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ABSTRACT: The US Federal Emergency Management Agency (FEMA) is supporting 
the Applied Technology Council (ATC) to develop a next generation of performance-
based seismic design guidelines for buildings.  The project, ATC-58, will result in the 
capability to base design decisions explicitly on the expected performance of the building 
in future earthquake events.  Performance is measured explicitly as the risk of 
experiencing three types of losses: 

• Deaths and serious injuries. 

• Direct capital losses attributable to damage to the building and contents. 

• Indirect losses attributable to the loss of use for repair or reconstruction. 

This characterization of performance provides a common framework for design decisions 
that can be readily adapted to the perspectives of all stakeholders (e.g. owner, architect, 
engineer, contractor, regulator, lender, insurer).  It also facilitates efficient planning and 
design decisions through comparison of costs and benefits of various alternatives. 

This paper describes a procedure to assess risk and potential losses for individual 
buildings.  A practical example is included to illustrate application of the procedure. 

1 INTRODUCTION 

Natural hazards including earthquakes, floods, tornadoes, fires and hurricanes have caused huge losses 
in the past.  The 1900 hurricane in Galveston, the earthquakes and fires in San Francisco 1906 (see 
Figure 1) and in Kobe 1995 each caused much greater economic and life loss than the attacks of 
September 11, 2001.  The consequences of natural disasters in less developed countries are even more 
grave.  

 
Figure 2: The San Francisco earthquake and fire (1906) 

Building and infrastructure design codes in the United States traditionally have attempted to provide 
protection for structures against the effects of earthquakes, high winds, and fires with the basic 
objective of protecting against loss of life.  However, some natural and manmade hazards (e.g. 
tornadoes, terrorist attack, accidental explosions) are not addressed in building codes.  Although sound 
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building practices, as fostered by present-day building codes, offer some protection against gross 
damage and economic loss, the level of protection is not apparent explicitly.  Codes are often updated 
following disastrous events based on qualitative judgments by design professionals as to whether the 
losses were acceptable given the severity of the event.  Considering the potential consequences of 
extreme events and the costs to reduce them, better procedures for evaluating the expected 
performance of the built environment as an integral part of the design process are sorely needed.  

In the past thirty years the federal government in the U.S. has sponsored an extensive program of 
research and development in earthquake engineering, partially in response to the large economic and 
life losses that earthquakes caused around the world during this period.  These earthquake engineering 
procedures can provide the core technology to harden our built environment against many different 
types of hazards, including both natural and human-induced events.  The Federal Emergency 
Management Agency (FEMA) is supporting the Applied Technology Council (ATC) to develop a next 
generation of performance-based seismic design guidelines for buildings.  The project, known as ATC-
58, will result in improvements to current seismic design procedures for new construction and the 
evaluation and retrofit of existing construction (FEMA 445).  The intention is to provide a capability 
to base design decisions explicitly on the expected performance of the building in future earthquake 
events.  Performance is measured as the risk of experiencing three types of losses: 

• Deaths and serious injuries. 

• Direct capital losses attributable to damage to the facility and its contents. 

• Indirect losses attributable to the loss of use of the facility for repair or reconstruction. 

This characterization of performance provides a common framework for design decisions that can be 
readily adapted to the perspectives of all stakeholders (e.g. owner, architect, engineer, contractor, 
regulator, lender, insurer).  It also facilitates efficient planning and design decisions through 
comparison of costs and benefits of various alternatives. 

In developing the basic concepts for the characterization of performance in terms of risk, it is apparent 
that they are more applicable in a broader context than to the evaluation and design of buildings 
subject to earthquakes.  The same concepts are more useful for evaluation and design decisions about 
the built environment (e.g. buildings, transportation systems, utilities) that might be subjected to any 
extreme event (e.g. earthquakes, fire, blast, high winds).  This paper introduces a conceptual approach 
that is independent of the specific type of facility and various extreme events to which it might be 
exposed.  It illustrates the practical application of the basic procedures to building performance during 
earthquakes 
This new approach to characterizing performance in extreme events is a major change intended to 
adapt technologies for improved decisions on the part of all stakeholders to protect safety and 
maximize economic value. 

1.1 Current procedures for design and evaluation of performance  

Decisions about the evaluation or design of buildings and other facilities that might be subject to 
earthquakes, fires, high winds, or blasts raise common questions about the potential impacts.  Will the 
occupants be safe?  What could it cost to repair the facility if it were damaged?  Will it be available for 
use after the event?  The answers to these questions are the broadest characterization of facility 
performance.  The answers depend on two primary considerations.  First, the facility has physical 
properties that can make it more or less resistant to these types of events.  This can be viewed as the 
vulnerability of the building.  How strong/fire-resistant/etc. are the building components?  Second, 
depending on where the facility is located and its function, it may be subject to different levels of 
extreme event intensity, with greater or lesser probability of occurrence.  How strong will the effects 
of earthquakes, blasts, or fires be and how often will they occur?  

