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PRELIMINARY STUDY ON THE FRAGILITY CURVES FOR

HIGHWAY BRIDGES IN TAIWAN

Wen-I Liao* and Ching-Hsiung Loh

ABSTRACT

This paper describes procedures of bridge fragility analysis for the highway
bridges on the south-north freeway in Taiwan, and studies the evaluation of param-
eters used in bridge damage assessment.  The fragility curves are used to represent the
probabilities that structural damage, under various levels of seismic excitation, ex-
ceed specified damage states.  Since it is neither necessary nor practical to evaluate
individual bridges, bridge classification and mapping scheme plays an important role.
Calculation of site-specific seismic demand and damage functions (i.e., capacity curves
and fragility curves) are the key features in bridge damage assessment and earthquake
loss estimation.
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I. INTRODUCTION

Earthquake loss estimation methodology, inte-
grated with the geographic information system (GIS)
and designed to run on personal computers, has been
developed in the United States and is referred to as
HAZUS (RMS, 1999).  Essentially, Haz-Taiwan fol-
lows the approach used in HAZUS.  To accommo-
date special environmental and engineering practices
in Taiwan, minor modifications in analysis models
and parameters have been created by Yeh et al.,
(1999).  As shown in Fig. 1, the methodological
framework is mainly composed of input databases,
analysis modules and application software.  The in-
put databases consist of inventory data from GIS
information, earthquake hazard and geologic data
maps, and analysis parameters.  The analysis mod-
ules take the required inventory data and analysis pa-
rameters as inputs, conduct risk assessment and loss
estimation for earthquake scenarios based on site-spe-
cific earthquake hazard outputs, and output estimated

data in the resulting databases.  When integrated with
commercial GIS software, this PC-based application
software is used to execute user’s requests, to dis-
play input/output databases in both tabular and graphi-
cal forms, to generate summary reports, etc.

The Chi-Chi earthquake caused significant
losses to civil infrastructure.  The need to mitigate
seismic risk to civil infrastructure has become evi-
dent after this earthquake.  Bridge damage assessment
is one of the important issues in earthquake loss
estimation.  Assessment of damage to highway sys-
tems from earthquake and estimation of consequent
loss provide valuable information for post-earthquake
planning and risk mitigation.  The methodology can
serve as a tool in the decision process for emergency
response operations and retrofitting of critical struc-
tures in the system as a means of pre-disaster
mitigation.  The vulnerability assessment of bridges
includes hazard analysis, classification of the criti-
cal components of bridge structures and fragility
analysis.  To evaluate the seismic response of a num-
ber of bridges, it is neither necessary nor practical to
assess individual bridge damage.  Bridges first can
be categorized into different classes according to their
structural characteristics.  Since the structural sys-
tem is the major factor in assessing structural
performance, loss of function and casualties, damage
is predicted based on the bridge model type.  One of
the most important issues in evaluating the seismic
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damage to structures is the so-called fragility curve.
The fragility curves are used to represent the prob-
abilities that the structural damages, under various
levels of seismic excitation, exceed specified dam-
age states.  Each point on the fragility curve repre-
sents the probability that the spectral response under
a certain level of ground shaking, is greater than the
response associated with a certain damage state.

This paper presents the methods developed to
enhance the transportation lifelines module in HAZ-
Taiwan for highway bridges.  The objective of this
paper is to provide the bridge classifications and fra-
gility functions on the South-North Freeway in Tai-
wan by utilizing the available investigation data. The
organization of this paper is as follows.  First, the
available bridge data from the South-North freeway
in Taiwan are reviewed and a classification based on
the available data to be implemented in Haz-Taiwan

is proposed.  Second, the description of failure mecha-
nisms and criteria in different damage states adopted
in this research are summarized.  Third, an analytic
methodology for fragility analysis for bridges and
examples for freeway bridges are presented.  Param-
eters for describing the fragility curves for each class
are also generated and shown in Table.

