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SUMMARY 
 
In the context of evaluating the seismic performance of bridges in a specified hazard environment, 
fragility curves provide a rational and consistent probabilistic treatment of damage or loss.  A fragility 
curve defines the probability of exceeding a predefined performance state at varying levels of earthquake 
intensity.  Performance must be defined in terms of discrete or continuous measures that have realistic 
design, decision-making, or socio-economic implications.  The Pacific Earthquake Engineering Research 
Center’s performance-based earthquake engineering framework is one probability-based methodology 
enabling more rigorous decision-making.  It allows for generation of fragility curves utilizing de-
aggregated total probability models, which comprise hazard, demand, damage, and loss models. 
 
This paper addresses the analytical and numerical formulation of fragility curves for single-bent reinforced 
concrete highway overpass bridges.  Fragility curves are defined at the demand, damage, and decision 
variable levels.  The generation of the interim models and the choice of demand parameters, damage 
measures, and decision variables are also incorporated.  Examples of integrating the complete framework 
process are provided for both a component-level decision variable, such as repair cost as a percent of 
replacement cost, and a bridge-level decision variable, such as traffic reduction due to loss in lateral and 
vertical load carrying capacity.  A system of graded decision criteria involving lane closures, reductions in 
traffic volume, or complete bridge closure that are useful for traffic network modeling is proposed and 
developed for the bridge-level decision variable.  
 

INTRODUCTION 
 
In the evolving world of performance-based earthquake engineering, it is no longer permissible to develop 
deterministic design criteria for site-specific seismic hazard.  Nor is it possible to describe resulting 
structural performance as safe or unsafe when considering the uncertainty inherent in not only the seismic 
hazard, but also in structural capacity and function.  Therefore, current seismic performance assessment 
methods are tending toward fragility curves as a means of describing the fragility of structures, such as 
highway bridges, under uncertain input.  Fragility curves describe probabilities of exceeding design or 
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performance criteria at different levels of seismic input intensity.  These are particularly useful when 
applied to highway bridges, as, in a transportation network setting, numerous bridges of the same class 
may exist in a spatially distributed network with differing expected seismic hazard.  The formulation of 
bridge fragility curves, sometimes termed vulnerability curves, has transitioned from empirical to 
analytical methods. 
 
The development of empirical fragility curves was motivated by the large amounts of reconnaissance data 
obtained from, in particular, two recent urban earthquakes, namely the 1994 Northridge and 1995 Hyogo-
ken Nanbu events.  Basöz and Kiremidjian [1,2] developed fragility curves for different observed damage 
states from the Northridge (and Loma Prieta) data.  Yamazaki developed similar curves using the Kobe 
event [3].  Experimental fragility curves suffer from numerous pitfalls, including lack of sample points for 
all damage states, subjective or unverifiable definitions of damage states, and lack of correlation with 
bridge geometry and structural properties.  However, they have been useful in providing a basic form for 
highway bridge fragilities and motivating analytical fragility work.  
 
A large array of analytical bridge fragility studies has been undertaken.  For example, Mander and Basöz 
[4] developed a theoretical approach to developing fragility curves for HAZUS, compatible with 
categories of bridges from the National Bridge Inventory (NBI) and new proposed subcategories by Basöz 
[5].  A capacity spectrum method was the basis for these curves, with capacity derived from previous 
experimental and analytical work.  These curves, and associated repair cost information, were compared 
with the Northridge empirical data.  Karim and Yamazaki [6] used simplified analysis and finite element 
techniques to develop analytical curves that were subsequently compared to the Kobe data.  This study 
incorporated the use of ground motion time histories in the demand simulation, but made use of ductility 
and hysteretic energy based damage states.  A study comparing Northridge and Kobe empirical curves to a 
more rigorous analytical method for reinforced concrete highway bridges was performed by Elnashai [7].  
Uncertainty in the ground motions and structural components was included; however, damage was still 
defined in terms of deformation-based demand quantities. 
 
Analytical work is, for the most part, based on mimicking the damage states obtained from empirical 
studies and has failed to consistently address the uncertainty in both the demand and capacity sides of the 
problem.  A rigorous probabilistic study by Gardoni [8] introduced reliability into the prediction of 
reinforced concrete bridge fragility by updating traditional deterministic predictions of capacity and 
demand using a Bayesian approach.  Sample fragility curves were generated for the one- and two-bent 
reinforced concrete highway bridges used in this study.  Shear and deformation failure limit states were 
considered for uni-variate fragility curves, as well as for failure of these limit states in series.  The demand 
was determined from inelastic spectra using variations on multiple degree-of-freedom nonlinear pushover 
analyses.   
 