Techniques used by architects and engineers to evaluate and design buildings essentially compare the 
vulnerability, sometimes termed capacity, of the building to the hazard, sometimes called demand, to 
assess performance during extreme events.  This is the basis of traditional building codes (NFPA, 2002 
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and ICC, 2003a).  In the past ten or fifteen years, procedures have been improved with the introduction 
and development of what are called performance-based procedures.  These focus more 
comprehensively and explicitly on both capacity and demand.  The principles of risk analysis also are 
being used increasingly to address the performance of facilities subject to extreme events.  The 
following is a review of each of these current procedures with a summary of potential improvements 
that may lead to better decisions in the future. 

1.1.1 Traditional building codes 

The intent of current building code requirements relating to extreme events is primarily to protect life 
safety for relatively intense events that could affect a specific facility.  A secondary goal is to limit 
damage for events of lesser intensity.  The implementation of code requirements is prescriptive.  
Design professionals are required to follow procedures specified by the code to demonstrate that their 
designs are sufficient for prescribed conditions.  For example, based on the occupancy and use of a 
facility, the fire protection required for walls, ceilings, and structural members is specified in terms of 
a required “rating.”  The designer selects construction materials with a prescribed rating to satisfy the 
requirement.  Although the ratings themselves may imply an expected performance (e.g., one-hour, 
two-hour, four-hour resistance to fire), they are referenced to a standard empirical test that is not 
related directly to actual building performance.  The implied assumption of this process is that a 
facility constructed in accordance with the code will perform adequately.  The “pass/fail” nature of 
code procedures, however, does not result in explicit determination of performance parameters or 
metrics (e.g., damage, casualties) that verify the assumption.   

For seismic design (i.e. to resist earthquake shaking) the intent of the code is that buildings designed to 
the prescriptive provisions would: 

(1) not collapse in a very rare earthquake of extreme intensity;  

(2) provide life safety for rare earthquakes of severe intensity;  

(3) suffer only limited repairable damage in moderate shaking; and  

(4) suffer no damage in more frequent, minor earthquakes. 

Note that these goals themselves do not specify the performance objectives (e.g., life safety, limited 
repairable damage) or the hazard (e.g. rare, minor) in quantifiable engineering terms.  Deficiencies in 
the prescriptive provisions in terms of meeting these four objectives have been identified following 
each significant earthquake in the United States.  Substantial revisions to the prescriptive provisions 
have then followed based primarily on empirical observations of the actual losses.   

Stakeholders, other than the design professionals, generally accept code compliance as satisfying their 
needs with respect to extreme events.  The procedures and details of design are obscure to most.  The 
unfortunate result can be a very superficial and simplistic understanding of the performance that 
should be expected when an extreme event occurs.  Uncertainty is not apparent and normally 
neglected.  The consequences of the isolation of stakeholders are evident after extreme events.  For 
example, many building owners after the Loma Prieta (1989) and Northridge (1994) earthquakes 
expressed outrage at damage in their buildings that they assumed were “earthquake proof” since they 
complied with relatively modern codes. Finally, although current codes address earthquakes, wind, 
hurricanes, and fire, other hazards (blast, tornadoes) are not addressed.  There is some logic, and 
evidence (Hayes 2004) that design for the events specified in the codes also contributes to improved 
performance for those that are not.  However, the extent to which this is the case is only fortuitous.  
This is in spite of the intense public awareness of the danger of blast. 

In summary, potential improvements to traditional prescriptive codes for building construction 
include: 

• An explicit characterization of what might happen to a specific building in terms of safety and 
economic loss. 

• Consideration of the variability of intensity of extreme events. 
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• Information more transparent and useful to stakeholders other than design professionals and 
regulators. 

• Explicit recognition of the uncertainties involved both in terms of the hazard associated with 
various types of events and the specific vulnerabilities of a given building. 

• A common metric capability to make comparisons and assess the interrelation of vulnerability 
with respect to different types of extreme events. 

1.1.2 Performance-based design 

Some of the shortcomings of existing codes and standards are addressed by performance-based 
engineering (ICC 2003b, FEMA 356, ATC 40).  This approach uses engineering analysis techniques to 
estimate the potential effects of events on facilities in a measurable manner.  Similar procedures using 
advanced analysis techniques have been used for years in the automotive and aerospace industries for 
the design of prototypes that will eventually be mass-produced.  Recent advances in engineering and 
information technology are reducing the effort and costs of these techniques such that they are being 
applied on a more widespread basis for the more unique design of individual facilities in the built 
environment.   