II. BRIDGE CLASSIFICATIONS

One of the biggest challenges in developing an
analytical model for fragility analysis is the availabil-
ity of a bridge database.  Based on the available in-
vestigation data for the South-North Freeway, a clas-
sification is developed and used in the Haz-Taiwan
program to evaluate the South-North Freeway bridges.
Bridges are classified based on the following struc-
tural characteristics:
• Design methodology: Seismic design or conven-

tional design (non-seismic design).
• Number of spans: single span and multiple span

bridges.
• Pier type: Single column piers, multiple column

bents and pier walls.
• Span continuity: continuous and simply supported.

This classification scheme incorporates various
parameters that effect damage into fragility analysis
and provides a means to obtain better fragility curves
when data become available.  A total of 16 classes of
bridges for this research is defined this way and shown
in Table 1.

Table 1  Haz-Taiwan bridge classification for South-North highway

No. of span Superstructure Pier type Design Class

Single span Conventional TYPE 1C
Seismic TYPE 1S

Single column Conventional TYPE 2C
pier Seismic TYPE 2S

Simply supported Multiple column Conventional TYPE 3C
bent Seismic TYPE 3S

Pier wall Conventional TYPE 4C

Multiple span
Seismic TYPE 4S

Single column Conventional TYPE 5C
pier Seismic TYPE 5S

Continuous Multiple column Conventional TYPE 6C
bent Seismic TYPE 6S

Pier wall Conventional TYPE 7C
Seismic TYPE 7S

Others Conventional TYPE 8C
Seismic TYPE 8S

Earthquake hazard and geologic data maps

Potential earth science hazard analysis

Physical damage assessment

Induced physical damage assessment

Direct social/economic loss estimation

Indirect economic loss estimation
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Fig. 1  Framework of methodology in Haz-Taiwan
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III. DEFINITIONS OF DAMAGE STATES

To obtain the fragility curve, damage states need
to be quantified in terms of spectral displacement or
drift.  The relationship between the damage state and
the displacement is difficult to establish.  It requires
a large amount of damage data and sound engineer-
ing judgment.  In this study, based on the methodol-
ogy adopted in HAZUS, a total of five damage states
is defined for highway bridge components.  These
damage states are none, slight, moderate, extensive
and complete damage.  Table 2 presents the failure
mechanisms and criteria resulting in different dam-
age states adopted in developing analytical curves in
this paper.

The detailed description for bridge components
of damage states is as follows:
• Slight Damage: Minor cracks and spalling at the

column, abutment, girder or deck; cracks at shear
key, cracks at expansion joint or approach slab.

• Moderate damage: Columns experiencing moder-
ate cracks and spalling, abutment failure without
collapse, shear key failure or restrainer failure
without unseating.

• Extensive damage: Any column degrading with-
out collapse or shear failure, significant movement
at connections, significant offset of abutment.

• Complete damage: Any column collapse or large
movement of connections, deck collapse, tilting of
substructure due to ground failure.

IV. DEVELOPMENT OF ANALYTICAL
FRAGILITY CURVES

Two types of bridge fragility curves are used in
Haz-Taiwan: one is based on peak ground accelera-
tion (PGA) and the second is based on permanent
ground displacement (PGD).  In this research the fra-
gility curves are developed as a function of PGA.  The
current fragility curves for PGD used in HAZUS are

adopted with slight modification based on the foun-
dation type for the Haz-Taiwan program.

