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ABSTRACT 
The US Nuclear Regulator Commission (NRC) Regulatory Guide 1.165 (NRC, 1997) recommends 

that the seismic design of future nuclear power plants be based on a seismic event with median annual 
probability of exceedance of 10-5 per year.  This value, called the “Reference Probability (RP)”, was 
selected on the basis of probabilistic seismic hazard assessments (PSHA) for 29 existing plant sites 
located in the central and eastern US (CEUS) regions.  The RP value is equal to the median value of 
the annual hazard probabilities associated with the safe shutdown earthquake (SSE) for these 29 sites, 
considering the median hazard curves corresponding to 5-HZ and 10-HZ frequencies.  Use of this 
hazard probability, in conjunction with the conservative acceptance criteria prescribed in pertinent 
codes and standards, will likely result in seismically induced core damage frequency (SCDF; i.e., the 
core damage frequency per year that is attributable to unacceptable seismic performance) values of 
less than 10-7 per year, which is much lower than the SCDF values for the existing plants reported in 
NUREG 1742 (NRC, 2002).  This paper shows how a consistent level of seismic safety in the design 
of future nuclear power plants can be achieved by using the data from the past seismic probabilistic risk 
assessments (SPRA) of existing power plants to develop and thus justify a risk-based (rather than a 
hazard-based) approach, such as in ASCE Standard 43 (ASCE, 2005).  Such an approach will also be 
better aligned with NRC’s ongoing initiative to embrace risk-informed standards and decisionmaking. 

 
Keywords: Seismic Risk, Seismic Hazard, Probabilistic Risk Assessment, Target Performance Level, 
Risk-Informed Decisionmaking    

1. INTRODUCTION 
During the mid-eighties and early nineties, Electric Power Research Institute (EPRI) and Lawrence 

Livermore National Laboratory (LLNL) conducted several PSHA studies for many existing nuclear 
power plant sites in the US (Bernreuter, et al 1989; Sobel, 1994; EPRI, 1989).  Using the then 
available PSHA models, median hazard curves were developed for 5-HZ and 10-HZ frequencies.  
Knowing the SSE spectral accelerations corresponding to these frequencies, the annual hazard 
exceedance probabilities associated with these two frequencies were determined.  Finally, for each 
site, the mean of these two hazard exceedance probabilities, defined as “composite probability”, was 
used as a single site-representative hazard parameter to develop Figure 1.  This figure indicated that 
the median hazard probability associated with the design bases for these existing plants was around 
10-5 per year (it is noted that NRC based its determination on the results of the LLNL’s PSHA studies).  
Subsequently, in Regulatory Guide (RG) 1.165, NRC designated this value as the target “reference 
probability” to be used for developing the design ground motion for future nuclear power plant sites.  

 
The frequencies of 5-HZ and 10-HZ were chosen in RG 1.165 because most structures, systems, 

and components (SSCs) tend to exhibit high fragility in this frequency range.  Although predicated on 
a hazard-based approach, the implied basis underlying the RG 1.165 requirement is the assurance that 
the resulting plant seismic design will achieve safety levels that are equal to or less than those for the 
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existing nuclear power plants (based on a premise that the existing plants are acceptably safe with 
regard to seismically induced accident risk).  As such, the RG 1.165 approach is intended to be an 
indirect prescription for a risk-based design since a true risk-based design would require that the plant 
to be already designed so that its fragility characteristics are known.    

2. ASSESSMENT OF RG 1.165 FROM RISK-INFORMED DECISIONMAKING PERSPECTIVE 
On the face of it, the RG 1.165 approach seems to adequately meet the intent of NRC’s initiative to 