With performance-based procedures, the intensity of an extreme event is expressed explicitly in 
quantifiable engineering terms.  For example, an earthquake of a certain magnitude and location would 
result in shaking at a building site with an intensity measure (IM) that can be characterized by a record 
of actual ground movement or a derivative parameter (e.g. peak ground acceleration, peak acceleration 
at the period of the structure).  This is termed a deterministic or scenario event.  Alternatively, the 
intensity can be specified probabilistically as a level of shaking expected within a time period (e.g. 500 
year event, 100 year event).  This probabilistic characterization is analogous to that often used for 
wind or flood. 

The potential effects of the extreme event on a facility in the built environment also are characterized 
in engineering terms.  These engineering demand parameters (EDP’s) are usually forces or 
deformations in the components of the building induced by earthquakes, wind, blast, or fire.  Using 
judgment and empirical data, engineers can translate these EDP’s into some useful damage states or 
performance levels (see Figure 2).   In the figure an engineering demand parameter is related to a 
causative measure of intensity for an earthquake.  In this example, the intensity measure (IM) might be 
the maximum acceleration induced by the earthquake on a building.  The engineering demand 
parameter (EDP) might be the response of the structure in terms of the maximum movement, or 
displacement, at the roof level.  For low levels of ground shaking intensity, engineering demand is 
small and approximately proportional to intensity directly with a linear relationship.  Engineers term 
this linear type of behavior “elastic response”.  Little structural damage occurs in a facility responding 
elastically.  As the ground shaking intensity increases, engineering demand also increases and the 
components of the structure begin to respond “inelastically” and suffer damage.  At some point as 
intensity increases, the damage will become significant enough to require the building to be closed for 
repairs.  Current performance-based seismic design procedures call this limit “Immediate Occupancy” 
because at more intense levels of shaking and damage, the building could not be occupied until repairs 
are made. As the intensity of motion further increases, structural damage becomes more significant.  
At some point the damage impairs the lateral and/or vertical load carrying capacity of the structure 
such that safety is no longer reliable.  The level of engineering demand at which this occurs is the 
“Life Safety” limit.  Beyond this point, structural damage becomes extreme leading to a “Collapse 
Prevention” engineering demand limit at which the structure has become so severely damaged that it 
may become unstable and collapse.  Each of these damage states represents a milestone, termed a 
performance level, that provides some useful information about the condition of the building (see 
Figure 3) 
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Figure 2  Intensity measure, engineering demand, and performance levels. 
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Figure 3    Performance levels. 

The application of this basic concept to a design or evaluation of a facility involves the pairing of 
seismic hazard levels (a specific intensity) with seismic performance levels (Immediate Occupancy, 
Life Safety, Collapse Prevention).  For example, suppose that the analysis indicates that, for an 
intensity measure corresponding to a seismic hazard level associated with a 500 year event, the 
engineering demand was that designated by the Performance Point in Figure 3.  This demand implies 
damage that is less than that required for the Life Safety limit.  Therefore, the building would meet a 
requirement to attain a Life Safety performance level for a 500 year seismic hazard level.  The 
building could also be checked for other performance objectives (e.g. Immediate Occupancy for the 
100 year hazard, or Collapse Prevention for the 1000 year hazard).  Note also that the characterization 
of performance in these terms also provides information beyond meeting or failing the objective.  In 
Figure 3, it is apparent that the damage in the building will be substantial and require more than a few 
weeks to repair.  This realization could be very important to the owner of the building or the lender or 
insurer. 

Performance-based design approaches are also applicable to other hazards.  For example, a computer 
model of a building can be subjected to a theoretical fire as represented by an ignition point and fire 
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load.  In such a model, the intensity measure applied to the model may be air temperatures.  The 
engineering demand might be similar in form to that for earthquakes, but would likely be adapted to 
components and elements that are particularly sensitive to fire.  The damage states and performance 
levels could be analogous to those for earthquakes. 

• Performance-based engineering (PBE) offers some important improvements over traditional 
prescriptive codes: 

• PBE provides information about the actual performance of the specific building for various 
levels of intensity of extreme event. 

• Owners and other stakeholders can relate more directly with the results. 

• The basic approach can be applied to multiple hazards. 

Practical application of the procedures since their inception for seismic evaluation and design leads to 
several suggestions for further improvement: 

• The current performance characterization framework emphasizes objectives that are discrete 
milestones. (i.e. performance level and hazard level).  In reality, performance is a continuum.  
As shown in Figures 2 and 3, the performance generally falls between the milestones.  It 
would be very useful to recognize and incorporate this refinement in performance 
characterization to address the needs of some stakeholders.   

• The performance characterizations are generally qualitative in nature.  While the goal of safety 
is worthy and logical, it is not quantified in current procedures.  What is the chance of death or 
serious injury associated with the performance levels?  Decision makers might also benefit 
from information in economic terms.  What would it cost to repair damage to a building?  
How long would it take to repair and what revenue would be lost?  Quantification would also 
contribute to the ability to make comparisons among different hazards.  For safety purposes, is 
it more effective to reduce the effects of fires or of earthquakes? 