Researchers, in deriving the fragility curves,
generally adopt one of three methods, which are the
empirical statistical method, the seismic code method,
and the analytic method.  The empirical statistical
method provides the best estimation for fragility
curves when sufficient and reliable post-earthquake
damage data are available.  However, very few reli-
able bridge damage data due to ground shaking in
Taiwan can be used to conduct the statistical fragil-
ity analysis, especially when considering seismic fra-
gility for various bridge classes.  The seismic code
method, adopted by HAZUS 97 (RMS, 1997), esti-
mates the seismic capacity of certain types of struc-
ture based on the local code provisions.  This method
is very simple to implement, but the results may be
highly inaccurate.  It may lose relevance to seismic
capacity due to ductil i ty details of structural
components, and this method is not suitable for the
bridge structure because other additional contributors
to lateral resistance cannot be incorporated into the
capacity analysis.  The proposed nonlinear static
analysis method for development of analytical fra-
gility curve in terms of PGA is discussed as follows:

1. Demand Spectrum

The demand spectrum is given in the form
(MOTC, 2001, FEMA, 1997)

   

Sa =
FaSD

S (0.4 + 3T/T0) ; T ≤ 0.2T0

FaSD
S ; 0.2T0 < T < T0

FvSD
1 /T ; T ≥ T0

(1a)

with

  
T0 =

FvSD
1

FaSD
S (1b)

Table 2  Ductility and displacement limits for each damage state

Ductility limits for weak pier and strong Displacement limits
bearings Weak bearings and

Damage state Seismic design Conventional design strong pier
(non-seismic design)

Slight Ductility R=2.0 Ductility R=1.0 Yield displacement
Moderate R=4.0 R=min(1+(Rf−1)/2, 2.0) 10 cm
Extensive R=6.0 R=min(Rf, 3.0) 20 cm
Complete R=9.0 R=4.5 or pier reach min(40 cm, 2N/3)

its ultimate capacity

Rf: corresponding ductility at occurrence of flexure to shear failure.
N: seat length of a girder at the support.
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where  SD
S =Sa (T=0.3) is the demand spectral accel-

eration at period T=0.3 sec, the subscript D means
demand and superscript S means short period.    SD

1 =Sa

(T=1.0) is the demand spectral acceleration at T=1.0
sec.   SD

S  and   SD
1  are obtained by (1) Specify attributes

of the earthquake scenario including location, depth,
magnitude, fault rupture type, etc.  (2) Determine the
ground motion levels for the bedrock using appropri-
ate attenuation laws.  Fa and Fv are the site amplifi-
cation coefficients for short and long period spectrum,
respectively.  They are functions of the soil type and
the ground shaking level  SD

S  and   SD
1  (MOTC, 2001).

2. Bridge Capacity Curve

The first step for developing the bridge capac-
ity curve is to create a computer model of the proto-
type bridge structure.  The computer program
DRAIN-3DX (Prakash and Powell, 1993), with some
modification, is adopted as the analysis tool in this
research.  The modeling rules for the elements and
components usually used in push over analysis of
bridge structures are briefly summarized in Fig. 2.

The capacity is used to demonstrate the seismic
capacity of a bridge structure; its ordinate is usually
the base shear V and its abscissa is usually the dis-
placement ∆ at a specified point on the structure.
Through nonlinear pushover analysis, the relationship
between the base shear V and the displacement ∆ at a
specified point can be established, and the push over
curve can be converted to a capacity spectrum by the
following equations (ATC40, 1996):

   Sa = V
Wα1

(2)

   Sd = ∆
PF1φ1, 1

(3)

where PF1 is the modal participation factor for the
first mode, α 1 is the modal mass coefficient for the

first mode, φ1,1 is the modal amplitude at a specified
point of the first mode, W is the seismically effective
weight of the bridge, Sa is the spectral-acceleration
and Sd is the spectral-displacement.