There has recently been much emphasis on the development of a consistent probabilistic performance-
based methodology for earthquake engineering.  The Pacific Earthquake Engineering Research (PEER) 
Center framework is one such implementation of the Performance-Based Earthquake Engineering (PBEE) 
approach, applicable to a wide range of earthquake engineering problems due to it's de-aggregating nature.  
The ultimate goal of developing constituent models in the framework is being able to predict the mean 
annual frequency of exceeding a particular decision threshold in a given seismic region.  Alternatively, the 
framework can predict the probability of exceeding the same decision threshold given any specified 
earthquake event.  The latter is the traditional fragility curve.  The focus of this paper is the framework’s 
application to highway overpass bridges.  Specifically, two complete fragility examples using the 
framework are traced through all the interim models.  
 



The problem of relating decision levels, described by specific values of a Decision Variable (DV), to 
earthquake intensity, described by specific values of an Intensity Measure (IM), can be de-aggregated into 
several parts.  Structural demand models can be developed to relate the IMs to measures of structural 
response, or Engineering Demand Parameters (EDP).  The subsequent EDPs can then be related to 
specific values of a Damage Measure (DM) through the use of damage models.  The framework is then 
completed when a loss model is used to relate these DMs to DVs.   
 
During the initial years of PEER's existence, research was largely focused on the ground motion and 
seismic demand aspects of the framework.  A large amount of information exists for building [eg. 9], 
bridge [eg. 10], and geotechnical [eg. 11] implementations of the demand models relating IMs to EDPs.  
All of these studies focused not only on application specific EDPs, but also on discriminating between the 
available choices of IMs.  Among the latest developments at PEER is the structural performance database 
(http://nisee.berkeley.edu/spd/) that attempts to bridge the gap between EDPs and damage.  To date there 
has been little treatment of the loss modeling issue and which DVs should be considered, particularly for 
bridges, mostly due to the lack of empirical data.  Several forms for the loss models are presented here.  
The parameters of these loss models need to be calibrated with respect to empirical data in future research.   
 
While possible DVs include the number of lives lost, to which there is no clear assignable monetary value, 
most DVs ultimately have a monetary decision making equivalent.  Therefore, the term cost is used from 
this point on in the loss modeling discussion.  For the case of reinforced concrete highway bridges in 
California, there are two principal lines of development that contribute to economic based decision-
making.  The total expected loss after a given earthquake event does not only include the cost associated 
with damage to the structure itself (direct losses), but also the cost associated with the loss of function 
(indirect losses).  Functional loss is particularly relevant in the case of a highway network system as the 
indirect losses to an urban area might greatly exceed the direct losses.  Large-scale simulations on urban 
regions and transportation networks have been the focus of numerous projects, such as HAZUS [12], 
REDARS [13], and associated PEER highway demonstration research [14].  
 
In this paper, the PEER fragility formulation is presented first, complete with a discussion of interim 
models and values that intermediate variables can assume.  Given the need to assess both the direct and 
indirect losses to a highway network, and therefore individual bridges in that network, it follows that there 
need be two parallel lines of development for applying the PEER framework to highway bridge fragilities.  
Therefore, examples are formulated and presented for each of these lines of development.  The first 
example demonstrates component-level decision-making, and is therefore applicable to decisions 
regarding direct losses.  The second example demonstrates bridge-level decision-making, and is therefore 
applicable to indirect loss assessment. 
 

FRAGILITY FORMULATION 
 
Fragility is defined as the conditional probability of exceeding a prescribed limit state, given a level of 
earthquake intensity.  Therefore, for each limit state, there is a unique cumulative distribution function 
(CDF) with ground motion Intensity Measure (IM) values on the horizontal axis as an outcome of fragility 
analysis.  Given the ability to de-aggregate the PEER framework into individual components, it follows 
that fragility curves can be generated at each step in the process of integrating the constituent models.  
Specifically, it is possible to derive demand (EDP), damage (DM), and decision (DV) fragility curves.  
The following is a more detailed description of the interim models that comprise the complete PEER 
framework, and possible choices for the variables used in these constituent models.   
 



Demand Model 
Demand models are usually formulated using nonlinear dynamic finite element simulations using multiple 
ground motions.  Each ground motion can be described by an IM, the selection of which is not the subject 
of this paper.  For simplicity, the IM used in this paper is the first mode spectral acceleration, Sa(T1).  This 
is by no means the only choice, nor necessarily the best choice.  For a treatment on IM selection, see 
Mackie [15] or Luco [16].  The response of a structure to an earthquake motion with descriptor IM is 
designated an Engineering Demand Parameter (EDP).  For the case of highway overpass bridges, possible 
EDPs are grouped into 3 categories.  Global EDPs describe overall bridge behavior such as maximum 
column displacement, motion at the abutments, residual displacements, etc.  Intermediate EDPs describe 
performance of bridge structural components such as maximum column curvature, shear force in the 
abutment shear tabs, etc.  Finally, local EDPs describe material level responses (stress and strain) 
anywhere of interest in the bridge.  
 
It is possible to use stripe analysis to find a probability distribution of EDPs for a single IM level.  
However, using Probabilistic Seismic Demand Analysis (PSDA), it is not difficult to fully determine the 
median relationship between EDP and IM and an associated measure of uncertainty.  Previous research 
has indicated a large number of demand models follow a lognormal distribution; therefore it is possible to 
write the demand model median relationship as Equation 1.  This relationship appears linear in log space, 
where simple linear regression can be used to obtain the unknown coefficients (Equation 2). 