• Engineering design takes place fundamentally, and necessarily, at the component level of a 
facility.  Current performance-based procedures retain this perspective.  Performance is 
currently assessed exclusively at the component level.  If any single structural component fails 
to meet acceptability criteria, the entire building might be judged not to meet a performance 
objective.  Experience in past earthquakes indicates that this is overly restrictive in most 
instances.  Aggregating component behavior in a logical and technically sound manner to form 
a global representation of the consequences of an extreme event would result in more realistic 
and complete characterization of performance 

• The current procedures do not incorporate considerations of uncertainty and reliability 
directly.  For example, the building represented in Figure 4(?) conforms to a performance 
objective of Life Safety in a 500-year earthquake.  Does this mean that on average (50-50 
chance) it will be “life-safe” during such an earthquake?  Or does it imply that the confidence 
is more like 90%?  This distinction is important to the effective and efficient assessment of 
performance and design for extreme events.   

1.1.3 Risk analysis 

In 1997, FEMA and the National Institute for Building Sciences released the initial version of a 
computer software program (HAZUS) that comprised a regional seismic loss estimation model. The 
program evaluates a wide range of potential losses due to earthquakes including damage to buildings 
(NIBS 1997).  The original version of HAZUS computes expected losses for large inventories of 
buildings using representative typical models intended to capture the average results of large 
inventories. A later version allows the use of building-specific information to predict losses for a 
single building (NIBS 2002).   

The calculation procedure for building losses is technically similar to that for performance based 
design (Kircher 1997a,b).  Rather than performance levels, HAZUS characterizes performance with a 
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series of damage states (Figure 4). 
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Figure 4  HAZUS damage states related to deformation of building 

HAZUS incorporates structural reliability concepts directly to include uncertainty in the 
characterization of performance.  As illustrated in Figure 4, a risk analysis incorporates the probability 
of being within a damage state for a given engineering demand in the form of a fragility curve.  The 
engineering demand associated with each damage state in Figure 4 is a median value.  This means 
there is a 50% chance of the actual damage being greater and a 50% chance of it being less.  
Uncertainty is reflected in the shape of the fragility curve.  The curves for the lower damage states are 
steeper reflecting less uncertainty than the flatter curves for the higher damage states. 

Associated with each damage state (slight, moderate, extensive, complete) are expected losses in terms 
of casualties, damage to the building and its contents, and downtime.  Consequently the results of a 
HAZUS analysis for a specified seismic event are expressed as expected losses in each of these 
categories.  This is illustrated in Table 1.  The table summarizes the expected consequences of an 
earthquake with a specific intensity on a building in its original condition (top portion of table).  It also 
includes an estimate of the consequences for the building assuming that it had been retrofitted to 
improve performance prior to the earthquake (bottom section of table). 
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Table1 Example HAZUS results for a specific building and a specific earthquake event (NIBS 2002) 

 
The introduction of risk analysis concepts could lead to significant further improvements over 
traditional codes and performance-based procedures in the information available to the decision maker.   

The performance of the facility can be represented by a continuous relationship between intensity and 
expected losses.  This is evident by recognizing that the fragility relationship in Figure 4 can be 
applied at any point along the curve.  This means that the consequences for any earthquake intensity in 
terms of expected losses are represented by the information in Figure 4. 

The results are quantitative rather than qualitative.  This can be seen by contrasting the specific losses 
tabulated in Table 1 with the qualitative descriptions in Figure 3. 

The risk framework has the capability to include information on uncertainty and reliability explicitly.  
The illustrated results in Figure 4 and Table 1 are “expected” values.  This means that the actual losses 
have an equal chance of being less than or greater than the expected values.  The fragility curves can 
be used to estimate results for a higher or lower degree of reliability.  It might be important to know 
for safety considerations that the casualty losses have only a 20% chance of being exceeded (and an 
80% chance of being less). 

1.2 Theoretical framework 

The theoretical framework for the new procedures presented hereinafter has been developed by the 
Pacific Earthquake Engineering Research Center (PEER).  PEER is a national multi-disciplined center 
linking researchers in earth sciences, engineering seismology, geotechnical and structural engineering, 
architecture, economics, and public policy from nine major universities.  PEER is focusing on the 
development of performance-based earthquake engineering.  In order to coordinate the efforts of many 
individuals from the various disciplines, a basic framework has been adopted in which to develop a 
performance methodology. 

