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ABSTRACT 
 

Recent interest in building and operating new nuclear plants has led to submittals for early site permits (ESP) and 
planned combined operating license (COL) applications by several utilities in the United States.  A significant area of 
uncertainty for application approval is related to the seismic qualification of safety-related structures, systems and 
components.  Specifically, the resolution of the high frequency component of the seismic design response spectra has proven 
to be a critical issue for plant sites in the Central and Eastern United States (CEUS) due to recent seismic hazard studies.  
EPRI has conducted several state-of-the-art research projects as a part of their New Plant Seismic Issues Resolution Program 
(NPSIRP) to address the seismic qualification challenges associated with new plants.  The purpose of this paper is to describe 
the elements of this NPSIRP and to present the pertinent results of this seismic program.  EPRI has an industry-wide 
perspective and a mandate to address broad issues related to safe design and efficient operation of nuclear facilities.  The 
methods and procedures described in this report contribute to stabilizing seismic safety review and licensing procedures for 
new nuclear units and to implement the U. S. Nuclear Regulatory Commission’s Risk-Informed Regulation Policy. 

 
INTRODUCTION 
 

Understanding of earthquake occurrences and the associated ground motions is constantly evolving, particularly in 
areas of the World where earthquakes are infrequent and, as a result, the seismic hazard has not been researched in sufficient 
detail.   These areas include the CEUS and most of Europe.  New data are continuously being collected, and analysis methods 
are being improved.  Earthquake characterizations in the CEUS are primarily based on analytical procedures because of the 
low rate of occurrence of moderate-to-large seismic events in the region and the associated lack of empirical data. In such 
circumstances the earthquake hazard must be estimated from analysis and from engineering judgment by experts in the field. 

In the nuclear power industry, new information on seismic sources has been compiled as part of several Early Site 
Permit (ESP) applications for new nuclear plants as well as several new plant COL programs.  The new information has led 
to new seismic sources in the Central US and in the Charleston, South Carolina area, and to revised parameters (principally, 
estimates of maximum magnitude) for other sources.  Also, new models of earthquake ground motion have been derived in a 
major study by the Electric Power Research Institute (EPRI) in 2004, which updated the ground motion and the associated 
uncertainties as a function of magnitude and distance. 

The overall effect that has been demonstrated by use of both the new seismic source information and the new 
models for ground motion has been to dramatically increase the seismic accelerations expected for a given return period at 
many CEUS locations.  Fig. 1 compares foundation design motion submitted as part of an ESP for a CEUS rock site with the 
design spectra used for new plant certifications based on the use of a standard or augmented Regulatory Guide 1.60 spectrum 
As can be noted, the example ESP spectrum significantly exceeds the certification spectra in the greater than 10 Hz frequency 
range. This increase in the accelerations would normally be expected to directly translate into a corresponding increase in the 
seismic response and loadings at the nuclear plants in the CEUS.  However, the increase in the accelerations exhibited from 
these new seismic hazard studies is primarily in the high frequency range of the response spectrum, i.e., at frequencies >10 
Hz.  In addition, much of the increased seismic hazard is directly attributable to smaller magnitude earthquakes with 
Cumulative Absolute Velocities (CAV) below the threshold that has been determined to be non-damaging to engineered 
structures as part of the Operating Basis Earthquake Exceedance studies in the late 1980’s.  

The EPRI NPSIRP has focused on quantifying the realistic effects of the increased CEUS seismic hazard on the new 
plant seismic qualification process, starting with the definition of the SSE and ending with the demonstration of seismic 
qualification for plant SSCs.  The scope of this paper is to summarize the results of this research and to provide conclusions 
on the overall effect of these high frequency ground motions to a nuclear plant design process and to the overall plant seismic 
risk. 

