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ABSTRACT: Performance-based seismic design is being used in the United States as a 
way to determine and justify seismic ground motion levels for design.  Applications for 
the seismic design of nuclear power plants indicate that current design requirements lead 
to seismic core damage frequencies that are lower (safer) than those of existing plants by 
a substantial margin.  Applications for the seismic design of commercial buildings 
indicate that a target collapse probability of 1% in 50 years is met. However, probabilities 
of lower levels of seismic damage to commercial buildings may be relatively high and 
would benefit from explicit evaluation and management in the design process. 

1 INTRODUCTION 

Applications of performance-based seismic design require three steps to be addressed: 

(a) Determine discrete performance states for a facility affected by uncertain future loads 

(b) Determine acceptable risks (annual probabilities) with which performance states will not be 
achieved 

(c) Determine design load(s) to achieve performance states in (a) with acceptable risks in (b). 

For example, for step (a) we might say that a commercial building should not suffer partial or 
complete collapse during an expected 50-year lifetime.  For step (b) we might say that a 1% 
probability of partial or complete collapse in 50 years is acceptable.  For step (c) we could derive the 
appropriate design loads using probabilistic seismic hazard analysis combined with appropriate 
building-specific collapse fragility functions, to achieve the acceptable risk in step (b). 

The acceptable risks in step (b) are not determined in abstract, they are often calibrated with risks 
implied by past design practice.  Two examples are presented here, for nuclear power plant seismic 
design and for the seismic design of commercial buildings.  These examples provide insights into how 
seismic design levels derived on the basis of facility performance can lead to more informed, better 
seismic designs in the future. 

2 SEISMIC DESIGN OF NUCLEAR POWER PLANTS 

In the US, there has been renewed interest since 2003 in the licensing of commercial nuclear power 
plants as a source of electrical energy.  Concurrent with this interest has been the review of seismic 
design procedures and the issuance of guidelines regarding seismic design levels. 

Seismic design ground motions for US nuclear plants are specified by a design spectrum, which is 
determined from uniform hazard response spectra (UHRS) calculated from a probabilistic seismic 
hazard analysis.  For each spectral frequency in the design spectrum, the interaction between the 
earthquake ground motion and the seismic capacity of the nuclear structure, system, or component 
(SSC) is illustrated in Figure 1.  The seismic capacity of the SSC is defined as the ground motion that 
causes onset of significant inelastic deformation (OSID).  The nominal capacity of the SSC, a′, 
exceeds the design ground motion a* by a safety factor fS, and this nominal capacity is the ground 
motion at which 1% of SSCs designed to that level will have OSID.  For performance-based design, 
the frequency with which OSID occurs can be calculated by convolving the frequency of occurrence 
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of ground motions (which is the negative derivative of the hazard curve shown in Figure 1) with the 
capacity distribution, to calculate the overall frequency of OSID.  The major factors that affect the 
frequency of OSID are the hazard at the nominal design level H(a*), the slope of the hazard curve, the 
factor of safety fS, and the logarithmic standard deviation of the capacity distribution β. 

 
Figure 1.  Interaction between ground motion hazard and capacity distribution 

To determine an acceptable frequency of OSID, existing US nuclear power plants were examined, 
using studies performed in the 1980s that evaluated the seismic core damage frequency (SCDF).  
These were major studies of existing plants, and the results are summarized in US Nuclear Regulatory 
Commission (2002).  Figure 2 plots the distribution of SCDF from 25 US nuclear power plants that 
were licensed in the 1970s and 1980s, thus representing the range of implicitly acceptable SCDF.  The 
mean of the SCDF distribution is shown on Figure 1 as 2.5x10-5 per year. 