 E ˆ D P = a IM( )b
 (1) 

 ln E ˆ D P = A + Bln IM( ) (2) 

Once the coefficients A and B have been determined, the demand fragility curve becomes a simple 
lognormal CDF  (Equation 3). 
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This integral can easily be evaluated for any value of im using standard normal probability tables, or 
numerical software implementations.   
 
Damage Model 
Damage models can be obtained from a large variety of sources.  Sometimes termed capacity models, the 
most common source is experimental tests of structural components or systems.  Current limitations in 
analytical models often prohibit prediction and identification of damage, failure, and collapse.  Therefore, 
observable damage is often introduced into the fragility formulation process by determining capacity and 
damage at different levels of structural response.  Response is described in terms of EDPs and damage in 
terms of Damage Measures (DM).  DMs are usually discrete, such as observations of the onset of certain 
damage states.  Examples of damage states for reinforced concrete structures include cracking, spalling, 
transverse reinforcement fracture, longitudinal reinforcement buckling, and failure.  However, it is also 
possible to determine continuous DMs such as loss of lateral load carrying capacity.  There are numerous 
sources of uncertainty in such an experimental error and subjective damage assessment; therefore, the 
capacity approach is sometimes performed analytically using reliability analysis [22].   
 
Damage states are often not continuous variables within a range of possible values, but rather individual 
discrete values.  Due to the discrete nature of most DMs, or the individual determination of DM limit 
states, it is often difficult to describe a median (or mean) DM relationship conditioned on EDP, as was 
done in the demand model case.  There is no loss of generality in the method; however, as the damage 
assessment procedure invariably provides the probability of exceeding a limit state, given an EDP level.  
This can be used without modification in the damage fragility formulation in Equation 4. 



 P DM < dmLS IM = im[ ]= P DM < dmLS EDP = edp[ ]dP EDP < edp IM = im[ ]dedp
edp∫  (4) 

The first term is the CDF obtained from capacity simulation, often available for discrete DM values only.  
The second term is the derivative of Equation 3, or simply the PDF of the demand model at the specified 
im value.  The resulting damage fragility curve is also a CDF for a single damage limit state (dmLS) with 
intensity on the horizontal axis. 
 
Loss Model 
As mentioned previously, empirical loss model data is sparse.  Loss model data can be obtained from 
professional surveys and opinion, reconnaissance data from previous earthquakes, repair data from 
experimental projects and from post-earthquake reconstruction, or inferred from policy decisions.  
Interestingly enough, such data exists but was not being systematically applied for the purpose of loss 
estimation.  As with damage models, it may not be possible to describe a continuous relationship between 
DMs and DVs.  Therefore, loss models are often also in the form of probabilities of exceeding explicit 
discrete decision states given different DMs.  Once again, this is compatible with the fragility formulation 
in Equation 5. 

 P DV < dvLS IM = im[ ]= P DV < dvLS DM = dm[ ]dP DM < dm IM = im[ ]ddm
dm∫  (5) 

The first term is the CDF obtained from whatever loss model is available.  The second term is the 
derivative of Equation 4 with respect to DM.  Therefore, the damage fragility curves generated can be 
used directly in developing decision fragility curves.  It should be noted, however, that simply taking the 
derivative of a damage fragility curve (with respect to IM) stemming from a single damage limit state does 
not provide the information needed in the second term of Equation 5.  The derivative with respect to DM 
is required.  To avoid confusion on this issue, it is also possible to build the decision fragility completely 
from the interim models.  This approach leads to the decision fragility formulation in Equation 6. 

 P DV < dvLS im[ ]= P DV < dvLS dm[ ]dP DM < dm edp[ ]dP EDP < edpim[ ]dedp ⋅ ddm
edp

∫
dm

∫  (6) 

The name of the random variable each term is conditioned on has been omitted to save space, but can be 
inferred from the context.   
 

COMPONENT-LEVEL MODEL EXAMPLE 
 
This example is by no means a comprehensive assessment of component-level damage critical to highway 
bridges.  It concerns only damage to the column of a single column bent highway bridge.  There is 
currently data available for columns to form a comprehensive framework study, whereas other bridge 
critical elements such as abutments are currently lacking in available research.  The bridge under 
consideration in this study is detailed in Mackie [10] as the base bridge configuration.  In summary, this 
reinforced concrete highway overpass bridge contains two equal spans, a single bent with a single column, 
pile shaft foundations, and roller abutment supports.  Variations of any number of the bridge design 
parameters are possible, but not the subject of this document. 
 
