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SUMMARY

New design and evaluation guidelines for department of enargy facilities subjecled to nalura!
phenomena hazard, are being finalized as UCRL-15910. Although still in draft form at this
time, the document describing those guidelines should be considered to be an update of
previously available guidelines. The recommendations in the guideiines document mentioned
above, and simply referred to as the "guidelines® thereatter, are based on the best information
at the time of its development. In particular, the seismic hazard model for the Princeton site
was based on a study performed in 1981 by TERA Corp. for Lawrence Livermore Nationai
Laboratory {LLNL), which relied heavily an the results of the NRC's Systematic Evaluation
Program (SEP; see Appendix C), and was based on a methodology and data sets developed in 1977
and 1978. Considerable advances have been made in the last ten yeats in the domain of seismic
hazard modeling. Thus, it is recommended to update the estimate of the seismic hazard at the
DOE sites whenever possible.

The major differences between previous estimales and the ones proposed in this study for the
PPPL are in the modeling of the strong ground moticn at the site, and the treatment ot the 1otal
uncerlainly in the estimales t¢ include knowledge uncertainty, random uncentainty, and expert
opinion diversity as well.

The results presented herein are limited to the estimates of the seismic hazard in terms of the
probability of exceedance of the Peak Ground Acceleration {PGA) at the site and of the Uniform
Hazard Pseudo Relative Velocity Spectra (PSRV in cnvs) for five annual probabilities of
excerdance; 2.0 10°3, 1073, 4.0 1074, 10"9 and 10" corresponding to 500-year, 1,000-
year, 2,500-year, 10,000-year and 100,000-year return periods. [t is recommended that
the criteria laid down in the guidelines be used 1o choose a probability ievel for each particular
facility, depending on its "performance goal” and “Facility-Use Category”, as described in Table
4-1 of the guidelines. As a summary of this analys’s, the table below provides the median
maximum horizontal peak ground surface acceleration at several annual prebability of
exceedance levels.



Peak Horizontal Ground Surface Acceleration at PPPL
versus
Median Hazard Annual Probability of Exceedance
(g = 981 emis/s)

2 x 103 1 x 1073 4 x 104 2 x 104

0.06g 0.08g 0.13¢9 0.19¢g

For the purpose of design or for a design review, the appropriate hazard models to use in this
case, would ¢ the median estimates (PGA hazard curves or PSRV uniform hazard spectra).

This study was performed by Dr. Jean Savy of LLNL, using the methodalogy, data bases and
overall tools, developed for the Nuclear Regulatory Commission (NRC) under the project:
*Seismic Hazard Characterization of the Eastern United States,” whose latest results were
published in NUREG/CR-5250 in 1989,



1. INTRODUCTION

The Princeton Plasma Physics Laboratory (PPPL), operated by the Princeton University, New
Jersey, requested from Lawrence Livermore National Laboratory (LLNL) 1o estimate the
seismic hazard at the Tokamak Fusion Test Reactor (TFTRY} site, using the methodology recently
developed by LLNL for sites in the Eastern U.S. (EUS). The development of this methodology was
funded by the Nuclear Regulatory Commission {(NRC) and this was applied 1o all the Nuclear
Plant Sites located east of the Rocky mountains.

Previous seismic hazard estimates for the Princeton site were reported in UCRL 53582. These
estimates were based on a study using the state-of-the-art methodolagy and the best available
data in 1982. Since 1982, considerable research and development effort in the fields of
seismo-tectonics seismicity and ground mation estimation, in large part driven by the
NRC/LLNL study of the EUS and by the utility sponsored EPR! study of the EUS, have made many
previous studies obsolete.

in particular, the present methodology makes extensive use of expert's opinions to account for'
the knowledge uncertainty, The modeling uncertainty in the ground motion models as well as in
the seismicity models is represented specifically by allowing the various experts to express
their opinion in the form of sets of alternate models. The response spectra models are described
by attenuation models of the entire spectra rather than a spectral shape anchored on a PGA
value, as it was done previously. Attenuating the entire spectrum is believed by most experts
(see Bernreuter et al. 1988) at the present time, to be the appropriate approach.

The current state-of-the-art study for NRC was specifically designed to provide a set of tools
with which the hazard at all the plant sites in the EUS could be estimated. However, it must be
noted that the very specific characteristics of each plant site are only accounted for in generic
fashion. The specificity of each plant site was accounted for by defining eight different types of
soil conditions. The seismicity information as well as the ground motion prediction models were
allowed to take different forms in four major tectonic regions of the EUS. This approach allows
fo make the most site specific type of analysis for sites at which the complete details of the site
characteristics are no! completely known, such as is the case of mest NRC plant sites, and the
Princeton site. In very elaborate studies concentrating on a single plant, enormous efforts are
spent only to characterize the site. This could involve extensive geaphysical and soil mechanics
lesting 1o define the geology, lopography and mechanical propenties of the underground at the



site and can cost enormous amount of money. A good current example is the effort done at the
Diablo Canyon Nuclear Power Plant. This is clearly not the scope of this study for which at best
generic and scanty information is available.

