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Abstract 

 
FEMA, through the ATC-58 Project series, has sponsored 
development of a probabilistic method for assessment of 
earthquake impacts including repair costs, repair time, 
casualties, unsafe placarding, and environmental measures. In 
2012, the Applied Technology Council (ATC) completed the 
first phase of this project with publication of the FEMA P-58 
Next-Generation Seismic Performance Assessment 
Methodology.  Shortly thereafter, ATC initiated work on a 
second project phase intended to enable practical 
implementation of the methodology on seismic design and 
retrofitting projects.  Major enhancements include 
improvement of the fragility library; calibration and 
benchmarking of results against actual building performance 
in earthquakes; development of simplified design aides to 
enable practical use in design; implementation of an 
environmental consequences module, cooperation with private 
software developers to allow enhancement of available 
applications software; and, development of tools to assist 
stakeholders to understand how to best take advantage of these 
powerful new tools.   Work is nearing completion and updated 
tools for engineers and stakeholders will be available in early 
2018. 
 
Introduction 
 
Most new building structural design is conducted without 
consideration of the building’s likely performance in future 
earthquakes.  Rather, design is conducted to comply with 
prescriptive requirements of the building code and its 
referenced standards.  Engineers have an expectation that the 
building will be able to provide the performance indicated in 
commentary to the provisions.  For ordinary occupancy 
buildings, assigned to Risk Category II, this commentary 
indicates that buildings should be able to resist Maximum 
Considered Earthquake (MCE) shaking with small probability 
of collapse, on the order of 10% or less; design earthquake 
shaking with potentially significant damage to structural and 
nonstructural components but without endangerment of life 
safety; and shaking form more frequent, moderate events 
without structural damage, but with some damage to 

nonstructural components.  Buildings assigned to Risk 
Categories III and IV are expected to provide superior 
performance, ranging from reduced probability of collapse for 
MCE shaking to continued function in design shaking.  
Regardless, the engineer seldom if ever actually evaluates the 
design’s ability to provide this performance and instead, relies 
on the adequacy of the code requirements.  Owners typically 
do not think of the building’s probable earthquake 
performance at all, but if they do, likely expect that their new 
building will not be damaged in future earthquakes.  A few 
informed owners may understand that design to the building 
code may results in some risk of damage, and a very few 
concerned owners may actually understand what they can 
expect from a code-conforming building, and may request 
better performance. 
 
Performance-based design is useful, as a supplement or 
replacement for design to prescriptive requirements, for those 
few owners of new buildings that have specific performance 
expectations for their properties, for owners of existing 
buildings, who understand their building’s performance is 
unacceptable and want to change this, and owners wanting to 
develop a new building that does not comply with the code’s 
prescriptive requirements.   
 
In performance-based design, the engineer conducts design 
with the specific intent that the building will be able to provide 
performance in future earthquakes that meets the owner’s 
expectations.  Design initiates with the process of setting 
performance objectives, selected and agreed to by the owner.  
As design progresses, the engineer evaluates the design’s 
ability to meet the selected objectives.  When complete the 
design may or may not actually conform to the prescriptive 
criteria contained in the building code, but is expected to be 
capable of providing desired performance. 
 

The first true performance-based seismic evaluation 
and design procedures were first developed more than 20 years 
ago under the Federal Emergency Management Agency’s 
(FEMA) existing buildings program.  FEMA’s intent was to 
encourage reduction in society’s earthquake risks by providing 
practical and effective tools that would enable building owners 
and their consultants to first identify then mitigate 
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unacceptable risks in existing buildings.  Initial efforts focused 
on unacceptable life safety risks.  The Applied Technology 
Council (ATC), under contract with the National Science 
Foundation and FEMA, developed a series of documents 
including ATC-14 (ATC, 1987), ATC-22 (ATC,  1989), and 
FEMA-178 (ATC, 1992) that focused on evaluation of life 
safety hazards in existing buildings by identifying the 
existence of critical vulnerabilities in common building types.  
FEMA then commissioned ATC, the American Society of 
Civil Engineers (ASCE), and Building Seismic Safety Council 
(BSSC) in a collaborative effort to develop rehabilitation 
design guidelines.  As part of this effort the ATC-33 project 
developed the FEMA-273/274 Guidelines and Commentary 
for Seismic Rehabilitation of Buildings (ATC, 1997)  the first 
true performance-based seismic design procedure.  Unlike the 
earlier seismic evaluation documents, the FEMA 273/274 
Guidelines and Commentary defined a series of standard 
performance levels ranging from Immediate Occupancy, a 
state of minor damage in which building safety was not 
compromised; to Collapse Prevention, a state of incipient 
collapse.  The guidelines permitted design to achieve any of 
these performance levels for any user-selected earthquake 
intensity. 
 

