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ABSTRACT: Efforts are underway in Pacific Earthquake Engineering Research center to 
develop a performance-based earthquake engineering methodology for buildings and 
bridges.  The performance assessment process is described through four generalized vari-
ables that characterize information from the relevant scientific and engineering disciplines 
in a logical and consistent manner. The process begins with defining a ground motion In-
tensity Measure, which is often described by a seismic hazard curve for spectral accelera-
tion or other quantity. Next, nonlinear computer simulations are used to determine response 
of a facility to earthquake ground motions.  Output from these simulations is defined in 
terms of Engineering Demand Parameters, which may consist of interstory drifts, floor ac-
celerations, local ductility demands, or other engineering response quantities.  Engineering 
Demand Parameters are then related to Damage Measures, which describe the physical 
damage to the structure and its components.  Damage states are delineated by their conse-
quences or impact on Decision Variables, consisting of dollar losses (repair and restoration 
costs), downtime, and casualty rates.  A key aspect of the methodology is consistent repre-
sentation and tracking of uncertainties in predicting performance metrics that are relevant 
to decision making for seismic risk mitigation. 

1 INTRODUCTION 

 
Performance-Based Earthquake Engineering (PBEE) seeks to improve seismic risk decision-making 
through assessment and design methods that are more transparent, scientific, and informative to stake-
holders than current prescriptive approaches.  A key feature of PBEE is the definition of performance 
metrics that are relevant to decision making for seismic risk mitigation. Generally speaking, these met-
rics reflect direct dollar losses (repair and restoration costs), loss in functionality (or downtime), and 
risk of casualties.  These basic principles form the basis of efforts underway at the Pacific Earthquake 
Engineering Research (PEER) center to develop a methodology framework for organizing various re-
search and engineering components of PBEE. 
 
1.1 Overview of PBEE Assessment Process 
 
One way to characterize PBEE is through the idealized “pushover curve” shown in Fig. 1.  Typically 
plotted in terms of earthquake-induced base shear (vertical axis) and interstory drift (horizontal axis), 
the static pushover concept can be generalized to relate earthquake input intensity to the resulting per-
formance-metrics.  Structural engineers have traditionally calculated “performance” in terms of nar-
rowly defined engineering response parameters such as structural deformations and forces.  The goal 
of PBEE is to expand this interpretation to more direct performance metrics.  The first generation of 
PBEE assessment procedures, such as FEMA 273 (1997), attempt to relate structural response indices 
(interstory drifts, inelastic member deformations and member forces) to performance-oriented descrip-
tions such as Immediate Occupancy (IO), Life Safety (LS) and Collapse Prevention (CP).  However, 
the relationship between the structural indices and performance measures are approximate, determined 
in large part by calibration to expectations of performance provided by current building code 
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provisions.  Thus, the challenge remains to develop methodologies, models, and supporting data to 
link the engineering response parameters (e.g., drift) explicitly to performance metrics (dollar loss, 
casualty rate, and downtime). 
 
The four parameters, shown in Fig. 2, form the basis of a PBEE assessment framework under devel-
opment in the Pacific Earthquake Engineering Research (PEER) center.  The process begins with defi-
nition of a ground motion Intensity Measure (IM), which defines, in a probabilistic sense, the salient 
features of the ground motion hazard that affect structural response.  Ground motion Intensity Meas-
ures are commonly defined by single parameter variables, such as peak ground acceleration/velocity 
or spectral acceleration/velocity, but work is underway in PEER to look for improved Intensity Meas-
ures that correlate better with the resulting damage. The next term, Engineering Demand Parameter 
(EDP), describes the structural response in terms of deformations, accelerations, or other quantities 
calculated by simulations of the building to earthquake ground motions.  In cases where ground de-
formations or ground failures affect the response, the EDPs would include appropriate indices to rep-
resent ground deformations.   
 
Perhaps the most distinguishing aspect of the proposed PBEE framework over traditional design meth-
ods is the explicit calculation of Damage Measures and Decision Variables.  Damage Measures (DM) 
describe the physical condition of the structure and its components as a function of the imposed EDPs.  
Specific damage levels of the DMs are defined in terms of the consequences of the damage, such as 
(1) necessary repairs to structural or nonstructural components as a function of imposed deformations, 
(2) degradation of expected performance under future earthquakes, or (3) life-safety implications 
associated with falling hazards, fire, blocked egress, etc.  Once the DMs are determined, the final step 
in the PBEE process is to calculate Decision Variables (DV), which translate damage measures into 
quantities that relate to risk management decisions concerning economic loss and life safety. 