Several comments are relevant before making comparisons.  First, the existence of OSID in a nuclear 
SSC does not imply nuclear core damage.  Many redundant safety systems in nuclear power plants are 
in place, meaning that damage must generally occur in multiple SSCs to prevent the safe shutdown of 
the reactor.  Second, the desire of both nuclear regulators and nuclear utilities is to make the current 
generation of nuclear plants safer than those built in the past, for earthquakes as well as other causes of 
malfunction.  Thus the mean SCDF of existing plants built and licensed 30 years ago is regarded as a 
safety goal that must be exceeded with currently design plants. 
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Figure 2.  Distribution of seismic core damage frequency (SCDF) from 25 existing nuclear power plants in the 
US.  Source: EPRI 2005. 

With this background, several damage distributions were derived to develop performance-based 
seismic design guidelines.  First, the SSC capacity distribution illustrated in Figure 1 was used to 
calculate the frequency of OSID (designated FOSID) at 28 nuclear plant sites in the central and eastern 
US.  The FOSID was calculated as: 

f(OSID) = ∫ f(A=a) P[OSID<a] da (1) 

where f(A=a) is derived as the negative derivative of the seismic hazard curve at the spectral 
frequency of the SSC, and P[OSID<a] is calculated from the capacity distribution (it is the hatched 
area in Figure 1).  Of course, to calculate P[OSID<a], the SSC must be designed to some level, taking 
into account the hazard curve, its slope, the safety factor fS of the capacity distribution, and β of the 
capacity distribution.  After some research (see ASCE 2005), a useful design procedure was derived as 
follows.  For each spectral frequency, an amplitude ratio AR was defined using the 10-4 and 10-5 
spectral amplitudes (these are the spectral amplitudes forming the 10-4 and 10-5 UHRS): 

AR = SA(10-5)/SA(10-4)  (2) 

A design factor DF is calculated using AR as follows: 
DF = 0.6 AR

0.8  (3) 

The ground motion response spectrum (GMRS) used for design is then calculated as: 
GMRS = SA(10-4) × max(1.0, DF) (4) 
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In addition there is the following criterion for the minimum GMRS: 
GMRS > 0.45 SA(10-5) (5) 

Hypothetical SSCs were designed using the GMRS defined in this manner at 28 nuclear plant sites in 
the central and eastern US, and the FOSID was calculated by application of Eqn. (1).   

Figure 3 (reproduced from EPRI 2005) shows the distribution of FOSID for hypothetical SSCs with 
spectral frequencies of 10 Hz, plotted with the SCDF distribution from Figure 2.  Distributions are 
shown for β values of 0.3, 0.4, 0.5, and 0.6, which span the range of typical uncertainties in capacity 
distributions.  With the GMRS defined from Eqn. (4) and (5), the distribution of FOSID of individual 
SSCs indicates a lower frequency than the SCDF of existing plants, meaning that plants with those 
SSCs would have an even lower SCDF, for the reasons mentioned above. 

 

 
Figure 3.  Mean annual SCDF plotted with hypothetical FOSID for SSCs designed according to Eqn. (4).  
Source: EPRI 2005. 

The latter conclusion is confirmed in Figure 4 (reproduced from EPRI 2005), which shows a 
calculation of plant-level SCDF using an equation similar to Eqn. (1) except for plant-level 
performance: 

f(SCD) = ∫ f(A=a) P[SCD<a] da (6) 

where SCD is seismic core damage and Eqn. (6) is applied with a capacity distribution representing 
plant-level performance.   For this distribution, β values of 0.3 and 0.4 are appropriate, based on plant 
level studies summarized in USNRC 2002.  Figure 4 shows that the median SCDF for plants design by 
Eqns. (4) and (5) is about 0.25 to 0.4 x 10-5, which is lower (safer) by a factor of about 4 than the 
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median SCDF of existing plants, and the mean (which is close to the median) is lower (safer) by a 
factor of about 7 than the mean SCDF of existing plants. 

 

 
Figure 4.  Mean annual SCDF for 25 existing nuclear power plants, and for 28 hypothetical nuclear power plants 
designed according to Eqn. (4).  Source: EPRI 2005. 