The frequent earthquakes that occurred in California 
and elsewhere during the 1980s and 1990s created a demand 
for performance-based seismic engineering tools.  Many 
building owners and tenants would ask engineers to evaluate 
their buildings, inform them of the probable performance.  
While life safety remained a concern of these stakeholders, 
often their interest included probable repair costs and business 
interruption time.  Upon learning the magnitude of potential 
repair costs and business interruption time, owners would then 
request building upgrades intended to minimize these 
earthquake impacts.  The FEMA 273/274 Guidelines, later 
updated and published by ASCE as the ASCE 31 (ASCE, 
2003) and ASCE 41 (ASCE, 2006) standards, provided 
engineers the tools they needed to address these requests.  So 
great was the need for these tools, many engineers began using 
early drafts of the new guidelines directly in their project work.  
By the time of the 1997 publication of FEMA 273/274, 
engineers and other earthquake professionals began asking for 
similar performance-based design procedures for new 
buildings.  FEMA responded by first commissioning the 
Earthquake Engineering Research Center (EERC) at the 
University of California at Berkeley, and then the Earthquake 
Engineering Research Institute (EERI) to develop program 
plans for the development of next-generation performance-
based seismic design criteria, applicable to the design of new 
buildings.  The resulting FEMA 283 (EERC, 1996) and FEMA 
349 (EERI, 2000) publications recommended broad research 
and development programs with projected budgets ranging 
from $23 to $32 million.  
 

Following the 2001 terrorist attacks in New York and 
Washington D.C., FEMA and other agencies found their 
available earthquake mitigation budgets greatly reduced.  Still, 
FEMA sponsored the development of next-generation 
performance-based seismic design criteria, though not at the 
funding levels recommended either by EERC or EERI.  This 
effort was greatly facilitated by National Science Foundation 
(NSF) funding of three national earthquake engineering 
research centers that performed substantial studies in support 
of the development of performance-based seismic design 
criteria. NSF also supported many other researchers in 
performance of laboratory and analytical research in support 
of this goal.   
 
In 2001, FEMA entered into a cooperative agreement with 
ATC to develop the new performance-based seismic design 
guidelines in two phases.  The first phase, completed in 2010 
with publication of the FEMA P-58 (ATC, 2012a, 2012b, 
2012c) series of tools, provided a methodology and companion 
electronic calculation tool to enable engineers to perform the 
tedious calculations necessary to compute a building’s 
probable earthquake performance as described in the next 
section.  The goal of the second phase project, initiated in 2013 
is to provide design tools, incorporating and based on the 
FEMA P-58 methodology, to enable design of new buildings 
and retrofit of existing buildings to meet seismic performance 
criteria including limiting repair cost, repair time, casualties 
and also metrics associated with environmental impact. 
 
FEMA P-58 Methodology 
 
The FEMA P-58 methodology is a significant advance over 
contemporary procedures, introduced in FEMA 273/274 and 
ASCE 41.  Earlier methodologies characterize building 
performance by comparing analytically-predicted component 
force and deformation demands against acceptance criteria 
associated with three discrete performance levels – Immediate 
Occupancy, Life Safety, and Collapse Prevention.  These 
methodologies are deterministic in nature.  That is, a building 
is either found capable of meeting a given performance level 
for specified shaking intensity, or not.  The performance levels 
are qualitatively tied to earthquake impacts including life 
safety, repair costs and repair times, however, there is no direct 
way to compute these performance measures that are of key 
interest to stakeholders.  The FEMA P-58 methodology 
abandons the discrete performance levels, in favor of direct 
prediction of the performance measures of interest to 
stakeholders including probable cost and duration of 
earthquake damage repair, as well as potential casualties and 
the probability that a building will be posted with an unsafe 
placard, following a future earthquake.  Further, recognizing 
the many uncertainties inherent in ground motion estimation, 
earthquake response analysis, and damage and consequence 
prediction, the methodology adopts a probabilistic framework 
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first developed by Cornell and Krawinkler (2000) and others 
at the Pacific Earthquake Engineering Research (PEER) 
Center to predict probable earthquake losses.  The 
methodology employs a Monte Carlo analysis approach to 
solution of the framework equation presented by Moehle and 
Deierlein (2004) as: 
 

∭ | |  Eq. 1 
 
In Eq 1, DV is a decision variable, e.g. repair cost; DM is a 
damage measure, e.g. amount of cracking in a wall; EDP is an 
engineering demand parameter, or more simply demand 
parameter, e.g. floor acceleration or story drift; and IM is a 
ground motion intensity measure, e.g. spectral acceleration.  In 
the FEMA methodology, the term G(DV|DM) is called a 
consequence function; G(DM|EDP) a fragility function; 
G(EDP|IM) a demand distribution and (IM) the hazard 
function for the particular ground motion parameter used to 
characterized seismic hazards.  The consequence functions, 
fragilities and demand distributions are all represented as 
lognormal functions with median value, , and dispersion . 
 
