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ABSTRACT

In September of 1990. the U.S. Nuclear Regulatory Commission ( NRC) began the formal

 process to Fevise the scismic and geologic siting critena for nuclear power plants. Thas

process is now complete and the revised criteria have been promulgated. During the course
of the revision, two draft versions were issued for public comments and extensive intcractions
took place between the NRC and the industry. This paper tescribes 1he new siting criteria and
associated regulatory guidance. )

1.0 INTRODUCTION

The U.S. seismic siting regulation, "Scismic and Geologic Siting Criteria for Nuclear Power
Plants.” Appendix A t0 10 CFR Pan 100, became effective in December. 1973 (kef. 1.
Although it has been 2 relatively successful licensing 100l for over two decades. significant
difficultics have been encourtere in applying it. For example, there have been substantial
advances in the EOSCICRCCS. and because of the inherent inflexibility of a regulation. it has
been difficult or impossible 10 accommodate these changes of o modify the critenia.
Furthermore. Appendix A is based on deterministic seismic hazard concepts. and the large
uncertaintics intrinsi to geosciences such as «civmic sources and ground mations. are not
quantitatively taken into account.

Altcmupts to revise the regulation were started as carly as 1979. Ref.2 locument the
majo: issucs involved and provided strong justification to revise the regulation. However. it
was not until 1990 tha official tevision of Appendix A began.

During the period 1990 throuzh 1995 the proposed regulations and draft guidance
documents werc prepared. and the new methadologies they invoked were developed and
tested. From the onset, it was decided that Appendix A to 10 CFR Pan 100 weaid b
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retaincd and continue to apply Lo operating plants that receved their hicenses prior to
publication of the new regulation. ' . .

In developing the new regulation. it was decided to separate siting from design.
Thercfore. the engineering portions of Appendin A were transferred to 10 CFR Pant S0ma
new Appendix S (Ref.3). :

The geosciences poriion of Appendix A was condensed to general requirements only.
The prescriptive clements were placed in Regulatory Guide 1.165 (Ref4). The rew
regulations. Section 100.23 to Past 100 (Ret.S5). Grologic and Scismic Siting Factors, and
Appendix S to Pant S0 were published in December 1996 with the effective date of January
10. 1997. The regulatory guides were published in March 1997. The new regultions and
guides arc applicable to future plants.

2.0 REVISED SEISMIC AND GEOLOGIC SITING AND EARTHQUAKE ENGINEERING
CRITERIA '

2.1 Siting Criteria ‘
The revised scismic and geologic siting regulation. 10 CFR 100 23. requires that geological.
seismological, and engincering characteristics of a site and itls environs be investigated in
sufficient scope and detail to permit an evaluation of the proposed site. 10 provide sufficient
information to determine the Safe shutdown Carthquake Ground Motion (SSE), 10 permit
engincering solutions 10 geologic and seisnuc ctlects. 10 assess the potential for surface
Jdeformations, and to establish the design bases for seismically induced floods and watet
waves. and other design conditions at the proposed site. '

Selected postions of the rule are repioduced below. With respect (o the intent of the

regulation, the rule states the following:

§100.23 Geologic and scismic siting factors.

This section seis forth the principal geologic and seismic considerations that guide
the Commission in its evaluation of the suitability of proposed site and adequacy of the
design bases esiublished in consideration of the geologic und seismic characteristics of the
proposed site, such that, there is a reasonable assurance that a nuclear power plant can be
constructed and operated at the proposed site without undue risk 1o the health and safety of

the public.
With respect to the specific requirciments. the rule contains the following elements.

(c) Geological, seismological, and engineering characteristics. T o geological.
seismological. and engineering characteristics of a site and i+ - nvirons must be investigated
in sufficient scope and detail 10 permit an adequate . .aluanion f the proposed site. 1o
provide sufficient in rmation to support evaluations perf- vmed oo rive al estimates of the
Safe Shutdown Earthquake Ground Maotion, and o penmu adequ 1€ engincering solutions to
actual or poicatial geologic and seismic effects at the proposed site. The size of the region o
be investigated and the vpe of data pertinent 1o the -  estigations must be determined based
on the nature of the region surroundine the proposed e, Data on the vibratory ground.
maotion, tectonic surface deformation, nonlectonic deformation. earthquake recurrence rates.
fault geometry and slip rates, site foundation material. and seismically induced floods and
water waves must be obtained by reviewing pertinent hiterature and carrving oul field
investigations. However. cach applicant shall mvestigate all geologic and seismic factors
(for example, volcanic activity) that may afject the devign and operation of the proposed
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nuclear power plant irrespective of whether such fuctors are cxplicitly included in this
section. ’