(i) Bridge Seated on Strong Bearings with Weak Piers

For a bridge seated on strong bearings with weak
piers, in general, the damage will first occur in the
pier; For each damage state, determine the ductility
demand R and the elastic demand Sae from the target
displacement demand Sd of selected damage state de-
fined in Table 2 by the following equations (Fig. 3):

R=Sd/Sdy (4)

Sae=Say/Fu (5)

   

Fu =

R ; T ≥ T0

2R – 1 + (R – 2R – 1)
0.6T0 ≤ T ≤ T0

× T – 0.6T0
0.4T0

;

2R – 1 ; 0.2T0 ≤ T ≤ 0.6T0

2R – 1 + ( 2R – 1 – 1)
T0 ≤ 0.2T0

× T – 0.2T0
0.2T0

;

(6)

where Sd is the spectral-displacement demand and its
value depends on the corresponding damage state, Sdy

and Say are the yield spectral displacement and yield
spectral acceleration of the capacity spectrum,
respectively.  Fu is the structure system reduction
factor, Eq. (6) was proposed by MOTC (2001) and
Loh et al. (2002), using the Bouc-Wen model (Baber
and Noori, 1985; Sues  et al., 1988) conducted the

Shear block or restrainer:
Nonlinear gap element

Bearing: linear gap
element with lateral
friction force

Elastic
Element

Plastic hinge zone:
Slice fiber element

Foundation:
linear spring

Normal force

Friction force

Reinforcing 
bars

Fig. 2 Modeling for the components usually used in the static
push over analysis
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nonlinear dynamic analysis to get the relationships
between the ductility and the structure system reduc-
tion factor for different hysteretic models, and showed
this equation is reliable and suitable for a major hys-
teretic model.  If the transit period T0 at Eq. (1) and
Eq. (6) is set as T0=0.4 sec for hard site class (ATC40,
1996), the relationship between the peak ground ac-
celeration and the spectral acceleration is PGA=
0.4Fa  SD

S  (and   SD
1 =0.4  SD

S ).  Then the relationship
between peak ground acceleration (PGA) and spec-
tral displacement Sd of the bridge structure can be
obtained by using the following equation

  PGA =
SayFu

C (7)

where C is the normalized demand spectrum defined
in Eq. (1), (ie. PGA×C=Sa).

(ii) Bridge Seated on Weak Bearings with Strong Piers

For a bridge seated on weak bearings with strong
piers, after the failure of bearings, only the friction
force between the superstructure and the cap beam
are resident to resist the seismic force.  Fig. 4 shows
the force-displacement relationship for a bridge seated
on strong bearings with weak piers.  The correspond-
ing damage states for those types of bridges are also
shown in Table 2.  After bearing failure, the corre-
sponding peak ground acceleration for each damage
states is calculated as follows (Basöz and Mander,
1998)

   PGA = 2π Sd
Sayg

SayBL = 2π Sdµ
g BL (8)

where Sd is the demand displacement of damage state,
µ is the friction coefficient and BL is the long period
spectrum reduction factor due to damping, which is
set to 2.0 in this research.

3. Evaluation of Fragility Curves

A fragility curve is a probabilistic measure for
the fragility of a model structure under various
levels of ground shaking or ground failure.  The

fragility curve is defined by a medium value of PESH
(Potential Earth Science Hazard) demand parameter
and a standard deviation (β) of the natural logarithm
of the spectral displacement for damage state.  Like
the HAZUS, the Haz-Taiwan adopts four damage
states; slight, moderate, extensive and complete dam-
age to describe the bridge damage state.  If the Peak
Ground Acceleration value is selected as the demand
parameter for ground shaking, for a specified dam-
age state, the elastic demand spectral-acceleration can
be determined by the procedure shown in the
foregoing, and through Eq. (7) or Eq. (8) the corre-
sponding PGA value can be found by using the rela-
tionship PGA=0.4  SD

S  to represent the medium value
of the fragility curve.