The methodology permits three assessment types.  Intensity-
based assessments provide performance estimates conditioned 
on the occurrence of a particular earthquake intensity, with the 
hazard defined by a user-specified response spectrum. 
Scenario-based assessments provide estimates of probable 
performance for a specified earthquake scenario, characterized 
by a magnitude and distance from the site, and accounting for 
attenuation uncertainty.  Time-based assessments provide 
estimates of probable performance considering all earthquakes 
that could occur, and the likelihood of each, accounting for 
hazard uncertainty. 
 
The first step in implementing the methodology is to build a 
performance assessment model.  This model includes a 
description of the building’s replacement cost and time, as well 
as a description of all of the building assets at risk of harm from 
earthquakes, including vulnerable structural and nonstructural 
components and systems, contents, occupants, as well as the 
distribution of these throughout the building.  A fragility 
function is assigned to each vulnerable component type, 
specifying the possible damage states and the probability that 
each damage state will occur as a function of a predictive 
analytically-determined response quantity such as floor 
acceleration, floor velocity or story drift.  In addition, the user 
must specify a consequence function for each vulnerable 
component that describes the probability of incurring various 
impacts including repair cost, repair time and casualties given 
that the component incurs damage corresponding to each 
damage state.  Components of similar type can be identified as 
having correlated or uncorrelated damage characteristics.  If a 
component types is specified to have correlated damage, all 
components of that type at a particular building level and 

oriented in a particular direction are assumed to have the same 
damage..  If uncorrelated, each component of that type can 
have different damage.  Component damage should be 
considered correlated if failure of one component makes 
failure of other components of the same type more likely to 
occur, for example, if a brace in a line of bracing buckles, all 
other braces in that line, oriented in the same direction, are 
likely to buckle in the same manner. 
 
The performance assessment model also includes an 
occupancy model, a building collapse fragility and a residual 
drift vulnerability function.  The occupancy model defines the 
number of persons present in a building, their locations within 
the building and how this varies depending on the time of day 
and day of the week. The collapse fragility function defines the 
possible collapse modes; and for each mode, the portion of the 
building that will experience collapse given that the mode 
occurs; the conditional probability that the mode will occur, 
given that there is collapse; and the median spectral 
acceleration and dispersion associated with collapse.  The 
residual drift vulnerability function defines the probability that 
the building would be impractical to repair given a value of 
residual drift. 
 
After assembling the building performance model, the 
engineer performs structural analysis to determine the 
probable values of predictive response quantities as a function 
of ground motion intensity.  For regular structures with limited 
inelastic demand it is permissible to use a linear static analysis 
procedure, similar to that specified by ASCE 41, for this 
purpose.  Regression expressions derived from nonlinear 
analyses of archetype structures allow the user to convert the 
demands predicted by the linear static analysis into median 
estimates of demand, considering probable nonlinear response.  
The methodology also provides recommended values of 
response dispersions.  For irregular structures or structures 
anticipated to experience substantial nonlinear behavior, the 
engineer should perform nonlinear dynamic analysis using 
suites of ground motions scaled to each intensity level of 
interest in order to predict median values of the demand 
parameters and associated dispersions. 
 
The distribution of loss is calculated using Monte Carlo 
analysis.  First, a mathematical procedure is used to convert 
the median estimates of the value of each demand parameter, 
e.g. peak transient story drift at level “j” in the north-south 
direction, and peak floor acceleration in the east-west direction 
at level “k”; and the dispersions on these values, into a series 
of plausible demand states called realizations.  If nonlinear 
analysis is performed, the median values of results from the 
analysis are assumed to be true medians and a dispersion is 
computed using the record to record variability from the 
analysis enriched to account for modeling and other 
uncertainties.  If linear analysis is used default values of 



 
2017 SEAOC CONVENTION PROCEEDINGS 
 
 

 

 4

dispersions are provided.  Each realization represents one 
possible response state (peak floor acceleration, story drift, 
transient drift, etc., at each level and in each direction) given 
that the earthquake intensity of interest is experienced.  When 
nonlinear analysis is used, correlation between the various 
demand parameters observed in the suite of analyses is 
preserved.  When linear analysis is used, all demands are 
assumed correlated with the same relations predicted by the 
analysis. 
 