follow risk-informed decisionmaking (NRC, 1996).  The approach however assumes that the existing 
plants are equally fragile relative to the frequency range of their respective design spectra.  Another 
complication is that the design spectra for the existing plants are not uniform hazard spectra; they were 
genrally based on the prescriptions in RG 1.60 (NRC, 1973) such that their spectral acceleration values 
correspond to varying hazard probabilities.  This problem is further exasperated by the fact that the 
shape of the hazard curve (whether it is steep or not) is not reflected in any way in the original designs.  
Generally speaking, if all plants had uniform hazard spectra and proportionately comparable seismic 
design margins (relative to their respective design seismic events), then the median hazard probability 
of 10-5 per year (as seen in Figure 1) would have resulted in a median SCDF value that is an order of 
magnitude lower than 10-5 per year.  This not being the case, the results of the SPRA studies that were 
conducted to comply with NRC’s Independent Plant Examination for External Events (IPEEE) directive 
(NRC, 1991) serve as excellent benchmarks to test the appropriateness of the risk-based philosophy 
implied in RG 1.165.  Individual IPEEE assessments, which were conducted during the mid-to-late 
nineties, are conveniently summarized in NUREG 1742.  The IPEEE directive had permitted the use 
of SPRA as well as Seismic Margins Assessment (SMA) techniques to evaluate the safety of existing 
plants.  Twenty seven plants performed evaluations using the SPRA method (see Table 1), thus 
generating a good sample size for reviewing the seismic safety of existing plants (as measured in terms 
of annual SCDF values).  It is noted that a majority of these plants considered the EPRI ground motion 
models while many reported results using both EPRI and LLNL models.  

 
The results from Table 1 are plotted in Figure 2 (using the EPRI-based results).  The figure shows 

that the median SCDF value for these plants is 1.20X10-5 per year.  It is noted that the median SCDF 
value for the plants that reported SPRA results using the LLNL ground motion model is even higher at 
1.85X10-5 per year.  While it is understood that the group of plants which used SPRA for IPEEE is not 
the same group of 29 sites considered in RG 1.165, the SPRA results are nonetheless surprising in that 
the median SCDF value is greater than the median hazard probability.  As stated earlier, due to the 
inherent conservatisms in a fresh design, a seismic design based on a hazard probability of 10-5 per 
year would normally deliver an SCDF value that is an order of magnitude lower than this hazard 
probability.  Unfortunately, such is not the case here because of the above-mentioned inconsistencies 
behind the implied risk-informed premise of RG 1.165.   

 
It is worth noting that, in general, the ground motion models that are currently being used result in 

larger spectral accelerations than those per the EPRI or LLNL models (Carrato and Litehiser, 2005).  
Given that our hazard estimates have increased, the actual median SCDF value for the existing plants 
is a lot higher than 1.20X10-5 per year.  It is further noted that the SCDF values reported in NUREG 
1742 were developed considering “realistic” failure criteria such that the associated fragility curves are 
higher than the fragility curves corresponding to the failure criteria implicit in the normal design process 
(e.g., the first onset of inelastic deformation).  Taken together, this implies that a hazard probability of a 
mere 10-4 per year or less (along with the use of current ground motion models and code-prescribed 
design processes) will easily deliver a safety level that is comparable to that of the existing plants.  On 
the other hand, the use of a hazard probability of 10-5 per year will result in designs that are a couple of 
orders of magnitude safer than the existing plant designs, something that seemingly runs counter to 
NRC’s stated objective of achieving designs that are comparably safe.  While it is obviously desirable 
to achieve somewhat greater seismic safety in future nuclear power plants, the use of RG 1.165 will 
result in excessively safe designs that could be uneconomical. 

 
The foregoing discussion indicates that the RG 1.165 philosophy for risk-informed seismic design is 

inappropriate and it can lead to unnecessarily high design ground motions and cost.  This is a serious 
issue being faced by the current and prospective early site permit (ESP) applicants in the US.  It is 
therefore desirable to have a better thought out rationale/method for risk-based seismic design. 

2945



 

Copyright © 2005 by SMiRT18 
 

 
 

Figure 1 SSE Exceedance Probability at 29 US Nuclear Plant Sites Using LLNL Hazard Estimates 
(Note: This figure is reproduced from Figure B.2 in RG 1.165)
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Table 1 SPRA-based SCDF values for US Power Nuclear Plants in response to NRC’s IPEEE Program 
(Note: This table is reproduced from Table 2.2 in Volume 2 of NUREG 1742)
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Figure 2 SCDF Values for 25 US Nuclear Power Plants Using EPRI hazard estimates 
(Note: Median SCDF Value ≈ 1.20X10-5 per year) 