SMiRT 19, Toronto, August 2007 Transactions, Paper # K01/1



 2

Design Spectra

0.1

1

10

0.1 1 10 100

Frequency, Hz

Sp
ec

tr
al

 A
cc

el
ea

rt
io

n,
 g

Certified Design
RG 1.60 (0.3g)
CEUS Rock 

5% Damping

 
Fig. 1  Comparison of an Design Motion Developed for a CEUS Rock Site and Design Motions Used for Design 

Certification (5% Damping) 
 

EPRI NEW PLANT SEISMIC ISSUE RESOLUTION PROGRAM 
 

The NPSIRP was initiated in 2005 as a systematic approach to address several key elements related to the 
consideration of seismic events within the new plant design process.  An industry focus group (Seismic Issues Task Force, 
SITF) led by the Nuclear Energy Institute (NEI) helped guide the overall requirements for this program and reviewed its 
products.  In addition, a Technical Review and Advisory Group (TRAG) provided strong technical support to the program 
based on the considerable experience in the areas of both seismic structural mechanics and seismic hazard studies of the 
senior TRAG members.  Research tasks which were related to ground motion were identified with a “G” and those related to 
the structural response of the plant were designated with an “S”.  The six basic tasks in the NPSIRP are shown in Fig. 2 
which depicts the relationships of each task and how it fits in the overall new plant seismic design.  A summary of each of 
these key projects is provided in the sections below. 

 

 
 

Fig. 2  Elements of the EPRI NPSIRP 
 
 

 

SMiRT 19, Toronto, August 2007 Transactions, Paper # K01/1



 3

Task G1.1:  Performance Goal-Based Development of SSE at New Plants 
 

The USNRC developed Regulatory Guide 1.165 [1] as the recommended approach for deriving site-specific SSE 
ground motion based on controlling earthquakes from various sources affecting a given site.  Regulatory Guide 1.165 
recommends that site-specific SSE ground motions for future nuclear plant sites be based on a median hazard of 1E-5/yr.  
More recently, a performance goal-based procedure for determining SSE response spectra was developed and adopted as 
ASCE Standard 43-05 [2].   

This G1.1 task developed guidance for implementation of the ASCE Standard 43-05 method to determine 
performance goal-based (risk-informed) site-specific ground motion response spectra (GMRS) for new plants.  McGuire 
[3][4][5] and Kennedy [6] provide the specific justification for using this new approach as an alternative to the RG 1.165 
more deterministic approach for nuclear power plant applications.  The performance-based approach employs target 
Performance Goal (Pf), Probability Ratio (RP), and Hazard a hazard IS an exceedance probability Exceedance Probability 
(HD) criteria to ensure that nuclear power plants can withstand the effects of earthquake with a desired performance.  The 
NRC and Industry agreed to a performance target value of 1E-5 for the mean annual probability of exceedance (frequency) of 
the onset of significant inelastic deformation (FOSID).  The ASCE Standard 43-05 method assumes that the seismic hazard 
curves can be approximated by a power law at least over the hazard exceedance frequency range used to define the ratio of 
ground motion corresponding to a change in the hazard of a factor of 10, from 1E-4 to 1E-5.  For certain sites located in areas 
of low earthquake activity the hazard curve between 1E-4/yr and 1E-5/yr cannot be approximated by a power law. For these 
sites, in order to achieve the target performance goal, a lower bound must be placed on the GMRS.  Kennedy [7] describes 
the recommended modification of the ASCE Standard 43-05 method and provides the basis for the recommended 
modification. 

 
Task G1.2:  Lower Bound Magnitude Distribution Based On CAV Screening 
 

Probabilistic seismic hazard analysis (PSHA) for a site integrates over all components of the probabilistic seismic 
hazard model for the site region to obtain the site specific ground motion hazard due to potentially damaging earthquake 
occurrences throughout the site region.  Previous PSHA practice has considered potentially damaging earthquakes to be those 
that have magnitudes larger than a conservatively determined lower bound earthquake magnitude.  Earthquakes larger than 
the lower bound magnitude are considered to be potentially damaging and earthquakes smaller than the lower bound 
magnitude are considered not to have potential for causing damage and are not included in the hazard calculations.  The 
threshold magnitude between non-damaging and potentially damaging earthquakes was conservatively established in the 
mid-1980s as a body wave magnitude value of 5.0 (approximate moment magnitude of 4.6). This lower bound magnitude 
cut-off level is a conservatively defined value based on several EPRI studies whose objective was to estimate the damage 
potential of small earthquakes and on consensus of the earthquake engineering community at the time.   