Demand Model 
Previous research [15] has produced a large array of information regarding Probabilistic Seismic Demand 
Models (PSDM).  These can be generated using Probabilistic Seismic Demand Analysis (PSDA).  Two 
possible approaches to PSDA exist.  The first uses the cloud approach to vary the seismic demand.  The 
second uses Incremental Dynamic Analysis (IDA), a scaling approach to reach prescribed intensity levels 
[17].  It is possible for the resulting demand models to assume any mathematical form, however, there are 
studious choices that simplify the evaluation of the PEER integral.  Selection of PSDMs which are 
optimal in this regard are detailed elsewhere [15].  This example will consider one such optimal PSDM 
between Sa(T1) and drift ratio of the column in the longitudinal direction.  Beneficial to this relationship is 



the ability to describe it linearly in log space.  The form of the demand model then becomes the same as 
the PSHA hazard curve.  Simulation using cloud analysis was performed using OpenSees 
(http://opensees.berkeley.edu/), the PEER Center’s finite element platform.  Determination of the two 
unknown parameters yields A=-4.18 and B=0.885 (from Equation 2).  This median relationship can then 
be plotted in linear space, as shown in Figure 1. 
 
By assuming the PSDM follows a lognormal distribution, with median and dispersion specified above, it 
is possible to calculate the probability of exceeding any given EDP limit state (Equation 3).  By covering a 
full range of IM values, the resulting CDF curves show the demand fragility.  Numerous fragility curves 
for different limit state values can be conveniently visualized as a fragility surface (Figure 2).  Notice that 
each black line on the demand fragility surface is a traditional demand fragility curve at a specific limit 
state value.  Given an array of fragility curves corresponding to different values of the same limit state, it 
is possible to assess the affect of earthquake intensity on structural fragilities.  Alternatively, given an 
array of fragility curves corresponding to different bridge designs (or design parameters) at the same value 
of the limit state, it is possible to assess the effect of different designs on the probability of exceeding set 
performance levels (limit states). 
 

 

Figure 1 - Component level demand model 

 

Figure 2 - Component level demand fragility 

 
It is possible to integrate the demand CDF with the slope of the hazard curve to obtain the annual 
probability of exceeding an EDP value.  This integration can be achieved using numerical techniques for 
any form of the demand models, but by assuming a lognormal demand model distribution, the integration 
can also be achieved in closed form.  As mentioned, this paper will only describe the conditional CDFs 
(fragilities), not the inclusion of seismic hazard. 
 
Damage Model 
The primary method of predicting damage to a structure is through experimental testing.  A collation of 
numerous experimental studies on reinforced concrete columns was undertaken by Eberhard [18].  The 
resulting Structural Performance Database (http://nisee.berkeley.edu/spd/) can be used for columns 
described by numerous design parameters and for several different damage states.  Data exists in the form 
of force-displacement time histories as well as observations of damage at given demand levels (EDP).  
Specifically, the EDP derived for immediate use from the database is drift ratio.  Damage observations 
(DMs) include concrete crushing, spalling, longitudinal bar buckling, longitudinal bar fracture, spiral 
fracture, and loss of axial load carrying capacity.  Therefore, the DM can be thought of as component 
damage with specific values ranging from spalling to failure.  An important distinction with this 
component example is the DM becomes a discrete variable and no mathematical damage model exists that 



relates the median DM to EDP values.  However, Equation 4 still applies for each discrete DM value 
selected.   
 
Given enough experimental data points, damage states can be regressed versus column design parameters.  
This can be performed using simple linear regression for any of the damage states above.  The resulting 
equation can be used to predict the mean (or median) EDP at which the damage observation occurred.  
With an estimate of the variation of the data, CDFs can be developed that describe the probability of 
exceeding a damage state (DM), given a demand level (EDP).  Alternatively, research has indicated more 
suitable equations for describing the mean relationship [19].  Such equations exist for bar buckling, for 
example, as shown in Equation 7.  
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Equation 7 variables are defined as: 
 ∆b.b.   drift ratio (percent) at bar buckling 
 ke =150 constant for spiral reinforced concrete columns 

ρtrans  percent of transverse reinforcement 

fy , fc
'   steel and concrete material strengths 

 db    longitudinal bar diameter 
 D    column diameter 

 
P

Ag fc
'
  axial load ratio 

 L   equivalent column cantilever length 
Equation 7 also has an associated measure of uncertainty (constant coefficient of variation).  The resulting 
CDF is shown in Figure 3, along with CDFs derived for spalling and failure.  For the purposes of this 
exercise, the latter two CDFs were generated by using the same coefficient of variation with mean values 
obtained from linear regression mentioned above.  See Eberhard and Berry [19] for more recent equations 
describing these damage limit states.  While the normal distribution shown in bold lines is appropriate for 
a numerical integration of the PEER integral, in order to make some simplifying assumptions and develop 
closed form solutions, a lognormal distribution is required.  A comparison of the CDFs computed using 
these two distributions is included in the figure.  As can be seen, the tails vary only minimally for the 
calculated standard deviation values. 
 