 
1.1 PBEE Probability Framework Equation 
 
The four generalized variables (IM, EDP, DM, and DV) of the performance assessment framework can 
be combined in the following equation to describe the outcome in a probabilistic sense, 
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Figure 1 – Idealized static pushover representation of seismic performance assessment 
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This equation follows directly from the total probability theorem, where uncertainties in each aspect of 
the solution are described in terms of independent conditional probabilities.  The resulting quantity on 
the left side of the equation, λ(DV), is a probabilistic description of the DV, such as the mean annual 
frequency of the DV exceeding a specified value.  For example, λ(DV) might be the mean annual 
frequency of the direct dollar loss (repair cost) exceeding 50% of the replacement cost of the facility. 
The terms, G(EDP|IM), G(DM|EDP) and G(DV|DM), or their derivatives, on the right side of Eq. 1 
are conditional probabilities relating one quantity to another.  For example, G(EDP|IM) could be the 
probability of exceeding a specified interstory drift ratio (the EDP) in a structure subjected to ground 
motions with a specified spectral acceleration (the IM).  The last term on the right in Eq. 1, dλ(IM), is 
the derivative of the hazard curve, relating the ground motion intensity measure (such as spectral 
acceleration) to its mean annual frequency of exceedence. 
 
The form of Eq. (1) implies that the intermediate variables (DMs and EDPs) are chosen such that the 
conditional probabilities are independent of one another and conditioning information need not be car-
ried forward.  This implies, for example, that given the structural response described by EDP, the 
damage measures (DMs) are conditionally independent of the ground motion intensity (IM), i.e., there 
are no significant effects of ground motion that influence damage and are not reflected in the calcu-
lated EDPs.  The same can be said about the conditional independence of the decision variables (DV) 
from ground motion IM or structural EDP, given G(DV|DM). Likewise, the intensity measure (IM) 
should be chosen such that the structural response (EDP) is not also further influenced by, say, magni-
tude or distance, which have already been integrated into the determination of dλ(IM).  Apart from fa-
cilitating the probability calculation, this independence of parameters serves to compartmentalize dis-
cipline-specific knowledge necessary to evaluate relationships between the key variables.   

2 INTENSITY MEASURES 

IMs are quantities that capture attributes of the ground motion hazard at a site which affect building 
performance. Calculation of IMs is in the realm of engineering seismology, and involves consideration 
of nearby earthquake faults (their location, slip mechanism, slip rates, etc.) and geological 
characteristics of the surrounding region and nearby site.  In the context of Eq. (1), simplicity favors 
scalar IMs for which hazard analysis results are readily available, although the robustness of the IM 
will affect the accuracy of the solution.  Choosing, for example, Peak Ground Acceleration (PGA), for 
the IM may be initially appealing, but the resulting distribution G(EDP|IM) may have a very broad 
variability.  This in turn would require a large sample of records and nonlinear analyses to estimate 
G(EDP|IM) with sufficient confidence.  A well selected spectral ordinate (e.g., Sa at the fundamental 
period T1) is an improvement over PGA and is widely used in current design standards.  However, it is 

Figure 2 – Components of performance-based earthquake assessment methodology 
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still a matter of debate whether Sa(T1) is indeed the “best” choice, in terms of balance between 
simplicity and accuracy. 
 
A drawback of using Sa(T1) as an IM to scale ground motions is that it does not account for the 
frequency content at T ≠ T1, which dominates higher mode effects (T < T1) and period elongation 
effects for inelastic systems (T > T1).  This is plainly seen in Fig. 3, where response spectra from 
twenty ground motions are scaled to a common value of Sa(T1) for a structure with a period of T=0.5 
seconds.  As illustrated in Fig. 4b, this can lead to G(EDP|IM) distributions with large variability.  The 
plot in Fig. 4a represents an incremental dynamic analysis results for a multi-story frame subjected to 
eight ground motions scaled to increasing values of Sa(T1).  The term incremental dynamic analysis 
refers to a strategy for conducting nonlinear time history analyses where a structure is subjected to 
multiple analyses for a given ground record, which has been scaled to various intensities (see 
Vamvatsikos and Cornell, 2001).  Each point plotted in Fig. 4a corresponds to the maximum interstory 
drift ratio (EDP) from a nonlinear time history analysis under a record scaled to a given spectral 
intensity (IM).  Each line connects points for a single strong motion record. The scatter is due to 
nonlinear softening and period lengthening, which alters the peak drift conditioned on Sa(T=T1).   
 