Based on the total probability theorem [Benjamin 1970], the probability ( )λ DV  that a loss parameter 
exceeds a specified value is expressed by the following framework equation (Moehle, 2003 and 
Deierlein, 2004): 

( ) ( )DV G DV DM dG DM EDP dG EDP IM d IMλ λ= ∫∫∫          Eq. 1 
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The use of risk as a characterization of performance in these guidelines is based on the PEER 
methodology.  The variables in the equation are: 

IM –  Intensity measure, or intensity 

EDP - Engineering Demand Parameter, or demand 

DM - Damage Measure, or damage state 

DV - Decision variable, or projected loss 

The equation is a formal expression of the performance assessment process.  The last term on the right, 
λ(IM), is the probability of experiencing ground shaking of a given intensity, obtained from a basic 
seismic hazard curve.  The relationship between shaking intensity and the engineering demand is the 
term EDP|IM.  Structural engineers normally perform these operations as a part of their analysis and 
design calculations.  The conversion of demand to damage is represented by DM|EDP .  Generating 
loss from damage is the term DV|D .  The quantification of damage and loss is not conventionally done 
with current design procedures.  The other operators in the equation represent the use of the total 
probability theorem allowing the uncertainties in the assessment process to be carried through the 
process. 

2 BASIC PROCEDURE FOR RISK-BASED PERFORMANCE ASSESSMENT 

The performance assessment procedures currently under development for the ATC 58 project are 
based directly on the PEER methodology.  Depending upon the objectives of the engineer and other 
decision-makers, several types of performance assessment are possible.  An intensity-based 
performance assessment results in an estimate of the probable losses, given that the building 
experiences a specific intensity of shaking (e.g. 10% chance of being exceeded in 50 years).  Similarly, 
a scenario-based performance assessment is an estimate of the probable losses, given that a building is 
subjected to a specific earthquake, normally defined as a specified magnitude and distance from the 
site.  The most complete type of assessment is termed time-based and is an estimate of the probable 
consequences, considering all potential earthquakes that may occur in a given period of time, and the 
probability of each.  The differences between the types relate to the nature and extent of the intensity 
of shaking that is considered.  Beyond that distinction, the four procedural steps are essentially the 
same regardless of the type of assessment.  Each of these steps is reviewed below for an example 
building.  For simplicity, only direct capital losses (i.e. direct losses attributable to damage to building 
and contents are considered.  The example building is described in Figure 5. 

 

 

 

 

 

Height: 3 stories; 14 ft. floor to floor; 
42 ft total above grade; no basement 

Area: 22,736 sq.ft. per floor; 68,208 
sq.ft. total (actual building slightly 
larger) 

Occupancy: General office space 
(B2) 

 
Figure 5: Example building description 
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2.1 Hazard analysis 

The starting point for the hazard analysis is a 5% damped spectrum relating spectral acceleration to 
building period for each intensity or scenario of interest as shown in Figure 6.  For sites in the 
continental United States, this data can be downloaded from the internet based on geographic 
coordinates for the site.  In some cases, a site specific hazard analysis prepared by a geotechnical 
engineer may be warranted.  For a time based assessment a hazard curve for the site relating peak 
ground acceleration to an annual probability of exceedance is also needed (see Figure 7). 

 

 
 
Figure 6: Equal hazard spectra for example 
building 

 

 
Figure 7: Hazard curve for example building
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For each intensity level or scenario, representative ground motions are selected and scaled using one 
of several available procedures to adjust the amplitudes accordingly.  Multiple records are necessary to 
properly account for variability and uncertainty in ground motions in the loss calculations.  For time 
based assessments this is done for several intensity levels. 

2.2 Structural analysis 

The structural analysis utilizes a nonlinear model based on all components of the lateral load resisting 
system for the building (see Figure 8).  For each intensity level, the representative scaled ground 
motions are used in a series of nonlinear dynamic analyses of the building to calculate the maximum 
demands that in a later step of the process are used to predict damage.  These analyses can be 
implemented with any of a number of commercially available software programs with nonlinear 
dynamic analysis capability.   

 
 

Figure 8: Structural features of example building 

The result of the analysis for each ground motion is a unique set of correlated demand parameters (i.e. 
maximum story drifts and accelerations in this case).  The maximum demands that occur during each 
record are recorded (see Table 2).  For a given intensity level or scenario, each ground motion will 
produce differing values of the various demand parameters.  However, the individual maximum 
demand parameters for the building (?)(i.e. drift and accelerations) are not independent variables.  
They are related to one another in a complex way through the stiffnesses and strengths of the 
components of the structural model.  One way to capture this relationship in demands is to perform a 
series of nonlinear analyses for a large number of ground motions at each intensity level.  However, 
there are a limited number of available records reasonably representative of any given site.  
Furthermore, the computer time required to complete a nonlinear analysis is relatively large.  As an 
alternative in these procedures, the inherent correlation among the individual demand parameters is 
represented statistically from the data obtained from analyses for ten ground motions.  By examining 
such data and relationships, a joint probability distribution for the demands is constructed at each 
intensity level.  A large number of demand data sets can be artificially generated using these joint 
probability distributions. 



