a standard normal random 
variable; 

sddS ,  is the median of Sd,ds; βds 
is expressed as  

2
,

2 )()],[CONV( dsMdcds β+ββ=β  (10) 

where βc, βd, and βM,ds are, respectively, 
the lognormal standard deviations of the 
capacity spectrum, the demand spectrum, 
and ds.  The term CONV in Eq. (10) 
denotes the process of combining 
different sources of uncertainty, but is 
not explained in further details.  This 
formulation is based on the assumption 
that Sd,ds is lognormally distributed and 

)|( , ddd SSXP
s

>  can be modeled by a 
normal cumulative distribution function.  
However, the latter assumption may be 
far from the truth according to the study 
in [2]. 

To solve Eq. (8), a Monte-Carlo 
simulation method, rather than a 
numerical integration method [2], is 
adopted in this study.  The procedure for 
computing a point in the fragility curve, 
i.e., the exceedance probability over 
certain damage state for a given spectral 
displacement Sd*, is explained as follows.  
The corresponding spectral acceleration 
Sa* is first determined by examining the 
mean capacity spectrum.  The mean 
demand spectrum is then constructed 
based on the calculated ductility ratio 
and Sd* (or Sa*); it is noted that Sd* is the 
abscissa of the intersection of the mean 
capacity spectrum and the mean demand 
spectrum.  After introducing the 
uncertainty in the capacity spectrum, in 
the demand spectrum, and in the 
damage state, a Monte-Carlo simulation 
procedure is adopted for evaluating Eq. 
(8). 

All points on a set of fragility curves 
corresponding to a model structure can 
be obtained by repeating the 
aforementioned procedure with different 
Sd* and damage states. 

FRAGILITY CURVES FOR TAIPEI 
STEEL STRUCTURES 

The nonlinear static analysis method 
proposed in the previous section is used 
to derive the fragility curves for Taipei 
high-rise steel structures.  As mentioned 
earlier, SMRF and SMRBF, designed 
according to the Taiwan seismic code 
prior to Chi-Chi earthquake, are the two 
model structures considered here. 

Six target structures are designed for 
each model structure; their heights range 
from 69 meters to 103 meters.  The 
capacity curve for each target structure 
is computed by the procedure described 
in the previous section.  Dead loads and 



40 Earthquake Engineering and Engineering Seismology,  Vol. 3, No. 1 

 

partial live loads are included in the 
analyses.  The member nonlinear 
behaviors are modeled by respective 
bilinear curves with a hardening ratio of 
2%. 

Many experimental results indicate 
that brittle failures occur frequently in 
the steel beam-column connection area 
due to improper welding.  Based on [9] 
and the result statistics of the 
experiments conducted in Taiwan [10], it 
is assumed hereinafter that the strength 
of a steel beam-column connection 
reduces to 20% of its original strength 
after the associated plastic rotation 
exceeds 0.01 radian.  Nonlinear analyses 
with this assumption plugging into a 
bilinear model yield more realistic 
capacity curves than those without this 
assumption; the comparison for target 
structure 1 is shown in Fig. 2.  It is 
apparent that the actual seismic capacity 
is less than the prediction based on an 
ideal bilinear model. 

The comparison between the capacity 
spectra computed in this study and those 
estimated by a standard code procedure 
[2] indicates that the application of a 
standard code procedure may induce a 
considerable error.  In addition, it is also 
observed, after a parameter study, that 
the contribution from higher vibration 
modes is not negligible. 

 
Fig. 2 Comparison of capacity curves 

for target structure 1 

The capacity curves computed for six 
target structures, belonging to a model 
structure, are transformed into the 
corresponding capacity spectra, in which 
a nonlinear regression with non-constant 
variance analysis is performed.  It is 
found that a lognormal probability 
distribution yields the best fit for either 
SMRF or SMRBF.  The mean capacity 
spectrum )|( xSSE da =  is best fitted by 
a third order polynomial; its coefficients 
and the conditional standard deviation 

)|( xSS da =σ  are also obtained. 
The statistical information on the 

spectral displacements corresponding to 
different damage states for SMRF and 
SMRBF can be obtained by the procedure 
described in the previous section.  To be 
conservative, the mean values are taken 
as 90% of their original calculated values 
while the standard deviations are taken 
as 110% of their original calculated 
values. 

Finally, the computed fragility curves 
for SMRF and SMRBF by Monte-Carlo 
simulation analyses are shown in Fig. 3 
and Fig. 4.  It is apparent that SMRBF 
possesses higher seismic capacity than 
SMRF; this observation is anticipated 
since SMRBF is of dual lateral resisting 
systems.  An effort in deriving these 
fragility curves by a nonlinear dynamic 
analysis method is under progress; its  

 
Fig. 3  Fragility curves for SMRF 
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Fig. 4  Fragility curves for SMRBF 

comparison with the current results will 
be published later. 

CONCLUSION 

This study first reviews four different 
methods in deriving fragility curves; a 
modified nonlinear static analysis 
method is then proposed and adopted in 
evaluating the fragility curves for 
high-rise SMRF and SMRBF steel 
structures in Taipei.  The target 
structures are designed according to the 
Taiwan seismic code prior to Chi-Chi 
earthquake; their member nonlinear 
behaviors are modeled by respective 
bilinear curves with possible strength 
reductions due to brittle failures.  The 
probabilistic information on the capacity 
spectra and on the damage states is 
rationally determined.  After considering 
the uncertainties in the building capacity 
spectrum, in the demand spectrum and 
in the damage states, this study applies a 
Monte-Carlo simulation method in 
computing the probability that the 
spectral displacement is greater than the 
displacement corresponding to a given 
damage state.  Fragility curves can then 
be constructed by considering various 
levels of seismic excitation and building 
damage states.  The preliminary results 

obtained in this study are now verified by 
those computed by a nonlinear dynamic 
analysis method; the comparison results 
will be published in the near future. 
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