(d) Geologic and seismic siting factors. The geologic and seismic siting factors
considered for design must inclide a determination of the Safe Shiutdown Earthquake Ground
Maotion for the site, the potential for surfuce rectomic and nontectonic deformations. the
design bases for seismically induced floods and water waves. and other design conditions Js
stated in paragraph (dx4) of this section. '

(1) Determination of the Sufe Shutdown Earthquake Ground Motion. The Safe
Shutdown Earthquake Ground Motion for the site is characterized by both horizontal and
vertical free-field growund motion response specira at the free ground surface. The Safe
Shutdown Earthquake Ground Motion for the site is determined considering the results of the

investigations required by paragraph (c) of this section. Uncertainties are inherent in such

stimates. These wncertainties niust be addressed through an appropriate analysis, such as g

probabilistic seismic hazard analysis or suitable sorsitivity analyses. [ Underline added for
emphasis]. Paragraph IVtax 1) of Appendix S to Part 50 of this chapter defines the minimum
Safe Shutdown Earthquake Ground Moaotion for design.

(2) Determination of the potential for surfuce tectonic and nontectonic deformations.
Sufficient geological, seismological, und geophysical data must be provided to clearly
establish whether there isa potential for surfuce deformation. '

(3) Determination of design bases for seismically induced flixxds and water waves.
The size of seismically induced floods and water waves that could affect a site from cither
locally or distantly generated seismic activity must be determined.

(4} Determination of siting Jaclors for other design conditions. Siting factors for
other design conditions that musi be evaluated include soil and rock stability, liquefuction
potential. natural and artificial slope stability. cooling water supply, and remote safety-
related structure siting. Each applicant shall evaluate all siting factors and potential causes
of failure, such as. the physical properties of the materials underlving the site. ground
disruption, and the cfjecls of vibratory ground mation that may affect the design and

operation of the proposed nuclear power pluni.

A comparison of 10CFR 100.23 with Appendix A to Part 100 will clearly show that the new
rule contains only the basic requirements and all of the prescriptive procedures are now
removed. The requirements for adequate site characterization ase basically the rame as those
in Appendix A, thercfore, the geological and «cismological investigations arc equally
important. One of the most significant changes as vnderlined above. The rule now
recognizes that there are uncenainties 1n esumating the design basis ground mation and they
should be specifically addressed n that determination. A probabihistic hazard analyss is

- -rmitted to address these uncertainies.

2.2 Earthquake Engincerning Cntena

Another important change 1» with respect to the Operating Bass Earthquake (OBE)n
the new Appendix S to Part <. The exsting regulation in Appendix A 10 Part 109 states that
the maximum vibratory ground motion of the OBE be at least one half the maximum
vibratory ground motion of the Safe Shutdown Earthquake ground mation In some cases. for
instance piping. this requirement for the OBE made 1t possible for the OBE 10 have maore
design significance than the SSE. A decoupling of the OBE and SSE has been suggested in
several documents (€.g.. Ref.2). Appendix § allows the value of the OBE to be set at (1)
one-third or less of the SSE. where OBE regquirements arc watisfied without an explicit
response of design analyses being perlormed. or () a value greater wian one-third of the SSE.
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where analysis and design aie required. There are two issuces the apphicant should consider in
selecting the value of the OBE: first. plant shutdown is required if vibratory ground motion
exceeding that of the OBE occurs. and second. the amount of analyses associated with the
OBE. An applicant may dctermine that ut one-third of the SSE level. the probability of
exceeding the OBE vibratory ground motion is tvo high. and the cost associated with plant
shutdown for inspections and testing of equipment and structures prior to restanting the plant
is unacceptable. Thereforc. the applicant may voluntarily select an OBE valuc at some higher
fraction of the SSE to avoid plant shutdowns. However. if an applicant sclects an OBE value
at a fraction of the SSE higher than one-third. a suitable analysis shall be performed to
demonstrate that the requirements associated with the OBE are satisfied.

As stated. it is determined that if an OBE of one-third or less of the SSE is used. the
requirements of the OBE can be satisfied without the applicant performing any explicit
response analyses. In this case. the OBE serves the function of an inspection and shutdown
carthquake. Three regulatory guides. RG 1.12. RG 1.166. and RG 1.167 were prepared to
describe the methodologies acceptable to the staff that <hould be employed to satisfy the
Appendix S requirements pentaining to plant shutdown and restant due to a scismic event.