Paper Number 01             12 

   

Table 2: Engineering demand parameters (EDP) for example building for ten ground motions 
representative of shaking intensity with a 10% chance of being exceeded in 50 years 

Maximum interstory drifts Maximum accelerations Ground 
motions 
for 
10%/50yrs 
intensity 

δ1-2 max(%) δ2-3 max(%) δ3-R max(%) α1 max (g) α2 max 
(g) 

α3 max 
(g) 

αRmax 
(g) 

GM 1 1.26 1.45 1.71 0.54 0.87 0.88 0.65 

GM 2 1.41 2.05 2.43 0.55 0.87 0.77 0.78 

GM 3 1.37 1.96 2.63 0.75 1.04 0.89 0.81 

GM 4 0.97 1.87 2.74 0.55 0.92 1.12 0.75 

GM 5 0.94 1.80 2.02 0.40 0.77 0.74 0.64 

GM 6 1.73 2.55 2.46 0.45 0.57 0.45 0.59 

GM 7 1.05 2.15 2.26 0.38 0.59 0.49 0.52 

GM 8 1.40 1.67 2.10 0.73 1.50 1.34 0.83 

GM 9 1.59 1.76 2.01 0.59 0.94 0.81 0.72 

GM 10 0.83 1.68 2.25 0.53 1.00 0.90 0.74 

 

For the example building 200 simulated demand sets were generated for each intensity level.  This 
provides a reasonable distribution of potential demand for each intensity level, representative of the 
inherent variability in the ground motion.  The sets of demands generated statistically from the results 
of the structural analysis each represent a single possible simulated shaking event, or realization.   

2.3 Damage assessment 

The new assessment procedure introduces the concept of dividing the building into a series of 
performance groups, and identifying relevant damage states for each of these performance groups.  
Performance group damage states are defined in terms of the repair actions that would be required to 
correct the damaged components to a state equivalent to that which existed prior to the shaking event 
realization and the resulting demands.  Fragility relationships define the probability of the performance 
group being in each damage state as a function of a specific demand parameter from the simulated 
demand sets.  A global damage state representative of the repairs required for the entire building is 
generated from the individual performance group damages for each realization.  For capital losses, the 
total damage state is essentially a bill of repairs that would be required to return the building to its 
previous condition.  Losses are determined using consequence functions that account for the 
correlation of various aspects of the damage.  For example, the unit costs associated with various 
repairs depend on the total quantities for the entire building as opposed to those ascribed to individual 
components. 

2.3.1 Performance groups 

It is neither practical nor desirable to model each and every component of a building separately to 
assess its performance.  The new assessment procedure uses performance groups (of components and 
systems) to monitor the damage sustained by the building.  In general, performance groups are 
developed to address specific needs of any assessment.  In many instances, however, the performance 
groups are similar.  Performance groups include components that have compatible locations, demand 
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parameters, damage states, and fragilities (see Table 3). 

Table 3: Performance groups for example building 

 

2.3.2 Performance group damage states and fragilities 

For each performance group, two or more damage states are defined (see Figure 9 and Table 4).  There 
is always the potential for a “no damage state” and “complete” damage state.  For many performance 
groups, damage characterization can be further refined with intermediate damage states 1DS  to 1jDS − .  
The probability of being in each damage state, as a function of demand, is represented by a lognormal 
distribution having median defined by 

iDSEDP  and dispersion 
iDSβ (i.e. standard deviation of the 

natural logarithm of the initiating demand for the damage state).  Note that uncertainty 
iDSβ  represents 

the uncertainty associated solely with the damage and is independent of uncertainty with respect to 
shaking intensity and demand.  It primarily reflects variability in construction and material quality, as 
well as the extent that the occurrence of damage is totally dependent on the single demand parameter 
and the relative amount of knowledge that affects component fragility estimates.  The fragility curves 
for the higher damage states generally are flatter than the lower.  This is the result of the increased 
uncertainty (i.e. larger beta) associated with increasing inelastic behavior.  The fragility curves for the 
damage states often overlap for a range of story drift.  This means that the damage states associated 
with drifts in this range are not certain but rather distributed statistically in accordance with their 
relative positions on the fragility curves.   

 
Figure 9: Performance group damage states and fragilities 
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Table 4: Damage states for a structural performance group 

Performance Group SH12

DS1 DS2 DS3
Cracking or 
fracture of 
weldments

Buckling or 
fracture of beam 
flanges and/or 

Fracture of column 
flanges and/or 
web

DS1 DS2 DS3
0.015 0.025 0.035
0.250 0.300 0.300

Units DS1 DS2 DS3

STRUCTURAL

Demolition/Access
Finish protection sf 6,000 6,000 6,000
Ceiling system removal sf 2,000 3,000 5,000
Drywall assembly removal sf 800 800 6,000
Miscellaneous MEP loc 2 4 6
Remove exterior skin (salvage) sf 5,600

Repair 
Welding protection sf 1,500 1,500 1,500
Shore beams below & remove loc 12
Cut floor slab at damaged conn. sf 70 150 1,600
Carbon arc out weld lf 40 50
Remove portion of damaged beam/col sf 100
Replace weld - from above lf 40 40
Remove/replace connection lb 3,000
Replace slab sf 70 70 1,600