In general, the total variability of the damage
state, β, is constituted by the uncertainty of the dam-
age state threshold, the variability of the bridge ca-
pacity and the uncertainty of ground motion demand.
In this research, only the uncertainties of ground
motion demand are used to represent the total vari-
ability of the damage state, and the standard devia-
tion of the natural logarithm of the spectral displace-
ment from the recorded earthquake data is adopted
as the reference for representing the β value.  Fig. 5
shows the distribution of the spectral displacement

Bearing failure

Capacity after bearing failure

Friction force

Lateral displacement

Lateral force

Bearing strength

Fig. 4 The relationship between the lateral force and displace-
ment for the bearing
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Fig. 5 Distribution of the density function of demand spectral
displacement and its corresponding cumulative distribu-
tion for site class (a) type-1 and (b) type-2
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and its corresponding cumulative distribution, which
is analyzed from the earthquake data for site class
type-1 and -2 classified by Taiwan seismic design
code (MOTC, 2001).  From these figures, the stan-
dard deviation of the spectral displacement is around
0.4, this is similar to the value adopted in HAZUS.
Then this value is taken into account as the base
reference for the standard deviation of the fragility
curve.

In this research, for each bridge class there are
more than 3 bridges selected as prototype structures
in the analytical fragility analysis.  The medium value
of the fragility curve for each bridge class is based
on the mean value of the analyzed results of those
prototype bridges and practical engineering judgment.
Some specific examples of analytical curves are pre-
sented in the following sub-sections.

(i) Example 1: Continuous - Multi Column - Conven-
tional Design (Class Type 6C)

One of the selected prototype bridges for the
class type 6C is a highway bridge, located at the
Keelung-Neihu section.  The superstructure of this
bridge is assembled from 6 PCI-girders and concrete
slabs, the substructure is multiple columns bent with
pile foundation.  The configuration of this bridge is
shown in Fig. 6a, and the analytical model is shown
in Fig. 6b.  Fig. 6c shows the capacity curve of this
bridge and the corresponding ground shaking level
(PGA) in the longitudinal direction, the description
of each damage state is also shown in the figure.  In
this example, because the seismic capacity is domi-
nated by the longitudinal direction, only the analysis
results in the longitudinal direction have been
presented. Fig. 6d displays the fragility curves of each
damage state of this bridge.  In this Figure, the me-
dium value (50% exceeding probability) represented
by PGA for the slight, moderate, extensive and com-
plete damages are 0.2, 0.62, 0.90 and 1.06 g,
respectively.  As shown in Fig. 6c, when the spectral
displacement reaches about 3.5 cm, the approach slab
or expansion joints may have some damage, also these
type damages will not affect the safety of the bridge
but the function of the bridge will be affected slightly,
so define the bridge at this stage as having slight
damage.  The moderate damage state is correspond-
ing to the state where the back wall of the abutment
loss its strength.  The extensive and complete dam-
age states are mainly dominated by the shear strength
and ductile demand of piers.

(ii)Example 2: Simply Supported - Pier Wall - Con-
ventional Design (Class Type 4C)

One of the selected prototype bridges of the class

EXP
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Fig. 6 (a) Configuration of the analyzed bridge; Freeway
Keelung-Neihu Section; (b) the analytical model of the
analyzed brdige; (c) the analytical capacity curve (solid
line, scale shown on left-hand side ordinate) and the ground
shaking level (dash line, scale shown on right-hand side
ordinate) of the bridge; (d) the analytical fragility curves
of the brdige for each damage state
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type 4C is the freeway bridge located in the ShinJu-
MiaoLi section.  The superstructure of this bridge is
assembled from 8 PCI-girders and concrete slabs, the
substructure is multiple columns bent with shallow
foot foundation.  The profile, pier type, bearing and
abutment of this bridge are shown in Fig. 7a.  Fig. 7b
shows the capacity curve of this bridge and the
corresponding description of each damage state is also
shown in this figure.

(iii) Structural Characteristics of South-North Free-
way

The age of most of the bridges on the South-
North freeway is about 25 years, some broader lanes
were constructed about 8-10 years ago.  After the re-
view of the available bridge database for the South-
North freeway, the structural characteristics of those
bridges are found and stated as follows:
• The PCI girder is used in the superstructure and

the span length is about 25m-40m for most bridges.
For multiple span-simply supported bridges, live
load continuous deck is adopted.

• Seat length of bridges is about 70-80 cm; it can
comply with the seismic design code in Taiwan.