Once the demand realizations are formed, computation of 
impacts follows the procedure illustrated in Fig.  Note that the 
figure schematically shows a pair of dice at each point in the 
procedure where a random outcome, consistent with the 
associated probability distributions is used to determine 
performance.   
 
For each realization, the process starts by determining whether 
collapse has occurred.  This is done by using the spectral 
acceleration at the building’s first mode period to determine 
the probability of collapse and then determining if collapse 
actually occurs for this realization.  As an example, consider 
that for a particular structure and ground motion intensity, 
given by the spectral acceleration at the structure’s 
fundamental period, Sa(T1), the collapse fragility indicates a 
5% probability of collapse.  To determine if collapse occurs, a 
random whole number between 1 and 100 is selected.  If the 
random number is 5 or less, then collapse has occurred, 
otherwise not.  If collapse is predicted, the building is 
considered a total loss, regardless of the collapse mode and 
repair cost and repair times are taken as the replacement cost 
and times.  However, to compute casualties, it is necessary to 
select a collapse mode; then a determine the day of the week, 
and time of day at which the earthquake occurs, so as to 
compute the number of persons present in the collapsed area.  
Consequence functions are used to determine the probabilities 
of death and serious injury for persons in the collapse-affected 
area. 

 
Figure 1 – Loss Computation Flowchart 

 
If collapse is not predicted, the residual drift vulnerability 
function is queried to determine if the amount of residual drift 
is sufficiently large to preclude practical building repair.  If so, 
the building is again considered a total loss.  Regardless, a 
damage state is determined for each vulnerable component, 
using the realization demands and the individual component 
fragility functions.  Once damage states are determined, the 
casualties associated with each damage state are determined.  
If the building is deemed repairable, the quantity of damaged 
components of each type in each damage state is determined, 
and the consequence functions for these components are used 
to determine an aggregate repair cost and repair time, taking 
into consideration the economies of scale that are achievable 
when a large number of repairs of a similar type are conducted.  
Finally, the computed consequences from the suite of 
realizations are assembled into an ordered array from the 
realization with the least consequence to those with the largest 
consequence, permitting the probability of incurring a 
consequence of a given magnitude to be determined.  
Performance is shown in the form of loss curves, such as that 
illustrated in Fig. 2, showing probability distributions for each 
loss type. 

 
Figure 2- Representative Repair Cost Distribution 
 
The ATC-58 Phase 1 products include: a report (Volume 1) 
presenting discussion of the overall methodology; a free 
windows-based application called the Performance 
Assessment Calculation Tool (PACT) that provides a 
convenient way to assemble the building performance model 
and execute the Monte Carlo simulations; an implementation 
guide (Volume 2) that illustrates how to use the methodology 
to obtain performance assessments; an electronic data base of 
fragility and consequence functions for structural and 
nonstructural systems commonly found in buildings; a 
spreadsheet application that indicates the typical quantities of 
various components found in buildings of common 
occupancies; and a series of summary research reports, Volume 
3 (ATC, 2012c) that provide the basis for the methodology and 
its associated tools. These volumes and the associated 
calculation tool and spreadsheets can be downloaded free form 
the FEMA web site. 
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The FEMA P-58 methodology can be used indirectly as a guide 
to building design or retrofitting, but does not include any 
direct design guidance or tools.  To use the methodology for 
design one must first select performance objectives that are 
compatible with the metrics produced by the methodology; e.g. 
probability of incurring repair costs or repair times of varying 
amounts; perform a preliminary design; then use the evaluation 
methodology to determine if this design is capable of meeting 
desired performance objectives.  If the design is unable to meet 
the objectives, the design must be revised and re-evaluated in 
an iterative manner until a successful outcome is achieved.  
This can be a time consuming process.  Also, there are no 
present guidelines to indicate what performance, as measured 
using the FEMA P-58 metrics, should be expected of an 
existing building.  This makes equivalence with prescriptive 
code performance expectations, a prerequisite to obtaining 
building permits in most cases, difficult.  The Phase 2 project, 
initiated in 2013 is intended to address these limitations and 
facilitate application of the methodology to building design 
and upgrade. 
 