Subsequent experience with PSHA application has shown that a single magnitude value between potentially 
damaging and non-damaging earthquakes is not realistic or appropriate for PSHA calculations.  Since the mid-1980s the large 
increase in the number of earthquake recordings has lead to the understanding that there is significant variability of strong-
ground motion for a given earthquake magnitude value and therefore, in the potential for an earthquake of a given magnitude 
to cause damage.  

The CAV was established by studies conducted by EPRI in the late 1980s and early 1990s as a measure of the 
potential for a ground motion time history to cause damage.  The CAV is defined as the integral of the absolute value of 
ground acceleration in the strong shaking part of the ground motion time history.  Equation (1) defines mathematically the 
CAV as: 

 

 
CAV = H (pgai − 0.025) a(t)

t=ti

ti+1

∫ dt
i=1

N

∑
 (1) 

 
where N is the number of 1-sec time windows in the time history which have pga>0.025g, pga is the peak ground 
acceleration during time window i, ti is the start time of window i, and H(x) is the Heaviside function (unity for x>0 and 0 
otherwise).  The EPRI studies established the threshold CAV value for potential damage to structures that have good seismic 
design to be 0.16 g-sec and this value was adopted as the threshold for OBE exceedance (for the potential to cause damage to 
nuclear facilities) for the purpose of implementing Reg. Guide 1.166.  Abrahamson, et al. [8] have developed an approach 
that uses CAV to filter out earthquakes that have negligible potential for causing damage and demonstrate how the method 
can be applied within the PSHA computation integral.  Fig. 3 depicts an example of the filtering effects of this new approach 
as a function of the earthquake magnitude range from Reference [8].  The use of this CAV filtering approach was also 
recently endorsed in RG 1.208 [9] by the USNRC. 
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Fig. 3  CAV Filtering Results as a Function of Magnitude Range 
 

Task G1.3:  Standard Deviation Research for Ground Motion Models in the CEUS 
 

The magnitude of the variability in ground motion has a large effect on computed ground motion hazard.  The effect 
increases with decreasing annual hazard frequency.  The parameter that defines the magnitude of the variability of ground 
motions about the median value predicted by a ground motion model is the standard deviation. Modeling the standard 
deviation of ground motion, sigma, in PSHA involves significant uncertainty both in the value of sigma and in whether the 
parameter is dependent on earthquake magnitude and distance from the earthquake source.  A project entitled “The Next 
Generation of Attenuation (NGA)” has demonstrated that to a degree the large uncertainty in sigma and the way it is modeled 
in ground motion prediction equations is due to limited available empirical data.  The NGA project (a partnered ground 
motion modeling effort that is being lead by the Pacific Earthquake Engineering Research (PEER) Center, the U. S. 
Geological Survey, and the Southern California Earthquake Center) has made significant progress toward overcoming the 
empirical data limitation by compiling a large strong-motion recording data set consisting of about 3500 recordings from 
about 173 earthquakes.  Reference [10] contains the results of documenting these newer characterizations of the appropriate 
sigma on ground motions and in making recommendations for their utilization in state-of-the-art PSHAs. 

Studies of sensitivity of SSRS to the revised CEUS sigma model recommended by Abrahamson and Bommer in 
Reference [10] were conducted and reported by McGuire in Reference [5].  The sensitivity study shows that application of 
the revised sigma model results in lower mean amplitudes across all spectral frequencies for the 28 test sites used.  The mean 
reduction is approximately 9% at 100 Hz (PGA) and approximately 19% at 5 Hz.  Stepp and Kennedy [11] provide guidance 
for the use of the revised sigma in the seismic design process for new nuclear plants. 