 

Figure 3 - Component damage model 

 

Figure 4 - Component damage fragility 

 



Given the capacity model derived above, it is possible to convolve it with seismic hazard intensity using 
Equation 4.  The result is a traditional damage fragility curve that shows the probability of exceeding a 
damage limit state as a function of IM.  This damage fragility is shown in Figure 4 for the three DM limit 
states used in the damage model.  Such a set of fragility curves can be immediately used to assess the 
change in the probability of exceedance.  For example, a design scenario earthquake has an expected 
intensity of Sa(T1) = 900 cm/s2.  The probability of spalling is 1.0, but the probability of bar buckling is 
only 0.82.  Similarly, the probability of failure is slightly less at 0.65. 
 
Loss Model 
Loss modeling at the component-level is limited by the selection of damage states used to generate 
damage fragility functions.  In this example, only three discrete damage states were calculated, and they 
are specifically related to the single-column bent in the sample bridge.  Therefore, discussion about repair 
costs or repair times related to damage to the roadway, embankments, or abutments is precluded.  
However, as an exercise to demonstrate possible decision variable outcomes from the PBEE framework, 
just column-based damage is considered.  To this end, a single sample DV is selected to generate a loss 
model.  The component-level damage most directly implies repair cost, a direct cost economic decision 
variable.  Alternatively, repair time could be considered, as it may be more important to important arteries 
in a transportation network than repair cost.   
 
From data compiled for the Northridge earthquake, the HAZUS [4] document reports a modified repair 
cost ratio (RCR) as a function of damage for typical bridges.  The HAZUS damage states of slight, 
extensive, and complete were assumed to correspond to the DM values of spalling, bar buckling, and 
failure, respectively.  A relationship between repair cost, normalized by replacement value, and damage is 
shown in Figure 5.  The cost ratio is therefore a continuous DV variable, but with discrete input points.  
By assuming the value of the DM variable is, in fact, the median drift ratio for each damage limit state, it 
is possible to provide a smooth closed form function with numerical values on the ordinate.  Using 
Equation 6, the sample loss model can be integrated with the damage fragility curves from Figure 4.  The 
results for several decision limit states (RCR values) as percent of the replacement cost are shown in 
Figure 6. 
 

 

Figure 5 - Sample component loss model 

 

Figure 6 - Component level decision fragility 

 
For an earthquake with intensity of Sa(T1) = 900 cm/s2, there would be a 95% probability that the repair 
cost would exceed 50% of the replacement cost.  Due to the large amount of uncertainty in the loss model 
and the lack of other DV choices, more research is required to provide more cost data on other bridge 
components and assess system effects for reinforced concrete highway bridges. 
 



BRIDGE-LEVEL MODEL EXAMPLE 
 
Using the same base bridge configuration considered in the component-level example, a complete integral 
evaluation is performed here considering possible structural system, or bridge-level, variables.  The site-
specific hazard and earthquake input remains identical between the two examples, therefore is not 
repeated here.  However, the variables used for EDP, DM, and DV are all modified from the previous 
example.  In PEER meetings with the California Department of Transportation (Caltrans) [20], several 
bridge-level outcomes have been discussed.  The bridge-level variables all relate to a graded system of 
bridge performance levels such those in ATC-49 [21].  These are discrete tables with traditional language 
such as "immediately operational", "emergency traffic only", and "closed."  The goal is to provide rational 
criteria for selection of these performance levels.  
 
Currently, Caltrans decision makers use information from post-earthquake bridge inspections to determine 
whether certain transportation links remain open or closed.  Decisions are made based on observed 
damage to the roadway, settlement, permanent deformation, cracking, fracture, and buckling.  Largely 
subjective decisions are then made on whether the bridge can support live load, and whether it has enough 
lateral load capacity to withstand an aftershock.  This information may be supplemented by pictorial 
databases relating types of observable damage with expected post-earthquake performance.  However, on 
a more rational basis, loss in the vertical and lateral load carrying capacity can better be used for 
separating bridges into different performance levels.  These need not only be open and closed, and can 
include a continuous distribution based on traffic load carrying capacity relative to the initial or design 
value.  Therefore, the bridge-level DMs to be developed must include information on the degradation of a 
bridge's load carrying capacity.  The issue of structural safety also arises when considering subsequent 
earthquake shocks.  The decision to assign a damaged bridge to a certain performance level may be more 
influenced by this safety factor, rather than it's immediate load carrying capacity.  However, the issue of 
aftershock load capacity is not addressed in this paper. 
 