Put-back
Miscellaneous MEP and clean-up loc 2 4 6
Wall framing (studs, drywall, tape and paint) sf 800 800 6,000
Replace exterior skin (from salvage) sf 5,600
Ceiling system sf 2,000 3,000 5,000

Damage state repair quantities

Damage state fragilities (see graph below)

Description

Structural steel moment frame beam-column joints Located 
between Level 1 and 2. Twelve joints each direction (NS and EW)

Engineering demand parameter

Median EDP
Beta

Repair measure

Maximum interstory drift between Level 1 and Level 2

Damage state general descriptions

 
The damage states themselves are defined by a list of required repairs, should the damage state occur.  
This list, or bill of repairs, depends on the actual physical material quantities comprising all of the 
components in the group.  The repairs that represent the damage states are specific quantities of 
material and labor required to return the entire group to a pre-event condition (see Table 4).  This 
group represents the structural steel moment frame connections for the frames between the first and 
second levels of the example building.  There are twelve such connections acting in each orthogonal 
direction of the building.  The demand parameter for this group is the inter-story drift between the two 
levels.  There are three damage states for the group (beyond the “zero” state).  The first of these 
damage states has median drift demand of 1.5% and consists of cracking and fracture of welds in the 
beam to column connections.  The associated repair quantities include the repairs to the damaged 
welds as well as the indirect effects of construction protection for the building, access to the welds, 
and put-back measures to the structure and finishes.  The second damage state has a median drift 
demand of 2.5%.  The third damage state has a median drift demand of 3.5% and consists of column 
fracturing.  For this damage state the entire beam-column joint must be removed and replaced as the 
repair. 

2.3.3 Total damage states 

For any set of demands from a single realization, the distribution of damage (i.e. probabilities of being 
in each of the various damage states) within each performance group is defined as discussed in the 
previous section.  Using these distributions, a single damage state for each performance group, that is 
statistically consistent with the probabilities implied by the fragility functions, is generated as a 
random variable.  This results in a definitive and quantitative set of repair measures for each 
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component and system.  Consolidating and summing the repair measures for all components results in 
a comprehensive bill of repairs for the entire building model.   The total damage state bill of repairs is 
equivalent to that which would be generated by a contractor who was determining what would be 
needed to be done to repair the damage if it had actually occurred.  

2.4 Consequence functions and loss computation 

Losses for any set of demands are the product of applying a consequence function to a total damage 
state.  The nature of the consequence function depends on the category of loss (e.g. casualties, capital, 
downtime).  For capital losses, the consequence function consists of appropriate unit costs for the 
repair measure quantities tabulated in the total damage state (see Figure 10).  This function assumes 
that for any repair measure there is a maximum unit cost that applies for quantities up to a limiting 
lower amount.  For greater quantities the unit cost diminishes linearly until a limiting higher quantity 
is reached.  Beyond the higher quantity limit a minimum unit cost applies.  The generalized cost 
function presented in Figure 10 represents a median estimate of repair cost, given a total damage state.  
Uncertainty associated with contractor efficiencies, market pricing conditions, labor availability and 
similar factors is represented through a distribution around this median value, represented by the repair 
cost dispersion, βRC.  Thus for any set of demands this distribution can be used to treat the unit costs as 
a random variable.   

 
Figure10: Consequence function model for repair costs 

2.4.1 Aggregation of loss for a single intensity or scenario 

The losses for each performance group can then be determined by applying the adjusted costs to the 
appropriate damages states.  The total of all losses from all performance groups represents the loss that 
would have occurred in the building experienced the shaking for the specific realization.  The total 
damage state is the result of the response to a single demand set representing one possible realization 
of the building performance, for any of an infinite number of ground motions that match the assumed 
shaking intensity.  Thus the total losses are indicative of one possible outcome of shaking 
corresponding to the assumed intensity.  By repeating this process for a number of different ground 
motion realizations, a distribution of losses for the intensity level, or scenario, is generated.  This 
process was completed for four levels of intensity for the example building (see Figure 11).  
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Figure 11: Loss functions for four intensity levels for example building 

2.4.2 Time-based assessment 

A time-based performance assessment requires the generation of cumulative loss function curves for a 
minimum of four levels of intensity (i.e. 10% chance of being exceeded in 5, 10, 50, and 100yr. as 
shown in Figure 11).  The complement of each of the cumulative loss functions are then multiplied by 
the slope of the hazard curve at the corresponding intensity level and integrated to generate an 
aggregated loss function relating losses from any seismic shaking to the corresponding annual 
probability of exceeding the loss (see Figure 12).  In this form, the loss function is analogous to the 
hazard curve shown in Figure 3.  Thus this assessment process is essentially a conversion of shaking 
hazard to risk of loss for a specific building. 