 
Task S2.1:  Ground Motion Incoherence Considerations in Seismic Response 
 

This task incorporated two research tasks: 
• Generation of State-of-the-Art Coherency functions based on available recordings 
• Demonstration of the generation of seismic structural response as a function of this coherency function 

The phenomenon of seismic wave incoherence has been recognized for many years, but the lack of an adequately 
large set of recorded data prevented quantification of the phenomenon and the development of approaches for the 
incorporation of the effect into the dynamic analysis of NPP structures. Abrahamson [12][13] presents a state-of-the-art 
representation of the coherency function for soil sites based on a large number of densely spaced ground motion recordings. 
Coherency functions define the relationships between ground motions at separate locations as a function of the separation 
distance between the locations, site conditions and the frequency of the ground motion.  Current EPRI studies are being 
completed to document the recommended coherency function for rock sites and for embedded soil sites. 

The second part of this EPRI research project was conducted by Short, Hardy, Merz and Johnson [14] and relates to 
the seismic response of buildings accounting for this incoherency effect.  An update of this report is expected to be published 
later in 2007 to incorporate several improvements to the SASSI and CLASSI approaches for incoherency response as well as 
to demonstrate the effects of using the newly defined rock site coherency function.  Seismic analyses incorporating soil-
structure interaction and ground motion incoherence result in significant reduction in high-frequency seismic response as 
measured by in-structure response spectra.  Fig. 4 demonstrates the levels of reduction for an example stick model that was 
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analyzed at a part of this project, utilizing both the soil coherency function and the recent rock coherency function for the 
same input ground motion.   

The computed coherency transfer functions depend on the foundation area and the site soil conditions. As a result, 
the resulting spectral reductions strongly depend on the site-specific free-field spectrum shape and the associated site soil 
conditions. The effect of seismic wave incoherence is primarily a high-frequency phenomenon. The S2.1 project effectively 
demonstrated the validity of using SSI codes modified to incorporate incoherency effects as a method for calculation of 
structural responses for nuclear structures. The CLASSI program approach and two different SASSI code approaches have 
been validated using a series of benchmark problems to check against each other as well as some simplified analytical 
benchmark problems. A variety of sensitivity studies were completed which resulted in key insights into the effects that 
foundation size, shape and soil properties have on the results. 
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Fig. 4  Incoherency Reductions for Example Model (Red Curve Rock Coherency, Green Curve Soil Coherency) 
 

Task S2.2: High Frequency Reductions Based on Inelastic Behavior 
 

This task investigated the effect of negligible inelastic behavior associated with high-frequency ground motions on 
nuclear power plant (NPP) components and is documented in Reference [15]. The study was performed to further develop a 
rational procedure for treating response spectra rich in high-frequency for use in seismic design of NPPs. Due to the small 
displacements associated with high frequency accelerations, the seismic margin of a typical NPP component with even a 
limited amount of inelastic deformation capability is much greater in the high frequency portion of the response spectrum 
than it is in the low frequency portion. Response modification factors were developed to modify the high frequency portion 
of elastic response spectra. These factors conservatively account for the additional NPP component capacity due to limited 
non-linear behavior associated with high frequency input.  In general, these response modification factors result in high 
frequency reductions in the range from 15% to 30% depending on the content of the ground design spectrum. This study 
further developed and provides key technical justification for an approach first presented in a prior EPRI study [16]. 
Reference [15] also provides several example applications of the response modification procedure. 