3.0 GUIDANCE ON DETERMINING SAFE SHUTDOWN EARTHQUAKE GROUND
MOTION
Regulatory Guide 1.165 has been developed 1o provide general guidance on procedures
acceptable to the NRC staff for conducting geological. seismological, and geophysical
investigations: identifying and characterizing seismic SOurces, conducting probabilistic
scismic hazard analyses: and determining the Safe Shutdown Earthquake Ground Motion
(SSE) for satisfying the requirements of 10C FR 105.23.

The following is an abbreviated discussion of the step-wise procedure outlined in the
guide 10 determine the SSE at a sitc. This procedure is schematically illustrated after

describing the sieps.

1. Regional and site geological, seismoluogical. and geophysical investigations should be
performed. '
2. For central and castern US (CEUS) sites (sites east of the Rocky Mountains), the

Lawrence Livermore National Laboratory (LLNL) (Ref.6) o the Electrical Power
Rescarch Institute (EPRD (Ref.7) Probabilistic Seismic Hazard Analysis (PSHA)
should be performed using original or updated sources (based on the investigations
performed in Step 1). For sites in other parts of the country. 3 site-specific PSHA
should be accomplished. The ground motion estimates should be made for rock
conditions in the free-field or by assuining hypothetical rock conditions for a non-rock
site to develop the seismic hazard information bhase.

k) Using the reference probability (RP) of 1E-5 per ycar (rational for this value 1s
described in Section 4.0) Jetermine the S% of the crincally damped median spectral
ground motion levels for the average of S and 10 Hz (S. ;) and for the verage of |
and 2.5 Hz (S,

4. The median probahilistic hazard charactenzation should be deaggregated to determine
the controlling carthquakes' magnitudes and distances.

1. Given a reference probability (expressed as an annual probability of exceeding a ground motion

tevel), the total seismic hazsrd can be de-aggregated to obtain contributions from difTerent
magnitude and distance events. The carthquakes which contribute most to this hazard are then
called controlling earthquakes. This concept is schematically illustrated later.
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After completing the PSHA and deter.mning the controlling carthquakes. the tollowing
procedure should be used to determine the SSE.

5. With the controlling carthquakes determined as described above and using the
procedures in Standard Review Plan (SRP) Section 2.5.2 (Ref.8). develop 5% of
critical damping response spectra shapes for the ac:ual or assumed rock conditions.
The same controlling carthquakes are also used (o derive vertical response spectial

shapes.

6. Use S, o to scale the response spectrum shape corresponding to the controlling
carthquake.

7. For nonrock sites. perform a site-specific soil amplification analysis considenng

uncertainties in -ite-specific geotechnical properties and parameters (0 determine
response spectra at the free ground surface in the free-field for the acie. ; site
conditions.

8. Compare the smooth SSE spectrum or spectra used in design (e.g.. 0.3g. broad-band
spectra used in advanced light-water reactor designis) with the spectrum or spectra
determined in Step 2 for rock sites or determined in Step 3 for nonrock sites 10 asscss
the adequacy of the SSE spectrum or spuctra.

When site-specific design response spectra arc nceded. to obtain an adequate
design SSE based on the site-specific response spectrum of spectra. develop a smooth
spectrum Of Speclra or use a standard broad band shape that envelopes the spectra of

Step 6 or Step 7.

The concept of the methodology to estimate controlling carthquakes. outlined in steps
2 through 4, is illustrated in Figures 1.2. and 3. Figure 1 shows the total median scismic
hazard curve in terms of § and 10 Hz spectral values. This figure al»o shows the ground
motion levels at the reference probability. Sq and S, The Sq.,q is obtained by averaging S
and S,,. Figure 2 shows median seismic hazard curves for a set of magnitude and distanoce
intervals defined in Table 1. Figure 3 shows graphically the contributions of magnitucde and
distance intervals to the ground motion level. S¢ o In this figure. the major contributing
carthquakes are nearby and of moderate size. Thus. in concept. this defines the notion of a
controlling earthquake. Mathematically. the controlling carthquake are determined using the

following ecquations:
Y M, Y'Y LogldH
M.’ - ‘L—J————;- .‘.OQ(D) r J —
z H"’ : Z Z Hst;

- M L

where M, and D, are magnitude and disjance values of the controlling event. H,, 1 the
average seismic hazard values of § and 10 Hz for cach magnitude and distance interval (Sec
Figure 2) estimated at ground motion levels for the reference probability.