Another feature of Figure 4 is that the SCDF of hypothetical plant designs is almost vertical, meaning 
that Eqns. (4) and (5) achieve consistency in seismic safety for plants in a wide range of seismic 
environments, unlike the distribution of SCDF of existing plants, which is more S-shaped.  There is 
still a slight variation in SCDF because the slope of the hazard curve is represented in Eqn. (2) as a 
ratio of spectral amplitudes at (only) two hazard levels, and because of the GMRS limit applied in 
Eqn. (5). 

3 BUILDING CODE SEISMIC DESIGN 

Seismic design levels recommended by building codes in the US are based on seismic hazard 
calculations as modified by deterministic limits.  The most recent, widely used code (ICC 2009) 
recommends that seismic design spectra be calculated as 2/3 of the spectral accelerations 
corresponding to 2% probability of exceedence in 50 years.  This basic recommendation goes back to 
1997 (BSSC 1997). 

A 2010 recommendation on seismic design levels in the US from a committee of the American 
Society of Civil Engineers (ASCE 2010) also is based on a ground motion that is 2/3 of the spectral 
accelerations corresponding to 2% probability of exceedence in 50 years.  This design guide allows, as 
an alternative, to determine the seismic design level using “…the ordinate of the probabilistic ground 
motion response spectrum at each period (that) shall achieve a 1 percent probability of collapse 
within a 50-year period for a collapse fragility having (i) a 10 percent probability of collapse at said 
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ordinate of the probabilistic ground motion response spectrum and (ii) a logarithmic standard 
deviation of 0.6.”  (Section 21.2.1.2 of ASCE 2010.)  Thus the 1% probability of collapse in 50 years 
is judged to be an acceptable risk of building collapse that is, by implication, consistent with the 
seismic design recommendations.  Also, the 1% probability of collapse in 50 years is a performance 
goal for commercial buildings that can be used to judge how consistently the goal is met for various 
building types, locations, soil conditions, etc. 

 

 
Figure 5.  Conceptual illustration of HAZUS (ASCE 2010) damage functions for 4 damage states (source: NIBS 
1997). 

It is instructive to independently estimate the risk of building collapse for commercial buildings in the 
US that have been designed to modern standards.  To this end, we adopt the HAZUS (NIBS 1997) 
building damage functions, which are illustrated conceptually in Figure 5.  Building capacity is 
defined by a nonlinear capacity curve that describes nonlinear building response, and the intersection 
of ground motion spectral inputs and building response defines the distribution of damage states.  As 
an example, for steel moment-frame buildings (called class S1), the four damage states are defined as 
follows: 

Slight Structural Damage 

• minor deformation in connections 

• hairline cracks in a few welds 

Moderate Structural Damage 

• some members with observable permanent rotation 

• a few welded connections with major cracks or bolted connections with broken bolts 
or enlarged holes 

Extensive Structural Damage 

• most members exceed yield capacity 

• significant permanent lateral deformation 

• some members may exceed ultimate capacity, with permanent rotation, buckled 
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flanges, failed connections 

• partial collapse possible of portions of structure 

Complete Structural Damage 

• significant fraction of members exceed ultimate capacity 

• dangerous permanent lateral displacements or partial/total collapse 

• ~ 10% to 20% of total floor area expected to be collapsed 

With quantitative definitions of the building capacity curves available from HAZUS (NIBS 1997), we 
can convolve the ground motion hazard with the building capacity curves to calculate the annual 
probability of each damage state.  For example, Table 1 shows the annual probability of “complete” 
damage, which can be taken as equivalent to “collapse” (see the detailed definitions given above), for 
hypothetical steel moment-frame buildings located at the 3 sites identified in Figure 6.  For this 
example calculation, a “high-code” building is assumed, which is an average building designed since 
1975 to meet seismic requirements in coastal California.  Also, NEHRP soil type D (shear-wave 
velocity of 270 m/s) is assumed, and four NGA ground motion equations are equally weighted to 
calculate ground motions with this shear-wave velocity. 