Demand Model 
In consideration of the desired DMs, it is necessary to develop demand in terms of the change in load 
carrying capacity.  This implies a contradiction of traditional demand and capacity terminology.  However, 
the method remains consistent if the post-earthquake residual load carrying capacity is selected as the 
EDP.  This value can be determined in a variety of ways, a simple pushover or pushunder analysis being 
used herein.  A pushunder analysis is analogous to a lateral pushover; however, the force is applied in the 
vertical direction to push the bridge under.  By determining the pre-earthquake load capacity, the ratio of 
post- to pre-earthquake load carrying capacity can also be determined.  While the component-level 
demand model had the advantage of a simple logarithmic relationship between IM and EDP, the residual 
load carrying capacity is at best piecewise linear in log space.  In the low intensity, or elastic regime, there 
is negligible (or no) decrease in load carrying capacity.  This is exhibited as the vertical line in Figure 7.  
Beyond this threshold intensity degradation occurs.  In the degrading regime, it is still possible to assume 
a linear EDP-IM relationship in log space.  This implies closed form integration could be performed as in 
the component example by separating the integrals into two separate limits.  However, given the 
possibility of arbitrary demand model forms, the remainder of this example is carried out in numerical 
form only. 
 



 

Figure 7 - Bridge level demand model 

 

Figure 8 - Bridge level demand fragility 

 
The bridge-level example in this paper uses the longitudinal (lateral) load carrying as the variable of 
interest.  For PSDA simulation, the corresponding EDP is the residual longitudinal lateral load capacity.  
This is determined from a longitudinal pushover of the bridge after each individual earthquake event.  The 
resulting PSDM is shown in Figure 7.  Evident are the regions of elastic behavior (vertical line) and 
strength degradation.  With a deterministic non-damaged longitudinal load capacity (in the demand 
model), the probability of the residual strength being greater than the non-damaged capacity is zero.  This 
is reflected in the vertical discontinuity at the elastic longitudinal load capacity in the family of resultant 
demand fragility curves, presented as a fragility surface in Figure 8.  Once again, individual fragility 
curves for prescribed limit states are shown in black lines on the fragility surface.   
 
Damage Model 
The introduction of capacity into this example is a difficult proposition using experimental results.  Not 
only are there numerous components constituting the structural system, but they may also interact in 
nonlinear ways.  Experimental tests on the (structural) system level are few, especially when specifying a 
bridge using arbitrary design parameter values.  Therefore, this study incorporates uncertainty in the 
capacity domain by reliability analysis.  This was achieved using reliability tools integrated into finite 
element analysis in OpenSees [22].  Using this approach, the inherent variability or randomness of the 
geometry, materials, and loads can be accounted for by assigning probability distributions to the input 
variables in the finite element analysis.  The DM variable becomes the loss of lateral load carrying 
capacity in this context. 
 
Structural reliability methods then attempt to estimate the probability of exceeding values of specified 
limit state functions.  As a convention, the limit state function is usually denoted as g x( ), where x  is the 

vector of random variables considered in the problem, and g x( )≤ 0 usually defines the failure domain (eg. 

when demand exceeds capacity).  In this study, the problem was simplified by using only ten random 
variables.  These included three variables affecting geometry, four variables affecting material behavior, 
two variables affecting soil response, and a single variable for variation in dead loading.  While it is 
possible to insert individual random variables at every column integration point for every material 
property, the distribution of material random variables was assumed constant throughout the structure in 
order to facilitate reasonable computation time.  The limit state function was defined in terms of the pre-
earthquake lateral load carrying capacity from longitudinal pushover analysis (Equation 8) at different 
levels of demand (EDPi). 
 g x( )= P

@ DM = dmLS ,long
x( )− EDPi (8) 



The probability of failure was estimated using FORM analysis at each level of demand.  FORM uses a 
linearization of the limit state function at the design point to determine the failure probability.  The design 
point is the most likely failure point in the failure domain.   
 

 

Figure 9 - Bridge level capacity model 
 

Figure 10 - Bridge level damage fragility 

 
Each curve in Figure 9 is a product of numerous FORM analyses, each one producing a failure probability 
at a given EDP level (EDPi).  Each curve represents one value of the damage limit state (dmLS).  The 
damage limit state is incorporated into Equation 8 as the force at the location on the pushover curve where 
1-dmLS (%) of ultimate load exists.  The resulting DM can be defined as the loss of longitudinal load 
carrying capacity.  The subsequent CDFs have been modified to prevent the post-earthquake demand from 
exceeding the mean of the pre-earthquake capacity.  The damage models are then integrated with the 
demand models to produce the damage fragility surface of Figure 10.  As determined by the demand 
model, an extremely large earthquake intensity would be required to cause more than 60% loss of load 
carrying capacity.  This is reflected in the damage fragility surface by the shelf at higher DM values.   
 
Loss Model 
By choosing overall bridge system behavior as the EDP and DM of interest, it is desirable to generate a 
DV fragility curve that would provide information about loss of bridge performance in terms of traffic 
load carrying capacity, and therefore indirect losses.  The DV chosen in this example is the loss of traffic 
load carrying capacity (in terms of traffic volume) as compared to the design traffic load.  However, as 
with the component case, there is little loss modeling information available for bridges today.  From 
Caltrans meeting minutes [20], it has been suggested that a 10% loss in lateral capacity may constitute a 
life safety condition, but loss as high as 50% is a collapse prevention performance objective. Therefore, a 
continuous model is proposed that relates the DM in this example (loss of lateral load carrying capacity) to 
the traffic load loss DV (Figure 11).   
 