Table 2 shows estimates of controlling carthquakes for several CEUS sites for the ground
maotion level corresponding to the reference probabihity of 1E-5/yr using LLLNL. median
hazard results. :

Once the controlling earthquake is determined. site specific spectral shape is derived
using Ref.8. Figure 4 through 6 illustrate how the site specific spectral shape is used to
develop SSE spectra or show adequacy of the previously welected SSE spectra (Steps 6
through 8). For engineering purposes, it is essential that the design ground motion response
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spectra be a broad-band smoath response spectra with adequate energy in the frequeacies of
interest. In the past. it was general practice to select standard broad-band spectra. such as the
spectra in Regulatory Guide 1.60 (Ref.9). and scale them by a peak ground motion parameter
(usually peak ground acceleration (PGA1). which is derived based on the size of the
controlling earthquake. In the past licensing review these spectra were checked against site-
specific spectral estimates to be sure that the SSE design spectra adequately enveloped the
site-specific spectra. These past practices o define the SSE are still valid und. based on this
consideration, the following three possible situations are depicted in Figures 4 through 6.

Figure 4 depicts a situation in which a site is to be used for a certificd design with an
established SSE (for instance, an Advanced Light Water Reactor with 0.3g PGA SSE). In
this example. the centified design SSE spectrum compares favorably with the site-specific
response spectra determined in Step 6 or 7.

Figure 5 depicts a situation in which a standard broad-band shape is selected and its
amplitude is scaled so that the design SSE envelopes the site-specific spectra.
, Figure 6 depicts a situation in which a specific smooth shape for the design SSE
spectrum is developed to envelope the site-specific spectra. In this case. it is panticularly
important to be sure that the SSE contans adequate energy in the frequency range of
engincering interest and is sufficiently broad-band.

In the regulatory guide the probabihistic approach has been chosen for several reasons.
The probabilistic methods have been used in the licensing of several plants when issues of
diffcrent interpretations have arisen by applying the deterministic procedures of Appendix A
to Part 100. Two major probabilistic studies and databases exist for CEUS which facilitate
uniform and reproducible implementation of the probabilistic methods. The probabilistic
approach explicitly considers the likelihood of an event or recurrence period. The need to
perform PSHAs is important in characterizing seismic sources in the CEUS due to relatively
fow seismicily saw il.c inability to assaciate carthquakes with specific tectonic structures.
However, experience in performing seismic hazard evaluations in active plaie-margins
regions in the western United States has also identified uncenainties associated with the
characterization of seismic sources. Sources of uncertainties include fault gecometry, rupture
segmentation, rupture extent, seismic activity rate, ground motion, and earthquake occurrence
madeling. As in the case for sites in the CEUS. altemative hypotheses and parameters must
be considered to account for these uncertainties. Thus. the probabilistic approach is deemed
as one acceptable approach in addressing the uncentainties in determining the SSE. However.,
as indicated in the rule and the regulatory guide. altemate approaches can be used to address
uncentainties. Decision on how to best approach the issue of uncertuinty depends on the
knowledge f teet anics, seismic ~ources, historical records., and feasibility to do exploratory

work.
1.0 REFERENCE PROBABILITY (RP)

One of the key parameters in implementing a probabilistic method ss the referenice probabulity
(RP). In Reference <4 the RP of 1E-S/yr has been defined considenimg the design bass of
certain recently licensed plants in CEUS. The RP 18 the annual probabilsty level such that
S0% of a set of currently operating plants has an annual median probability of excecding the
SSE below this level. The RP is deternuned for the annual probability of cxceeding the
average of the 5 and 10 Hz SSE response spectrum ordinates associated with S5 of entwal
damping.

The RP was calculated using the LLNI methodology and results, but 1s also
considercd applicable for the EPRI study. The seiected plants repres at relatively recent
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designs that used Regulatory Guide 1.60 o simtlar spectra as their design hases. The use of
these plants should ensure an adeauate level ol conservabismin deternuning i . SSE’

consistent with recent licensing decisions.
The following procedure was used to determine the RP and should b used in the

future if general revisions to PSHA methods or data bases result in significant changes in
hazard predictions for the selected plant sites.

I Using LLNL methodology the median scismic hazard resulls were calculated for the
selected sites for spectral responses at Sand 10 He.

o

The composite annual probability of exceeding the plant SSE values for spectral
responses at 5 and 10 Hz was calculated using median hazard estimates of Step 1.
The composite annual probabulity is determined by:

Composite probability = 121y + 1/2(a2)

where al and a2 represent median annual probabilities of exceeding SSE spectral
ordinates at 5 and 10 Hz. respectively. The procedure is illustrated in Figure 7.