 

 
Figure 6.  Map of San Francisco Bay Area showing 3 sites used in example calculations.  Colors show local soil 
conditions, ranging from rock (category B) to soft Bay mud (category E). 
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Table 1.  50-year probability of complete damage for 3 sites, and distances to nearby faults. 

Site 
Oakland, Soil D 

Steel structure S1 
San Francisco, Soil D 

Steel structure S1 
San Pablo, Soil D 
Steel structure S1 

50-year probability of 
complete damage 1.3% 0.5% 3.0% 

Distance to Hayward fault 4 km 13 km 1 km 

Distance to San Andreas 
fault 25 km 15 km 27 km 

Table 2.  50-year probability of each damage state for various sites and building types 

 Oakland, 
Soil D 

Steel structure 
S1 

Oakland, 
Soil D 

Concrete 
structure C1 

San Francisco, 
Soil D 

Steel structure 
S1 

San Pablo, 
Soil D 

Steel structure 
S1 

Slight damage      
(2% of bldg value) 28.2% 31.9% 27.1% 26.9% 

Moderate damage 
(10% of bldg value) 24.8% 28.9% 18.8% 27.6% 

Extensive damage 
(50% of bldg value) 6.8% 5.2% 3.8% 10.2% 

Complete damage 
(100% of bldg 
value) 

1.3% 1.3% 0.5% 3.0% 

Total, all damage 
states 61.1% 67.3% 50.2% 67.7% 

Expected 50-year 
cost of EQ damage 7.6% 7.4% 4.8% 11.4% 

From Table 1, the 50-year probability of complete damage ranges from 0.5% in San Francisco to 2.3% 
in San Pablo, the range depending on the distance to the nearest fault.  Overall, this simple example 
indicates that a 1% probability of collapse in 50 years is an accepted risk for recently designed steel 
buildings in California. 

Table 2 shows a second summary of 50-year probabilities for all 4 damage states defined above, for 
the 3 sites with hypothetical steel moment-frame buildings and for a hypothetical concrete moment-
frame building located in Oakland.  The lower damage states have higher probabilities of occurrence, 
as would be expected, and the total probability of any level of damage is shown on the last row of the 
table.  For all cases, the total probability of any level of damage exceeds 50% in 50 years.  Damage 
probabilities estimated for the concrete moment-frame building are similar to those for the steel 
moment-frame building. 

The immediate impression from Table 2 is that the total probability of all damage states in 50 years is 
pretty high (greater than 50% in all cases).  The definition of extensive damage in the HAZUS 
methodology carries a cost to repair of 50% of the value of the structure, meaning that a building with 
that level of damage will probably be torn down and replaced.  This can also be inferred from the 
description of extensive structural damage given above.  With the combined probability of “extensive” 
and “complete” damage ranging from 4% to 13% for the examples given in Table 2, one might 
conclude that these probabilities of replacing a building with a nominal 50-year life because of 
earthquake damage are too high and should be reduced. 
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Figure 7 shows a set of performance goals that might be the basis for designing buildings to limit 
probabilities of all damage states (slight, moderate, extensive, and complete).  This format for 
performance-based design to multiple performance levels was first presented in SEAOC 1995.  The 
columns represent performance levels and associated damage states including examples, repairs, and 
percent value for each damage state (these descriptions are taken from the HAZUS methodology).  
Lower rows in Figure 7 show examples of target 50-year probabilities that would limit total damage.  
For example, slight damage might have a 50-year probability of 10% (shown in the left column), 
which implies an expected 50-year cost of slight damage of 0.2% of the building value (2% damage 
times 10% probability of occurrence in 50 years).  These expected costs are shown in the yellow 
squares in Figure 7, and the total 50-year cost is shown in the bottom yellow square as ~3%. 

 

 
Figure 7.  Performance goal matrix for basic buildings (yellow squares). 