ATC 58-2 Project 
 
The primary purpose of the phase 2 project is to enable and 
encourage use of the FEMA P-58 methodology in building 
design and upgrade.  A first project task was to use (exercise) 
the methodology to quantify the likely performance of typical 
prescriptively-designed, code-conforming buildings.  This 
enabled the project team to understand the probable 
performance of new buildings designed to the current building 
code and to establish code-equivalent performance objectives, 
expressed in terms of probable repair costs, repair times and 
casualties.  It also enabled development of recommended 
performance objectives for buildings of different occupancies 
and uses.   
 
Following this initial task, the project developed engineering 
design aids to assist engineers to rapidly identify the 
performance characteristics of various structural systems, and 
the levels of strength and stiffness needed for each structural 
system in order to achieve specific performance objectives.  
Supplementary products include specification guidance on 
installation of nonstructural components, to reduce their 
propensity for damage.   
 
Since use of the methodology as a design tool will depend in 
large part on the ability and desire of decision-makers, 
including building owners and tenants to specify buildings 
with specific performance capabilities, the project is also 
producing a series of educational aides targeted at these 
decision-makers. These tools will explain the performance-
based design process, in terms the average decision-maker can 
understand and also assist the decision-maker to understand 

the potential benefits and costs associated with use of the 
FEMA P-58 methodology in design and to select appropriate 
performance objectives for new and existing buildings.  In 
addition, because concerns associated with climate change and 
conservation of our planetary resources are important to many 
decision-makers, the methodology has been expanded to 
characterize performance in additional metrics including, 
kilograms of CO2 released into the atmosphere and, energy 
usage associated with repair of earthquake–induced damage.   
 
Finally, the project team updated the phase I products to 
improve and enhance the fragility and consequence functions, 
and PACT calculation tool.  The improvement of the fragility 
and consequence functions was accomplished as part of the 
previously described process of exercising the methodology.  
As part of this process, the project team produced large 
numbers of performance assessments for representative 
buildings designed to ASCE 7-10 (ASCE, 2010), incorporating 
different seismic force-resisting systems and having different 
occupancies.  When the team evaluated the projected 
earthquake impacts for these archetype structures, it was clear 
that projected losses exceeded the losses that had actually been 
reported for similar buildings in recent U.S. earthquakes, 
including the 1989 Loma Prieta, 1994 Northridge, 2001 
Nisqually and 2014 South Napa events. 
 
We identified several reasons why projected losses were larger 
than historically reported.  We determined that one primary 
reason for the prediction of higher losses than expected is that 
the methodology predicts loss based on the projected values of 
story drift, floor acceleration, and floor velocity obtained from 
structural analysis.  Most structural analysis models 
significantly under-estimate the modeled building’s stiffness, 
and therefore natural period of vibration, because they neglect 
many features of real buildings that add stiffness.  For 
example, when modeling a steel moment-resisting frame 
building, it is common to exclude the gravity load carrying 
framing, to neglect composite action between the floor slab 
and steel framing, neglect the effect of stairs, cladding and 
other non-structural elements.  This has been known for many 
years and is one of the reasons that the ASCE 7 provisions 
require scaling of modal response spectrum predicted results 
to a fraction of the equivalent lateral force base shear, 
computed using approximate period formula, which are based 
on the measured response of instrumented buildings.  Typical 
design models predict natural periods that are much longer 
than that of the actual building.  For flexible structural systems, 
like steel moment frames, the analytically determined period 
may be off by a factor of 1.5 or more from the actual period.  
Such analytical models will predict excessive story drift, a 
major factor in the loss estimation.  
 
The FEMA P-58 Volume 1 Guidelines, admonish engineers to 
build realistic analytical models, however, it seems that most 
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engineers implementing the methodology, including members 
of our project team, ignore this recommendation.  The results 
is prediction of excessive losses.  The team considered 
providing period adjustment factors to account for this, but 
ultimately decided that we should not do this, due to the 
difficulty of deriving appropriate adjustment factors for the 
wide range of structures and modeling practices employed by 
engineers.  We decided, again, to admonish engineers to use 
realistic structural models to represent their structures.  One 
way to do this is to compare the analytically predicted period 
to that obtained by the approximate period formula and 
calibrate the model so that it produces comparable periods. 
 
A second reason for the excessive predicted losses relative to 
that reported in past earthquakes, is that often, following an 
earthquake, much of the damage that has occurred in buildings 
is not discovered or repaired.  Finding such damage requires 
removal of finishes and careful examination of the structure.  
This is rarely done in real buildings, unless the building 
obviously has sustained severe damage. The methodology, 
however, predicts damage, and associated losses, whether or 
not a post-earthquake inspector is likely to see the damage and 
address it.  After much discussion, the project team elected to 
compute losses on damage, whether or not a post-earthquake 
inspector would likely find the damage because in reality, such 
damage has occurred and does devalue the building. 
 