The resulting decision fragility curves are shown in Figure 12 from convolving the damage fragility and 
loss models.  The percentage in parenthesis refers to the loss in traffic volume associated with the 
proposed decision performance objectives.  Now the performance objectives shown on the plot are 
defined in terms of specific decision variable values (over a possible continuum of values), and they 
contain uncertainty information.  In this manner, it is possible to construct a new set of bridge 
performance levels that are fully probabilistic and based on rational bridge performance criteria.  These 
could be used to supplement existing information obtained from reconnaissance information during post-
earthquake damage assessment.  Or they can be used to give preliminary information about the 
transportation network functionality in a planning or design scenario.   
 



 

Figure 11 - Sample bridge loss model 

 

Figure 12 - Bridge level decision fragility 

 
For example, for a design earthquake with intensity Sa(T1) = 900 cm/s2, the probability of weight 
restrictions (25% loss of traffic load capacity) is 0.9, the probability of lane closure is 0.7, but the 
probability of limited access (one lane open or emergency vehicles only) is only 0.1. 
 
It should be noted, however, that this bridge-level example considers only the longitudinal lateral load 
carrying capacity of the bridge.  A complete set of decision-making tools would need to be more rigorous.  
Using the same procedure, the data in this example already exists for the transverse lateral and vertical 
load carrying capacity of the same bridge (not shown in this paper).  This information can be used in 
conjunction with the longitudinal load carrying capacity to create decision criteria based on the 
intersection of two or more of these quantities.  For example, it was suggested [20] that the loss of lateral 
load carrying capacity could be acceptably large if the vertical capacity had not degraded significantly or if 
the bridge was shored.   
 

DISCUSSION 
 
The power of the PEER framework and fragility formulation is evident in the two examples presented; 
however, the power is limited by lack of data at the loss model level.  While, the component-level example 
uses real data for each of the interim models, lack of data makes it necessarily focused on columns only.  
Not only this, but repair cost data is sparse and highly uncertain.  This problem, however, is a direct 
consequence of the damage states chosen in the damage model.  A different selection of DMs will require 
more research to define corresponding DVs.  However, at the bridge-level, the forms of both the DMs and 
DVs are yet to be defined.  While existing documents focus on graded seismic performance objectives, the 
performance is not always rigorously defined.  As an alternative, a new system of performance objectives 
based on the bridge-level example in this study is proposed in Table 1.  Using decision fragility curves, 
the probability of exceeding any performance objectives can be determined at the seismic level of interest.  
The specific values in the table are provided for illustration only and are meant to be refined through 
future research and discussion. 
 

Table 1 - Proposed performance levels using bridge-level DVs 

Objective name Traffic capacity 
remaining (volume) 

Loss of lateral load 
carrying capacity 

Loss of vertical load 
carrying capacity 

Immediate access 100% < 2% < 5% 
Weight restriction 75% < 2% < 10% 



1 lane open only 50% < 5% < 25% 
Emergency access only 25% < 20% < 50% 
Closed  0% > 20% > 50% 
 

CONCLUSIONS 
 
Fragility curves are a powerful tool for use in performance-based earthquake engineering.  This paper 
addressed the PEER methodology for fragility formulation as applied to reinforced concrete highway 
bridges.  The formulation involves the dependence of response on seismic intensity (demand), the 
dependence of damage on demand (capacity or damage), and the dependence of decision-making on 
damage (loss).  Selection of each of these three models and the corresponding variables was presented 
theoretically, as well as in two specific examples.  One example focused on a bridge component (column), 
while the second focused on functionality of the bridge structural system as a whole.  
 
While previous bridge fragility studies have focused on demand-based limit states, subjective limit state 
definitions, and compatibility with existing empirical fragilities, this study provides an analytical fragility 
formulation that is rigorous and probabilistically consistent.  Not only this, but the problem of defining 
earthquake fragilities is de-aggregated into interim models that are succinctly defined, and have associated 
fragilities.  Therefore, it was possible in this paper to generate demand, damage, and decision fragility 
curves.  These are distinctly different from any existing fragilities for numerous reasons.  First, they (the 
fragilities) are in reference to exceeding specific rational values of EDP, DM or DV variables in discrete 
or continuous fashion.  Second, they are conditioned on an arbitrary IM variable that can be chosen to best 
suit the structure and site of interest.  Finally, uncertainty in each model is propagated to each subsequent 
fragility curve.   
 
Formulation of decision fragilities is hindered by lack of data at the loss model stage.  At the component-
level, this will involve future research on repair costs and time that improve the performance of the loss 
models in the framework.  At the bridge-level, there is an even larger gap in the loss model, as the 
mathematical form of the loss model and the DVs of interest are yet to be agreed upon.  Therefore, a 
sample loss model form is proposed in Figure 11, and a series of decision criteria is proposed in Table 1.  
These are presented to facilitate future discussion between researchers, engineers, and decision makers. 
 