 
3. PRINCIPLES OF SIMPLIFIED RISK-BASED DESIGN APPROACH 

A true risk-based design requires the knowledge of the hazard characteristics (e.g., the seismic 
hazard curves for various frequencies) as well as the fragility characteristics of the plant in question.  
Given these, the hazard curve can be convolved with the fragility curve to obtain a measure of the plant 
safety (e.g., SCDF or the value of annual probability of unacceptable performance).  It is noted that the 
measure of safety thus determined itself depends on the performance criteria chosen for derivation of 
the fragility curves.  For example, the use of “realistic” criteria for defining unacceptable performance 
(leading to a seismically induced core damage event) will result in higher capacity determinations 
compared to the capacities based on the use of acceptance criteria established in codes/standards.    

 
To have an a priori knowledge of the final design of the plant is like putting the cart in front of the 

horse since the final design (and therefore its fragility characteristics) is not known as one initiates the 
design process.  Also, even if a preliminary design is available, the complex sets of systems and 
components in a nuclear power plant need to be modeled as parallel and/or series systems, as 
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appropriate, to carry out the seismic PRA.  It is also worth noting that the seismic hazard information, 
although available independently of the plant design, is itself quite complex in that one needs to 
consider multiple hazard curves over the frequency range of interest. While a true risk-based design 
can be carried out iteratively, it is generally not advisable from cost and schedule perspective.  An 
important hurdle is also that many design professionals lack adequate knowledge and understanding of 
risk-based design methods.  For these reasons, it is impractical to embrace a classic risk-based 
design approach for seismic design of future nuclear power plants.  Instead, it is desirable to have a 
simplified risk-based method that can deliver a target performance level (expressed in terms annual 
risk of unacceptable performance) by factoring in the hazard characteristics and known/generic fragility 
characteristics of typical nuclear power plant SSCs. 

 
It is noted that the DOE Standard 1020 (DOE 1994, 2002) has been based on such simplified 

risk-based design principles since its 1994 edition; the basic philosophy behind this standard was first 
presented by Kennedy and Short (Kennedy, 1994).  The design method has since been further refined 
and used in DOE Standard 1020-02 and the new ASCE Standard 43.  The bases behind the new 
standard have been discussed in additional papers by Kennedy (Kennedy, 1997, 1999, and 2001).  
The risk-based design philosophy of ASCE 43, as it pertains to the seismic design requirements for 
nuclear power plants, is discussed below.  It is noted that NRC has not yet endorsed this standard. 

 
In lieu of performing a detailed seismic probabilistic risk assessment (SPRA) for the plant that has 

not yet been built, the recommended seismic design spectrum is determined by examining the 
response of generic components (such as structures and equipment) designed to that spectrum.  The 
relationship between the seismic response of components and the response of the overall plant is 
summarized in Kennedy (1999).  It is noted that a nuclear plant is a complex set of components and 
systems, which are modeled in a seismic PRA as a set of parallel and series systems.  Multiple failure 
modes mean that the total failure rate of a series system is higher than the failure rate of individual 
components in that system.  For low failure rates, component failure rates in series systems are 
approximately additive.  However, this increase in failure rate is more than offset by multiple, 
redundant systems, where, for low failure rates, component failure rates in parallel systems are 
approximately multiplicative.  Assessing the response of generic components allows us to estimate, in 
a conservative way, the seismically induced core damage frequency of the plant. 
 

A simplified risk based seismic design requires establishing the following parameters: 
 

1. A target failure probability (taken at 10-5 per year for nuclear power plants)   
2. Seismic response and capacity criteria aimed at achieving a desired level of high confidence 

of low probability of failure (HCLPF) seismic margin 
3. Adjustment factors (for each frequency), consistent with the specified HCLPF seismic margin, 

to convert a known uniform hazard response spectrum (UHRS) to a corresponding “Design 
Response Spectrum (DRS)” 