Finally, the team re-evaluated the consequence functions for 
components that showed up as significant contributors to loss 
in our assessments to assure that we agreed that these were 
appropriate.  The team concluded that repair costs associated 
with some components, notable gypsum board partitions were 
overstated, and made adjustments to these consequence 
functions to better calibrate with actual repair costs.  We made 
similar adjustments to casualty consequences resulting from 
glazing and unsafe placard postings associated with ceilings, 
glazing and other components.  Following implementation of 
these changes and also, use of more realistic structural models 
we found that projected losses from the methodology 
calibrated much better with actual earthquake observations. 
 
New Building Performance 
 
The team evaluated the performance of steel and concrete 
moment-frame, steel concentric braced frame, steel buckling 
restrained braced frame and concrete shear wall buildings 
designed as low-rise, mid-rise and high-rise buildings in office 
occupancy and healthcare occupancy and designed for seismic 
hazards associated with the low, mid- and high Seismic Design 
Category D conditions.  High Seismic Design Category D 
conforms to a Class D site with SDs = 1.0g and SD1 = 0.6g.  Low 
SDC D corresponds to the same site with SDS = 0.5g and SD1 = 
0.2g.  Mid-range SDC D was taken between these two 
extremes.  Both the office and healthcare occupancy buildings 

were designed both as Risk Category II and Risk Category IV 
structures, so as to evaluate the effectiveness of the building 
code in providing the enhanced performance desired.  We 
varied our designs throughout a design space representing 
realistic estimates of different strengths and stiffness that 
engineers designing such structures might produce.  We used 
the FEMA P58 methodology to evaluate these buildings for 
various fractions of MCE shaking ranging from 20% to 100%.  
In doing so, we attempted to use realistic estimates of building 
stiffness, so as to minimize prediction of excessive losses.  
Rather than developing building-specific collapse fragilities 
for these archetypes, we used a default fragility with 1 5% 
probability of collapse given MCER shaking as we felt this was 
more representative of the true fragility of modern code-
conforming structures than the minimum collapse goal of 10% 
suggested by ASCE 7-10. 
 
We found that even for buildings having the same occupancy, 
height range, configuration, and site characteristics, there is 
wide potential range in seismic performance.  Although all of 
the structural types we evaluated were capable of providing 
performance that meets the traditional building code 
statements of performance expectation for design shaking, we 
found substantial variation in performance between different 
structural systems, especially for shaking intensities exceeding 
67% of MCER.  We also found that within a structural system 
type, the relative strength and stiffness provided by a design, 
as compared with code minimum values had significant effect 
on performance capability. 
 
Table 1 – Representative Performance Measures, 5-story, 
Risk Category II Office, Mid-Seismic Design Category D 

System Shaking 
Level 

Red Tag 
Probability 

Probability 
of 1 or more 
Casualties 

Steel SMF Design 4% 5% 
MCER 20% 28% 

Steel BRB Design 15% 2% 
MCER 37% 21% 

Steel SCBF Design 50% 54% 
MCER 73% 83% 

Concrete SMF Design 6% 4% 
MCER 27% 22% 

Concrete SW Design 6% 9% 
MCER 26% 57% 

 
Table 1 illustrates the effect of structural system selection on 
probable performance for one series of archetypes, 5-story 
office buildings designed for Risk Category II requirements, 
with Steel Special Moment Frames, Buckling-Restrained 
Brace Frames, Concentric Braced Frames and Concrete 
Moment Frame and Shear Wall systems.  Since the study is for 
Seismic Design Category D, all structures utilize “special” 
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systems.  Note that for each structural system, these 
performance measures are for average, rather than code-
minimum designs. 
 
Different behaviors dominate the performance for different 
systems.  Red-tagging for BRB’s is driven by large permanent 
residual drift, while for concentric braced frames it is driven 
by buckling of braces.  Red tagging for concrete shear walls is 
driven by shear wall damage.  Red tagging for moment-
resisting frames is driven by damage to stairway systems.  The 
probability of incurring casualties for all structural systems is 
primarily a function of nonstructural performance rather than 
structural collapse.  Although at MCER shaking the 
probabilities are high for all systems, in most cases these are 
injuries to one or maybe a few persons, rather than fatalities 
and are associated with falling debris from nonstructural 
components in stiff systems (shear walls) and from broken 
glazing in flexible systems. 
 