• For the conventionally designed bridges, the vol-
ume ratio of lateral restraining reinforcement is
about 15-25% of code requirement for pier wall
and 30-70% for column.

• The rubber bearing is adopted for those bridges
with PCI girder as superstructure; steel pin with
rubber bearing used as the fixed bearing; concrete
seismic block is used as the unseating prevention
device.

• For the pier wall, the shear strength of the pier is
generally greater than the shear strength of the seis-
mic block.  Then the seismic capacity of the pier
wall bridge is dominated by the strength of the seis-
mic block.

• For a column pier, the strength of the pier is gen-
erally less than the shear strength of the seismic
block.  Then the seismic capacity for the transverse
direction of the column pier bridge is controlled
by the strength of the pier.

The damage states of slight and moderate dam-
age are generally controlled by the strength of the
abutment or bearing or seismic block, but the types
and strength of abutment and seismic block possess a
large degree of uncertainty.

In this research, the analytical fragility for the
selected prototype bridges is analyzed, and then de-
termination of the medium value of the fragility curve
for each bridge class is based on the mean value of
the analyzed results and practical engineering
judgment.  The structural characteristics of South-
North freeway bridges mentioned above are helpful

to modify the medium value and standard deviation
of the fragility curve.  Table 3 shows the damage func-
tions (medium value and standard deviation) for each
bridge class due to ground shaking and ground failure.
The damage functions due to ground failure were not
obtained from this research, but adopted those val-
ues used in HAZUS99.

V. CONCLUDING REMARKS

The extensive vulnerability of the existing bridge
inventory, as revealed by this earthquake, must be ad-
dressed before other equally destructive earthquakes
strike again in Taiwan.  The seismic risk assessment
methodology for bridge structures has been de-
veloped.  In this method, the fragility curves of differ-
ent type of bridge were developed from this study.  The
result can be applied to seismic loss estimation for the
transportation system.  Computation clarity and the
data obtained are limited, and some assumptions have
been made in this study.  To improve the modeling of

Fig. 7 (a) The profile, pier type, bearing and abutment of the se-
lected Type 4C bridge; (b) the analytical capacity curve
and damage states of the bridge

30 m 30 m 30 m

18
 m

Shear block

(a)

Displacement (cm)

(b)

PierFIX FIX

CAISSON

800

400

0

B
as

e 
sh

ea
r 

(t
on

)

0.0 5.0 10.0 15.0 20.0

Damage of expansion joint and approach slab
(slight damage), PGA=0.25

Damage of approach slab and back wall, pier R=1.8
(moderate damage), PGA=0.35

Pier R=3 (extensive),
PGA=0.41

Pier R=4.5 (complete),
PGA=0.53

Pier yield,
displacement=4 cm



374 Journal of the Chinese Institute of Engineers, Vol. 27, No. 3 (2004)

simulations for foundation behavior, nonlinear soil-
structure interaction and additional contributors to lat-
eral resistance, further studies and statistical analyses
need to be done.  Furthermore, the bridge class must
be extended to be able to accommodate other highway
bridges in Taiwan, and the analytical fragility curves
need to be examined by comparing with empirical fra-
gility curves when the database is available.
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NOMENCLATURE

BL long period spectrum reduction factor due to
damping

Fa site amplification coefficients for short period
spectrum

Fv site amplification coefficients for long period
spectrum

Fu structure system reduction factor
PF1 modal participation factor for the first mode
R ductility demand
Sa spectral acceleration
Sd spectral displacement

  SD
1 demand spectral acceleration at period T=1.0

sec
 SD

S demand spectral acceleration at period T=0.3
sec

Say yield spectral acceleration of the capacity spec-
trum

Sdy yield spectral displacement of the capacity
spectrum

W seismically effective weight of the bridge
α1 modal mass coefficient for the first mode
β standard deviation of the spectral displacement

for damage state
φ1,1 modal amplitude at specified point of the first

mode
µ friction coefficient and
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