Studies are underway to investigate alternative IMs which might reduce the scatter observed with 
Sa(T1).  Data plotted in Fig. 4b are from one such study of an IM calculated as a weighted average 
between  Sa(T1) and Sa(2T1) - the idea being to capture some of the softening response in the IM 
(Cordova et al., 2000). As shown in the figure, the alternative IM does reduce the overall scatter, 
particularly at larger intensities where the structure has softened, but this reduction is at the expense of 
increased scatter at lower intensities, where the response is elastic.  While alternatives of the type 
shown in Fig. 4b show promise, at present there is no consensus of any scalar IM that is significantly 
better than Sa(T1).  Investigations of alternative scalar or vector IMs are continuing. 
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Figure 4 – Incremented dynamic analysis plots for interstory drift versus (a) Sa(T1) and (b) SaRsa
α

IDRMAX

0.00 0.02 0.04 0.06 0.08 0.10 0.12

S a
 (T

1,
5%

)

0.0

0.5

1.0

1.5

2.0

2.5
CM92-RIO 
LA92-YER 
LP89-HCA 
LP89-HSP 
LP89-WAHO 
Miyagi 
Mendocino 
Valparaiso 

IDRMAX

0.00 0.02 0.04 0.06 0.08 0.10 0.12

S a
R

Sa
α 

0.0

0.5

1.0

1.5

α  = 0.45 

(a) (b) 



 
3 ENGINEERING DEMAND PARAMETERS 
 
Nonlinear time history analyses for PBEE should ideally model all significant aspects of the structural 
response, including soil-foundation-structure interaction and strength and stiffness degradation under 
large deformations and cyclic loading.  In order to accurately characterize dynamic collapse, it is 
particularly important to model strength deterioration associated with both large deformations 
(deformation-softening) and stiffness degradation (stiffness-softening) under reverse cyclic loads.  Of 
the two effects, deformation-softening is more important and presents greater challenges to 
numerically model.  The plot shown in Fig. 5 (from Ibarra et al., 2002) is an example of a model with 
both aspects of strength degradation. The effect of deterioration on the seismic response is illustrated 
in Fig. 6, which shows incremental dynamic analysis curves for a frame analysis without and with 
deterioration.  The implication of the plateau in the response plot is that an infinitesimal increase in 
ground motion intensity causes a very large increase in the maximum story drift.   
 
Relevant EDPs depend on the performance target and the type of system of interest.  They include 
story drifts, component inelastic deformations, floor accelerations and velocities, but also cumulative 
damage terms such as hysteretic energy dissipation.  Once identified, they can be computed from 
procedures such as the incremented dynamic analyses, described previously, resulting in statistics to 
define the dG(EDP|IM) relationship. 
 
In considering the relationship of EDPs to DVs, there are fundamental differences in tracking damage 
versus collapse limit states.  Assuming that a reliable strength degrading model is used, identification 
of collapse is implicitly detected in the simulation by flattening of the incremental dynamic analysis 
curves.  Referring to Fig. 7, the collapse EDP is represented by the spectral intensity values where the 
incremental dynamic analysis curves soften to a small fraction (say 10%) of their initial stiffness.  
Once these points are identified, statistics and probability distributions describing the collapse points 
can be calculated (see the probability distribution plotted vertically in Fig. 7).    
 
Unlike collapse, which is a binary limit point, pre-collapse damage accumulates gradually and requires 
a multi-step evaluation process which begins by tracking a response EDP and then relating this to 
appropriate DMs.  The first stage of this process involves development of IM to EDP relationships, 
taking into account the inherent uncertainties in the response.  For the example shown in Fig. 7, this 
would involve calculating probability distributions of story ductility (or story drift) conditioned on 
spectral acceleration. Referring back to Eq. 1, the combined uncertainties in the ground motion hazard, 
ground motion characteristics, and variability in the IM to EDP response are quantified by integration 
of the hazard curve, dλ(IM), over the conditional probabilities of G(EDP|IM) for the relevant range of 
IMs.  This leads to the following mathematical expression of the Mean Annual Probability of 
exceeding a specified EDP, λEDP(y), 

[ ] |)(||)( xdxIMyEDPPy λλ =≥=                (2) 
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4 DAMAGE MEASURES 

Choice of appropriate EDPs is dictated by the extent to which they can be related to damage measures 
(DMs), and the DMs in turn, are dictated by their relevance to the decision variables (DVs).  Shown in 
Fig. 8 is an example of a DM-to-EDP damage relationship for standard gypsum wallboard partitions.  
In this case the EDP is the maximum interstory drift, which is deemed appropriate for evaluating 
damage to the nonstructural partitions.  Three damage states are considered, which relate to the 
necessary repairs for each damage state.  Minor damage, characterized by cracking at joints, local 
cracking/crushing around openings, and connector damage (“nail pops”), is defined by the typical 
repair involving some re-taping, spackling, and re-painting of the wall.  Moderate damage would 
require replacing of selective wall boards plus the repairs for the minor damage state; and severe 
damage would necessitate replacement of the wall.  Having determined these damage states, it is a 
relatively straightforward exercise to translate the necessary repairs into repair costs and schedule. 
 