Given the selection of a structural system, engineers have 
significant latitude as to what strength and stiffness the system 
is designed to provide.  The building code specifies minimum 
permissible strength (the base shear strength) and minimum 
permissible stiffness, controlled indirectly through 
specification of limiting design drift.  Figure 3 presents the 
effect of strength and stiffness on design earthquake 
performance for the buckling-restrained braced frame office 
archetype.  In the figure, the horizontal axis represents the 
design story drift ratio for the structure and the axis into the 
plane of the figure, the building’s base shear strength as a 
faction of code-minimum strength.  The vertical axis 
represents the probability of obtaining a red tag.   
 

 
Figure 3 Probability of Red Tag, 5-story BRB office 
building, design earthquake shaking 
 
For this archetype, designs targeted at code-minimum strength 
and stiffness levels have high probability, on the order of 30%, 
of being red-tagged, in this case, due to large residual drift.  

However, by stiffening the structure and lowering design drift, 
substantial improvement in performance is obtained.  For this 
structural system, strength has little effect on performance, 
with increased strength actually worsening performance 
slightly, due to the increased floor accelerations and damage 
to nonstructural components.  Of course, for most systems, 
strength and stiffness are directly related and increases in one 
cannot usually be accomplished without corresponding 
increases in the other unless significant changes in 
configuration are made. 
 
The study also provided information on the effectiveness of 
code requirements for Risk Category IV structures in meeting 
target performance.  Figure 4 below presents the probability 
that mid-rise hospitals incorporating different structural 
systems will be red-tagged at different earthquake shaking 
levels.  For steel moment frames and buckling-restrained 
braced frames, and concrete shear wall buildings, there is less 
than a 10% chance of red-tagging for design earthquake 
shaking.  However, special concentric braced frames have 
much higher probability of red-tagging, due primarily to the 
onset of visible brace buckling and distortion.  Fortunately, 
few hospitals are designed using SCBFs today. 
 

 
Figure 4 – Probability of red-tag at different ground 
shaking levels, mid-rise hospital, mid-Seismic Design 
Category D 
 
Despite the superior performance indicated in Figure 4, we 
also found features of the building code that should be 
improved.  For example, code requirements for design of 
cladding and stairs are tied to the building’s design story drift.  
In theory, this would permit suppliers of cladding and stair 
systems to provide building components in Risk Category IV 
structures that are more sensitive to drift then similar products 
supplied for Risk Category II structures.  The result is that 
there may be as high a risk of damage to such components in 
hospitals as there is in office buildings.  ASCE 7-16 (ASCE, 
2016) corrects some of these issues, based on these project 
findings. 
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Design Aids 
 
To assist engineers in selecting structural systems that will 
meet desired performance objectives, the project is producing 
a series of structural system-specific performance curves, that 
show median levels of performance metrics that can be 
anticipated at different levels of shaking, expressed as a 
fraction of MCER, and as a function of systems strength and 
stiffness.  Figure 5 presents one such design aid, developed for 
steel special concentric braced frames.  The figure presents 
median repair cost for steel concentric braced frame buildings 
in office occupancy for each of four combinations of strength 
and stiffness ranging from building code-permitted minimum 
strength and stiffness to practical upper bounds on both 
strength and stiffness for the particular system as well as 
combinations that include high strength and low stiffness and 
low strength and high stiffness.  The project has also developed 
a spreadsheet tool that enables the user to vary system type, 
strength and stiffness and obtain plots of expected building 
performance for different levels of shaking.  These tools, of 
course, all consider regular structural layout and typical 
nonstructural components and are most useful as a preliminary 
design tool.  It is expected that during final design, engineers 
will implement a FEMA P58 assessment using PACT or other 
software, to confirm that desired performance is actually 
attainable with the design. 
 

 
Figure 5 – Structural system-based performance diagram 
 
Environmental Impacts 
 
Under separate funding from FEMA, ATC, under its ATC-86 
project, explored a preferred approach to incorporating 
environmental impact performance metrics in updates to the 
FEMA P-58 methodology.  The project evaluated which 
environmental impacts would be of interest to FEMA P-58 
users and also, the preferred way of computing these impacts.  
The results of this study were published as Volume 4 (ATC, 
2012d) of the FEMA P-58 series of reports.  This report 
identified a series of eight separate impacts that could be 
evaluated and reported in the methodology including: green-

house gas emissions (CO2); also termed climate change 
potential; primary energy usage; resource depletion; waste 
generation and disposal; photochemical smog potential; ozone 
depletion potential; eutrophication potential; acidification 
potential.  Ultimately, the project elected to include only 
greenhouse gas emissions and primary energy as metrics that 
would be reported, as these metrics seemed to have the most 
relevance to earthquake damage, and also to be of most interest 
to typical decision-makers. 
 