 
Task S2.3: High Frequency Screening Testing Recommendations 
 

There is both analytical and empirical evidence that short duration, high frequency excitations in the frequency 
range beyond 10 Hz are not damaging to power plant and heavy industrial structures and equipment.  The analytical evidence 
developed in Task S2.2 and demonstrates the lack of significant response of structural systems to these high frequency 
motions based on studies of a range of idealized distributed mass beams.  The empirical evidence is broad in its origins and 
includes: 

• Mining, Quarry and Construction Blasting Data Support the Lack of High Frequency Effects 
• Earthquake Experience Data at NPPs Support the Lack of High Frequency Effects 
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- Northeast Ohio Earthquake of 1986 (Perry Plant) 
- South Carolina Monticello Reservoir Events of 1978/1979 (Summer Plant) 
- 1989 Slovenia Earthquake (Krško Plant) 

• Shake Table Equipment Qualification Data Support the Lack of High Frequency Effects 
- BWR Hydrodynamic and Seismic Test Data 

• Operational Vibration Test Data Support the Lack of High Frequency Effects 
In the past, this evidence has been used, both implicitly and explicitly, by the USNRC to justify that any additional 

effort (testing or analysis) beyond the design basis to address high frequency response effects for operating NPPs is not 
warranted.  These regulatory actions by the USNRC have included the following programs, initiatives and publications: 

• Individual Plant Examination for External Events (IPEEE) - GL 88-20, Supplement 4 
• USNRC panel report on the implications of updated PSHA estimates that resulted in increased high 

frequency hazard at Watts Bar 
• Extensive inspection of the Perry plant following the 1986 earthquake with the conclusion that the 

exceedance of the design spectra in the high frequency range did not have engineering significance 
• Seismic confirmatory program of the Summer plant  following the reservoir induced earthquakes of 1978 

and 1979, which satisfied the ASLB and ACRS requirements to document the lack of engineering 
significance 

• Development of Regulatory Guide 1.166 in response to the issue of OBE exceedance at high frequencies 
All of this material related to the effects of high frequency motions (i.e. analytical evidence, empirical evidence and 

regulatory precedence) has been summarized in a draft EPRI report “Considerations for NPP Equipment and Structures 
Subjected to Response Levels Caused by High frequency Ground Motions” [17]. The fundamental conclusion of this report is 
that additional seismic qualification effort to address the high frequency content of seismic motions is not warranted for new 
plants with the exception of certain potentially high-frequency vibration sensitive components such as certain relays.  Since it 
is recognized that for some nuclear plant locations the high frequency content of the seismic ground motion could propagate 
within a structure and potentially affect the function of high frequency sensitive devices, a separate industry initiative is 
currently being conducted to provide recommendations for screening such devices for such vulnerabilities and to develop 
alternate approaches for seismic qualification of sensitive components that include the consideration of high frequency 
motions of the attachment points. 

 
SUMMARY AND CONCLUSION 
 

The EPRI New Plant Seismic Issues Resolution Program has developed a number of key new seismic methods that 
will be useful for both new plant design and for future seismic risk-informed applications.  These state-of-the-art products 
include: 

• Methodology to Develop a Performance-Goal Based (Risk Informed) Site Specific Safe Shutdown 
Earthquake 

• Methodology to Characterize the Lower Bound Magnitude Distribution of Earthquakes in  Probabilistic 
Seismic Hazard Analyses Using the CAV to Define Damaging Earthquakes 

• Updated Criteria to Characterize the Standard Deviation for CEUS Ground Motion Models 
• Documentation of the Appropriate Coherency Functions Associated with Surface Soil, Embedded Soil and 

Rock Site Conditions based on Recorded Data 
• Methodologies for Using CLASSI and SASSI Soil/Structure Interaction Codes to Characterize the Effects 

of Ground Motion Incoherency on Nuclear Plant Structures, Systems and Components 
• Screening Process to Identify High Frequency Sensitive Components 

These seismic research products have addressed the most significant parts of the seismic issues associated with the 
effects of the increased seismic hazard identified in the CEUS and have provided a more cost-effective and realistic approach 
for the seismic design of new plants. 
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