 
Figure 12: Aggregated loss function for example building 

 

As shown in Figure 12, the integration of the aggregated loss curve provides a single quantity that 
represents the losses as an annual cost stream.  The corresponding curve for casualities would 
comprise a death and serious injury rate per year.  For downtime, the value would represent the 
numbers of days of loss of use for the building per year.  These annualized losses are basic risk 
parameters.  They are unique quantitative values associated with a specific building situated on a 
specific site. 
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3 THE PRACTICAL USE OF RISK TO MEASURE PERFORMANCE 

Characterizing the performance of structures subject to earthquakes as the risk of incurring basic 
losses provides important improvements over traditional code procedures and first-generation 
performance evaluation and performance-based design procedures.  The risk-based approach also 
facilitates the use of economic analysis for better design and management decisions. 

3.1 Minimum standards 

The primary purpose of seismic provisions in present prescriptive codes is to provide for a minimum 
level of public safety.  The casualties risk parameter that results from the time-based performance 
assessment provides a quantifiable measure of safety for a building design.  With this tool in place, 
codes could specify a maximum allowable life safety risk (e.g. less than a 0.0002 chance per year of 
life loss).  Similarly, codes could specify maximum levels of risk associated with capital losses or 
downtime depending on the importance or function of a facility (e.g. public buildings, hospitals).   

3.2 Performance objectives 

Similarly to the code application described above, the qualitative performance levels of current 
performance-based design procedures (e.g. FEMA 356) could be indexed easily to the quantifiable risk 
parameters obtained from the performance assessment methodology.  For example, Immediate 
Occupancy could be defined as a 90% confidence of less than a days occupancy loss for shaking with 
a 475 year mean return period.   

3.3 Economic analysis 

As an example of an intensity-based assessment consider the curve for the 475 year intensity (see 
Figure 13).  The median loss, $1.1M in Figure 13a is the most probable outcome of the 475 year event.  
This loss, however, has a 50% chance of being exceed.  Some stakeholders may be more comfortable 
in knowing that they have a 90% chance that their losses will be less than $1.9M as illustrated in 
Figure 13b.  Or they might base decisions on the chances that their losses exceed $1M (60% in Figure 
13c).  The decision-making process of another stakeholder might be better informed by the 
information that there is a 80% chance that the losses would fall within $700k and $1.9M (see Figure 
13d). 
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Figure 13: Examples of various expressions of economic losses 

 

Annualized losses can be converted to very useful information for decision making on the part of 
stakeholders.  For example, suppose that the curves in Figure 14 represent losses associated with a 
building before and after a proposed retrofit.  The reduction in annualized losses from $100k to $60k 
represents an annualized benefit of $40k per year.   

 
Figure 14: Example of difference in losses  before and after retrofit 

The use of simple and conventional economic analysis techniques can place this benefit in practical 
perspective.  For example, considering a discount rate (cost of money) of 7%, this benefit stream of 
$40k per year over a fifty year life of the building has a net present value (equivalent lump sum today) 
of $550k.  Suppose that the retrofit cost in current dollars is $300k.  Based on capital losses only, the 
ratio of benefit to costs would then be 1.8 indicating that the retrofit is economically viable.  Another 
form of the same basic information is the rate of return on the investment in retrofit.  This is simply 
annualized benefit divided by the $300k cost of the retrofit or 13%.  An owner can compare this to the 
return that might be expected from alternative investments for decision making purposes.  The use of 
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these economic techniques for new construction is analogous to that for retrofit.  The difference in 
annualized loss could be the result of the performance of two alternative structural systems for the new 
building.  Similarly, the annualized loss can be compared to insurance premiums to determine the 
value of risk transfer strategies.   

 

Another promising capability of this approach is the ability to deaggregate the losses.  Losses 
attributable to individual performance groups can be assembled from the process in much the same 
way as the total.  This makes it possible to know the relative contributions of each performance group 
to the overall loss.  As an example, suppose that a preliminary design for a new building, similar to 
that in the example, is analyzed using the performance assessment procedures and the annualized 
capital losses are estimated as $50,000.  The procedures also can provide a breakdown of how these 
losses are distributed within the building by tracking the performance group losses.  The results are 
illustrated in Figure 15.   

 
 
Figure 15S: Deaggregation of losses 

The damage to the precast exterior envelope of the building comprises over forty percent of the 
vulnerability to capital loss.  The engineer might consider an improved panel connection that 
significantly reduces the fragility of the exterior envelope.  The engineer then re-analyzes the 
performance and finds a reduction in annualized capital loss of $10,000.  Since the only change was to 
the panel connections, this reduction defines the benefit of the improved design.  The net present value 
of the reduction at a discount rate of 7% is $138,000.  If the marginal increase in construction cost for 
the improved panel connection is less than this amount, then the design change is economically 
justified. 
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