3. Figure 8 illustrates the distribution of median probabilitics of exceeding the SSEs for
selected 35 plants. The reference probability is simply the median probability of this
distribution.

It should be noted that this RP is calibrated with the past design bases. it is not derived
directly from any quantitative risk or safety goals. In fact. one of the reasons for using the
median hazard curve in the regulatory guide approach is that the controlling carnthquakes
resulting from the de-aggregation of the median hazard curve are very similar to those used in
the past licensing from the deterministic procedures. Table 3 shows a comparison i
controlling canthquakes derived from the regulatory guide approach with those uscd in the
past design. The regulatory guide recognizes that the final SSE at a higher RP may be more
appropriwi¢ and acceptable for some sites considering the slope characteristics of the site
hazard curves. the overall uncertainty in calculations (i.c.. differences beiween mecan and
median hazard estimates). and the knowledge of the «eistnic sources that ccatribute to the
hazard. The guide references i procedure. Ref 10,10 determine an altemative reference

probability on the risk-based considerations

A mean risk goal. such as seismically induced mean core damage frequency {cdf). s
computed by 2 convolution of mean hazad with mean fragility. where fraaility s the
conditional probability of cdf given a particular hazard level. The relationship can be
expressed as follows:

mean goal = f mean hazard » mean fragilay

This relationship can be swuatized from the schematic representation in Figure 9. The nsk
computations take into tl: - : ezount the entire hasrd curve while the design basis s
established based on the cxcecdance probability at onc ground motion level. Clearly. the
convolution of hazard curve 1 in: Figure 9 with the fragility will produce highsr mean cdf than
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the convolution of hazard curve 2. The slope of the hazard curve s an imponant parameter
computing 2 mean risk goal.

For the CEUS sites, as shown in Figure 10, the median reference probability of 1E-
S/yr comresponds to the mean probability of 1E-4. That is. the use of cither mean of 1E-4 or
median of 1E-$ will result in roughly the same ground aotion level. Figure 11 shows
situations where the risk implications may be quite different based on the slope of the averall
hazard curve and the nature of uncertainty. Figure 11 shows a hypothetical CEUS u. !
western US (WUS) situation. Since the mean and median are shown closer for the WUS site.
use of the median reference probability from the CEUS site would imply that WUS plants
should be designed to a more: stringent risk criteria. In other words. if the risk-based
considerations are to be aprlied. it may be more appropriate to usc a diffe-ent. and perhaps
mean-bascd. reference probability. For the hypothetical situation shown in Figure 11, while
the usc of mean RP of 1E-4 would result into the same ground motion level, Seyys. as using
the median RP of 1E-S for the CEUS site. there will be a substantial difference in the ground
motion levels Sy, and Sy, resulting from the use of median RP of 1E-S versus the use of

mean RP of 1E-4.
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Table 1
Contribution of Magnitude-Distance intervals
1o Tota! Hazard
Distance Magnitude Range of Bin
Range of
8in (km) 5.55 §5-6 6-65 65-7 >7
615 0417 0.057 0.000 0.000 0.000
15-25 0.220 0.07¢ 0.000 0.000 0.000
25-50 0.080 0.042 0.000 0.000 0.000
£0-100 0.004 0.014 0.001 0.000 0.000
"~ 400-200 0.000 0.008 0.031 0.000 0.000
200-300 0.000 0.001 0.004 0.000 0.000
300 0.000 0.000 0.000 0.000 0.002
Tabie 2
Estimales of Controling Esrthquakes
Controihng € anthquake
(Case 1)
i? Distance
' Magnitude {km)
1 57 23
2 SE 18
3 58 18
4 55 19
] 57 18
6 56 18
7 85 20
¢ 55 21
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Table 3 .
Gompdhson between Controhing Eanhquakes

i #nd Pajt Seismic Design Cntena

. Contiotiing Eafthquakes * Past Sersmic Design
Stte : Distance Distance
No Magnitude 1kn3) §'agnituoe (km)
1 54 € | . 50 15
2 . 56 24 58 15
72 275 L7 258
3 55 14 .53 15
4 56 14 53 15
5 57 14 57 15
6 55 16 53 15
7 53 18 48 15
. 7.3 340 7.3 370
8 . 57 14 6 .15
8 . 56 14 58 .15
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