For structural elements it is less obvious how to categorize damage and repairs and more difficult to 
calculate the damage from EDPs.  For example, shown in Fig. 9 is damage information from a test of a 
beam-column connection, where the damage descriptions (e.g., cracking, yielding, spalling, etc.) are 
mathematically related to the loading history by a damage index.  In this instance the damage index, 
which represents the EDP, is based on cumulative plastic deformations - although, any of a number of 
response parameters could be used to relate the observed data to the response (or simulation) data.  In 
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considering this example, a few questions come to mind – primarily concerning what, if any, repairs 
are warranted for the various damage conditions.  Is it necessary to repair the concrete cracks?  Do 
they pose a significant degradation in strength or stiffness of the joint?  If so, how much is the 
degradation, and do reliable methods exist which can restore the strength and stiffness.  Similarly, 
what, if any, effect does steel yielding have on future performance of the beam-column joint or the 
overall structural system?  Related to the basic behavioral issues and relationships of EDP to DM are 
questions concerning the uncertainties in the parameters, including variability between independent 
populations of components and populations common to a specific building.  The latter would imply 
possible correlations between the damage characteristics of all like components in the building.  
Answers to questions such as these, which are common to most structural elements, are essential to 
make accurate assessments of the economic and functionality implications of the damage.   

5 DECISION VARIABLES 
The likelihood of collapse will significantly affect calculations of the three basic decision variables - 
direct dollar losses downtime, and life-safety.  For seismically deficient structures, where the risk of 
collapse is high, the calculated decision variables will reflect the full replacement cost and rebuild time 
and risk of casualties associated with collapse.  Except for casualties, the relationship between collapse 
and direct losses is fairly direct.  Estimates of casualty probabilities require additional considerations 
related to factors such as occupancy rate, type of structure, search and rescue resources, etc.  Efforts 
are currently underway within PEER to develop a model for fatality rates, based on both existing 
fatality models and new research including observed casualty data from recent earthquakes. 
 
While losses due to complete collapse are fairly straightforward to determine, it is more typical that 
the DVs are controlled by less severe and more frequent earthquakes where the risk of collapse is low 
and the progression of damage is more gradual.  Work on loss-modelling is still ongoing within PEER, 
and some preliminary results have been published (e.g., Miranda and Aslani 2002, Porter et al. 2002).  
Assuming that one can reliably determine the complete facility damage state, it is fairly 
straightforward to calculated expected costs and downtime for the facility using construction cost 
estimating and scheduling methods.  Issues such as the increase in construction costs associated with 
“demand surge” following a large earthquake need to be considered, and there are data to make 
educated judgments about this. However, a significant challenge remains in going beyond expected 
losses to accurately quantify the uncertainty in losses, which are implied by the framework in Eq. 1. 
The difficulty lies in the fact that the outcome is highly dependent on uncertainty correlations between 
DMs and DM-to-DV models for components within in given facility.   
 
Another interesting issue with DVs, concerns the ways in which they are expressed to decision makers.  
In concept, the most straightforward (and mathematically explicit) approach is to describe the DVs in 
terms of annual frequencies of exceedence.  This is, in fact, the literal definition of DVs as described 
by Eq. 1. In this format, the performance metric for loss might be stated as the “mean annual 
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probability of experiencing an earthquake loss that would exceed X % of the replacement value of a 
facility.”  From the standpoint of life-cycle economic planning, descriptions of this sort would provide 
data to make rational decisions regarding earthquake mitigation, e.g., to evaluate the cost-benefits of 
designing a facility with higher performance targets versus opting for a lower performance target and 
purchasing insurance to cover the added risk.  However, focus group meetings with facility owners 
suggest that alternative scenario-based expressions of DVs are more appealing than a fully 
probabilistic description.  In such cases, the probabilistic description of the loss DV might be described 
as having “X % confidence that the losses would not exceed Y % of the building cost, assuming a 
magnitude Z earthquake on a nearby fault”.  Given the differing views and needs of various 
stakeholders and level of decision making, the best strategy for articulating the DVs is one that allows 
for several representations.  PEER’s approach to this is develop a methodology where the underlying 
assessment procedure tracks the DV outcomes in a rigorous probabilistic way (per Eq. 1) but also 
allows for translation of this information into alternative forms (such as scenarios) that are more 
amenable to decision making approaches of different stakeholders.  

6 CONCLUDING REMARKS 
While there is still significant remaining work to fully develop and implement the PBEE methodology 
outlined in this paper, the proposed methodology provides a framework for organizing the many facets 
of PBEE.  Whether or not the methodology is fully implemented in the manner described herein, the 
proposed framework will help to facilitate communication and information exchange among the many 
science, engineering, management, and social-science disciplines involved in the process.  In this way, 
PBEE will provide a more scientific basis for earthquake engineering and risk decision management. 
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