ACKNOWLEDGEMENTS 
 
This work was supported in part by the Earthquake Engineering Research Centers Program of the 
National Science Foundation under award number EEC-9701568 through the Pacific Earthquake 
Engineering Research Center (PEER).  Any opinions, findings, and conclusions or recommendations 
expressed in this material are those of the author(s) and do not necessarily reflect those of the National 
Science Foundation. 
 

REFERENCES 
 
1. Basöz N, Kiremidjian AS, King SA.  “Statistical analysis of bridge damage data from the 1994 
Northridge, CA, earthquake.”  Earthquake Spectra 1999; 15: 25-54. 
2. Basöz N, Kiremidjian AS.  “Evaluation of bridge damage data from the Loma Prieta and 
Northridge, CA earthquakes.”  Report No. 127.  Stanford: John A Blume Earthquake Engineering Center, 
Stanford University, 1997. 
3. Yamazaki F, Onishi J, Tayama S.  “Earthquake damage assessment of expressway structures in 
Japan.”  Proceedings of Asian-Pacific Symposium on Structural Reliability and its Applications, 1999.  



4. Basöz N, Mander J.  “Enhancement of the highway transportation lifeline module in HAZUS.”  
National Institute of Building Sciences, 1999. 
5. Basöz N, Kiremidjian AS.  “Risk assessment for highway transportation systems.” Report No. 118.  
Stanford: John A Blume Earthquake Engineering Center, Stanford University, 1996. 
6. Karim KR, Yamazaki F.  “Effect of earthquake ground motions on fragility curves of highway 
bridge piers based on numerical simulation.”  Earthquake Engineering and Structural Dynamics 2001; 30: 
1839-1856. 
7. Elnashai AS, Borzi B, Vlachos S.  “Deformation-based vulnerability functions for RC bridges.”  
Journal of Structural Engineering 2003, in press. 
8. Gardoni P, Der Kiureghian A, Mosalam KM.  “Probabilistic models and fragility estimates for 
bridge components and systems.”  PEER Report 2002/13.  Berkeley: Pacific Earthquake Engineering 
Research Center, University of California Berkeley, 2002. 
9. Medina R, Krawinkler H, Alavi B.  “Seismic drift and suctility demands and their dependence on 
ground motions.”  Proceedings of the US-Japan Seminar on Advanced Stability and Seismicity Concepts 
for Performance-based Design of Steel and Composite Structures, Kyoto Japan, July 2001. 
10. Mackie K, Stojadinovic B.  “Probabilistic seismic demand model for California highway bridges.”  
Journal of Bridge Engineering 2001; 6(6): 468-481. 
11. Travasarou T, Bray JD, Abrahamson NA.  “Empirical attenuation relationship for Arias Intensity.”  
Journal of Earthquake Engineering and Structural Dynamics.  Submitted for publication, 2002. 
12. HAZUS.  “Earthquake loss estimation methodology.”  Technical Manual 1999.  Washington DC: 
National Institute of Building Sciences for Federal Emergency Management Agency. 
13. Werner SD, Taylor CE, Moore JE, Walton JS.  “A risk-based methodology for assessing the seismic 
performance of highway systems.”  Report MCEER-00-0014.  Buffalo: Multidisciplinary Center for 
Earthquake Engineering Research, University at Buffalo, 2000. 
14. Kiremidjian, AS, Moore J, Fang YY, Hortacsu A, Burnell K, LeGrue J.  “Earthquake risk 
assessment for transportation systems.”  PEER internal report, 2001. 
15. Mackie K, Stojadinovic B.  “Seismic demands for performance-based design of bridges.” PEER 
Report.  Submitted for publication, 2003. 
16. Luco N, Cornell CA.  “Structure-specific scalar intensity measures for near-source and ordinary 
earthquake ground motions.”  Earthquake Spectra ?; :. 
17. Vamvatsikos D, Cornell CA.  “Incremental dynamic analysis.”  Earthquake Engineering and 
Structural Dynamics 2002; 31(3): 491-512. 
18. Berry MP, Eberhard MO.  “PEER structural performance database user’s manual.”  PEER Report.  
Submitted for publication, 2004. 
19. Berry MP, Eberhard MO.  “Performance models for flexural damage in reinforced concrete 
columns.”  PEER Report.  Submitted for publication, 2003. 
20. Porter K.  Minutes from PEER/Caltrans meetings and notes.  2/27/02 and 5/14/02. 
21. ATC/MCEER.  “Recommended LRFD guidelines for the seismic design of highway bridges.”  ATC 
Report No. ATC-49a.  Applied Technology Council and Multidisciplinary Center for Earthquake 
Engineering joint venture, 2001. 
22. Haukaas T.  “Finite element reliability and sensitivity analysis of hysteretic degrading structures.”  
PhD Dissertation, University of California Berkeley, 2003. 
 


	Return to Main Menu
	=================
	Return to Browse
	================
	Next Page
	Previous Page
	=================
	Full Text Search
	Search Results
	Print
	=================
	Help
	Exit DVD