Recommended seismic design loads in ICC 2009 and ASCE 2010 include a factor that increases 
design requirements based on the occupancy of buildings, in order to reduce damage for buildings 
whose collapse or severe damage would affect many people, and for buildings necessary for 
emergency response to earthquake catastrophes.  Table 3 summarizes these occupancy categories, the 
factor on design level (which is equivalent to a factor on seismic ground motion), and the effect on the 
design ground motion hazard level (annual frequency of exceedence) using a typical slope of a seismic 
hazard curve.  Probabilities of damage states scale directly with seismic hazard, so the last row of 



10 

Table 3 quantifies how safer buildings should be, if they are occupancy category III or IV buildings (a 
factor of 2 or 4 reduction, respectively, on probabilities of damage states). 

Table 3.  Occupancy categories, recommended factor on design level, and effect on probability of damage 

 II- Basic occupancy 
buildings 

III-Life-safe buildings IV-Essential buildings 
and facilities 

Examples General buildings 

Schools with >250 
people, public 

assembly structures 
with >300 people, 

power plants, potable 
water plants 

Hospitals, emergency 
rescue stations, 

emergency shelters, 
pump plants for fire 

suppression 

Factor on design level 1.0 1.25 1.5 

Effect on design 
ground motion 
frequency 

1 Reduce by factor of ~2 Reduce by factor of ~4 

Using the last row in Table 3 as a guideline for performance-based design, we can represent life-safe 
and essential buildings in a performance-goal matrix as shown in Figure 8.  For any damage state, the 
50-year probabilities for life-safe and essential buildings are reduced by factors of 2 and 4 from the 
50-year probability for basic buildings.  The total expected 50-year costs of earthquake damage for all 
3 occupancy categories are shown in the last row of Figure 8 as 3%, 1.5%, and 0.4% of building value.  
These expected costs are lower than those reported in the last row of Table 2 for typical buildings with 
current seismic designs in California, and these lower costs are achieved by reducing the probabilities 
of slight, moderate, and extensive damage from the probabilities shown in Table 2.  These reduced 
probabilities of damage can be achieved with design detailing, displacement limits, and other methods, 
and the benefit will be performance goals that are consistent with current design considerations for 
different occupancy categories. 

4 SUMMARY 

Performance goals are being used for seismic design decisions in the US in the nuclear power industry 
and for commercial buildings designed by standard building codes.  These performance goals are 
related to severe damage (seismically induced core damage for nuclear power plants, seismically 
induced collapse for commercial buildings) and are quantified, in terms of acceptable probability, by 
the analysis of existing facilities. 

For commercial buildings, the HAZUS damage functions allow us to quantify the probability of slight, 
moderate, extensive, and complete building damage by convolving damage functions for these 
categories with ground motion hazard curves.  A preliminary analysis of typical buildings designed to 
seismic building codes in coastal California over the last 35 years indicates that a goal of 1% 
probability of collapse in 50 years is generally being met.  However, lower damage states (slight, 
moderate, and extensive damage) generally have high probabilities, leading to an expected cost of 
seismic damage in the range of 4% to 11% of a building’s value over a nominal 50-year lifetime.  If 
these lifetime costs are deemed to be too high, a performance-goal matrix is suggested that will reduce 
probabilities of slight, moderate, and extensive damage, will reduce lifetime costs, and will lead to 
consistent performance goals for different occupancy categories identified in current US standard 
building codes. 

Performance-based seismic design procedures are a rational way in which the performance of an 
engineered facility can be evaluated in the face of uncertain future loads, in order to achieve a desired 
outcome with an acceptable risk.  Using these procedures will allow us to quantify the potential 
monetary losses and casualties associated with earthquake damage and destruction, and will allow us 
to make more informed decisions about what levels of seismic design are appropriate. 
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Figure 8.  Performance goal matrix for basic buildings (yellow squares), life-safe buildings, (orange squares), 
and essential buildings (green squares). 
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