 
It is noted that the DRS is an artifice devised to deliver the target performance; i.e., it does not 

correspond to any specific hazard level.  The DRS can be thought of as a uniform risk spectrum that 
delivers the desired level of safety across the entire range of the spectrum.  For design purposes, the 
DRS is used in lieu of a UHRS; this way, the risk-based aspect of the ensuing design is transparent to 
the designer and the DRS can be thought of as result of a (fictitious) Design Basis Earthquake Ground 
Motion.  The adjustment factors used to convert the UHRS ordinates to the corresponding DRS 
ordinates are based on the seismic demand and structural capacity evaluations that are sufficiently 
conservative to satisfy both of the following conditions: 

 
1. Less than about a 1% probability of unacceptable performance for the Design Basis 

Earthquake Ground Motion, and 
2. Less than about a 10% probability of unacceptable performance for a ground motion equal 

to150% of the Design Basis Earthquake Ground Motion 
 

The above are very conservative mechanisms to deliver the desired performance.  For further 
elaboration, the reader is referred to the commentary in ASCE 43 and to the papers by Kennedy. 
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4. ASCE STANDARD 43 – A SENSIBLE APPROACH FOR RISK-INFORMED SEISMIC DESIGN 
The newly released ASCE 43 standard is based on a number of years of research in the field of 

risk-based design and is a culmination of the past work done for development of DOE Standard 1020.  
It also reflects the SPRA techniques and information developed for compliance with the IPEEE program.  
The standard provides requirements for a risk-based design method that requires development of a 
“Design Response Spectrum (DRS)” from a uniform hazard spectrum corresponding to the 10-4 per 
year (mean) uniform hazard response spectrum (UHRS).  The DRS is so derived that it is expected to 
result in a seismic risk of 10-5 per year.  The standard provides factors that need to be used to adjust 
the UHRS based on the slope of the hazard curve within the hazard range of 10-4 per year and 10-5 per 
year.  The target seismic risk of 10-5 per year is slightly smaller than the 1.20X10-5 per year SCDF 
value for a group of power plants that had reported SPRA-based results for their IPEEE compliance.  
While this is seemingly an equitable comparison, it must be noted that the resulting design per ASCE 
43 will be an order of magnitude safer than the existing plant designs for the following reasons: 
 

1. ASCE 43 conservatively assumes that the Structure, System, or Component (SSC) to be 
designed will just barely pass the seismic demand per the acceptance criteria specified in 
applicable codes/standards or regulatory documents (also, designers often provide additional 
capacity than the minimum required per code practice).  Therefore, in most cases SSCs have 
considerable additional margin beyond that that permitted in codes/standards such that they 
will continue to perform well into the inelastic range.   

2. ASCE 43 conservatively assumes that a system stops functioning when a single part of it is 
damaged.  Often, a system needs to undergo multiple and/or catastrophic failures before it 
completely loses its functioning capability. 

3. ASCE 43 conservatively assumes that the inelastic deformation of a single component leads to 
the worst plant damage state, i.e., core damage.  This ignores the multiple, redundant safety 
systems that provide a “defense-in-depth” approach for delivering a reliable performance. 

 
The use of ASCE 43 will thus result in a risk-based design that will safely and consistently deliver 
the desired level of safety across the entire frequency range of interest.  It is further noted that this 
standard is being endorsed by DOE for seismic design of its safety-related nuclear facilities.  

 
5. CONCLUSIONS 

This paper shows that RG 1.165 is not well-suited for risk-informed seismic design of future nuclear 
power plants in the US.  The use of this regulatory guide also results in unnecessarily high design 
ground motions, which will drive up the costs of future plants.  The paper advocates that NRC should 
base the seismic design requirements for future plants on the median seismic safety of the existing 
plants (rather than their median seismic hazard, as done in RG 1.165).  A review of NUREG 1742 
reveals that the median seismic risk for existing plants is around 10-5 per year based on the hazard 
estimates of EPRI.  While this value would be higher if the current ground motion models and more 
stringent acceptance criteria were used, it does serve as a good target safety measure for design future 
nuclear power plants.  ASCE 43, a new standard, which more faithfully incorporates risk-based design 
concepts, specifies 10-5 per year as the target seismic risk for nuclear power plants and employs 
conservative techniques to deliver this performance level.   

 
The authors strongly believe that ASCE 43 is a better-suited document for risk-based design of 

future nuclear power plants and should as such be endorsed by NRC. 
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