The ATC-86 project also evaluated alternative approaches to 
computing the value of these metrics associated with 
earthquake damage.  The two preferred approaches are the 
Economic Input-Output (EIO) approach and the Bill of 
Materials (BOM) approach.  The EIO approach uses gross data 
on the relative impacts associated with broad sectors of the 
economy, that essentially relates economic activity, measured 
in a currency such as US$ to an environmental impact.  Under 
such models, e.g., US$1 million activity in construction can be 
related to Y tons of CO2 generation, and other environmental 
impacts.  Under the BOM approach, each damage repair 
activity is associated with a specific quantity of each 
environmental impact, in a very similar manner to the way in 
which construction cost estimators build up cost estimates.  
While the EIO approach, by nature, employs broad 
generalizations as to the impacts associated with particular 
damage; the BOM approach provides impacts that are specific 
to particular damage.  While more complex to implement, the 
BOM approach is compatible with the way other impacts are 
estimated in the methodology.  Unfortunately, however, 
industry consensus as to the impacts associated with many 
construction activities inherent in earthquake damage repair 
has not yet been developed.  Also, the bill of materials 
generated within the existing consequence functions were 
developed to provide meaningful estimates of repair time and 
repair cost and in many cases are not directly useful to 
estimation of environmental impacts.  Since the EIO approach 
would allow computation of environmental impacts directly 
form the repair cost estimates associated with each realization, 
the BOM approach would entail substantially more effort to 
implement.  Therefore, although the BOM approach may 
eventually provide environmental impacts of enhanced quality 
relative to the EIO approach the project elected to implement 
the EIO approach. 
 
In the updated methodology, performance measures continue 
to be evaluated as shown in Figure 1 above.  After the cost 
impacts are computed for each realization, the EIO method is 
used to convert repair costs in dollars, to the three 
environmental impacts.  Additional uncertainty is added to 
account for the broad generalizations inherent in the 
conversion process, and impact distributions, similar to those 
shown in Figure 2 are computed.  
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Stakeholder Guidance 
 
In addition to tools intended to facilitate design professional 
implementation of performance-based design, the project is 
developing a series of guides intended to assist decision-
makers to take advantage of the benefits performance-based 
design can offer.  The first of these products, guides the 
decision-maker with a simple on-line question and answer 
process to understand whether it makes sense for them to seek 
a performance-based design approach for their building 
projects.  This tool leads the decision-maker through basic 
understanding of when and why a performance-based 
approach, and the use of the FEMA P-58 methodology in 
particular, would be beneficial for a project.   
 
A second product guides the decision-maker through the 
process of implementing a performance-based design on their 
projects, focusing on ways that a project that employs the 
FEMA P-58 methodology might differ from a project that does 
not.  This guidebook will address the different ways a 
performance-based approach can be used; project cost, 
schedule, and complexity implications; working with qualified 
design consultants; communicating results effectively; 
contractual documents; interactions with building officials; 
and other aspects of project implementation.   
 
A third product focuses on facilitating the discussion between 
a decision-maker and their structural engineer about 
performance goals that take advantage of the quantitative 
capabilities of the FEMA P-58 methodology.  This tool takes 
the form of a “dashboard” that shows how design decisions and 
level of investment in seismic protection affect the likely 
performance of a building in future earthquakes.  Together, 
these products aim to inform decision-makers about the new 
capabilities of the FEMA P-58 methodology and to help them 
use them successfully in appropriate projects 
 
Conclusions 
 
Since its publication in 2012, the FEMA P-58 methodology 
has seen increasing use in the structural engineering 
community, primarily as an evaluation, rather than design tool.  
The ATC 58 phase 2 project has expanded the methodology to 
include consideration of environmental impacts of earthquake 
performance (CO2 generation and primary energy utilization); 
improved the original fragility and consequence functions so 
as to provide performance assessments that are more consistent 
with performance observed in recent earthquakes; developed 
design tools to provide designers with an ability to rapidly 
select appropriate structural systems and their required 
strength and stiffness to achieve desired performance.  The 
project is also providing a series of basic educational tools 
focused on decision-makers, to make selection of a 
performance-based design approach both more familiar and 

attractive to them, and to assist them in avoiding common 
pitfalls that can prevent effective implementation of 
performance-based design on projects. 
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