A summary of the method is given in Appendix C, with a list of the experts used in Appendix D,
and a complete description of the methodology and of the data used here is presented in detait in
Bernreuter et al., 1989 volumes 1, 6 and 7, provided in Appendix E of this letter report. The
results provided by the NRC/LLNL method with the present data banks are accurate enough to be
used as the basis for choosing seismic parameters for facility and equipment design and for
design reviews of the lype envisioned at the Princeton site.

The present document reports the results of calculations performed with the existing set of
codes and data applied 1o the PPPL-TFTR site.

The parameters of interest in the present study are:

1. The peak ground acceleration (PGA), considered 10 be at the site location in the
free-tield.

2. The pseudo relative velocity response spectrum (PSRV) of ihe free-field motion
for 8% critical damping and at five frequencies (IHz, 2.5Hz, 5Kz, 10.0Hz, and

25H2).

In this analysis, only the earthquakes of magnitude 5.0 or above are assumed 1o contribule 1o the
hazard.

2. METHODOLOGY

The hazard model used here is based on the now well accepted mode! developed by C.A. Cornell
(1968).

The important aspects of the NRC/LLNL methadology consist of:

. using many experts opinions 1o include the knowledge uncertainty, as well as the
physical uncertainty which is already included in the hazard model itself,



. propagating all uncertainties, in the seismicity modeling and ground motion
madeling, through the use of a Monte Carlo simulation process.

A summary of the methodology is given in Appendix C and the details, including the hazard model
and the process of elicitation of the experts’ opinion, are given in Bernreuter et al. 1989 vol. 1,
6, and 7 (given in Appendix E}. In particular, Volume 7 details all the questionnaires used in
the experts opinion elicitations. ’

3. INPUT DATA

The input data used for the PPPL-TFTR study, is exhaustively describad in Bernreuter et al.
1289 Vol. . The minimum magnitude of the earthquakes contributions to the hazard in the base
case, is magnitude 5.0, the input of 11 seismicity and tectonics experts (the S-experis), and
five ground motion experts (the G-experts} inputs are used, the list of whom is given in
Appendix D.

At the present time, there is still some controversy as 10 the need to account for the effect of
earthquakes of magnitude lower than 8. However, most Nuclear Power Ulilities and their
engineering consultants believe that such smaller earthquakes are not likely to cause damage in
a well-engineered facility. Consequently, the NRC/LLNL methodology, for consistency, has
limited itself to earthquakes greater than a magnitude of 5.0. The effect of the lower magnitude
earthquakes is analyzed as a sensilivity analysis in Bernretuer et al., 1989. (See Appendix E).

4. SEISMIC HAZARD ESTIMATES AT THE PPPL-TFTR SITE
4.1 Site Description
The PPPL site is located in Princeton, New Jersey, its coordinates are:

Latitude Longitude
N 40° 20" 55" W 74° 380"

The description of ihe soil underground at the site is given to us in a letler report by Melick-
Tully and Associates, Inc., dated December 8, 1987, addressed to Mr. Charles Montana.



Careful study of the above repoit, coupled with input from the TFTR-PSAR (Section 2.5.1.4)
lead us o assign the PPPL-TFTR site to the LLNL classification of rock (see Bernreuter et al,,
vol 1 and 7).

4.2 Dominanlt Zonal Contributions

The dominant zonal contributions table (Tables 1.1 to 1.11) identifies which of the seismic
zones given by the seismicity experts (S-Experts) contribute the most to creating the seismic
hazard at the PPPL-TFTR site. The parcentages given in Table .1 through 1.11 are the ratios of
the hazard provided by a zone, to the total hazard at the site, given only for the four highest
contributing zones. The total number of S-experts used in this study was 11, with

identification numbers 1, 2, 3, 4, 5, 6, 7, 10, 11, 12, and 13, The experts number 8 and ¢
initially participated in the study and later resigned. Consequently, no results exist for experts
8 and 9. (See Bernreuter et al. 1989 Vol 1, Appendix C).

One needs to be carefui in interpreting the results presented here since the calculations are

made only with the Best Estimate Hazard Curves (BEHC) and not with the Constant Percentile
Hazard Curves (CPHC).

The BEHC for a given S-Expert is obtained by selting each of the uncertain parameters equai to
what each S-Expert had defined as the most likely valus of the parameter {zonation, seismicity
parameters) and the most likely models of the ground motion experts (G-experts). Thus, the
table of zonal contributions is only indicative of the relative contributions but it does not always
represent accurately the relative contribution as it would be if all possible alternatives, and all
uncertainties were included.

The zones' identification given in Tables 1.1 to 1.11 refer to the zones shown in Appendix 8 for
each of the 11 S-Experts. In these tables, the seismic zona in which ihe PPPL-TFTR site is
located is called the "Host Zone". Note that since the Tables of 2onal contribution are hasad on
best estimate zonation, only zones shown in the best estimaiion zonation map appear in Tables
1.1 to 1.11. The zones appeaiing in the alternative zonation maps were only used to estimate
the uncertainty in the hazard (See Bernreuter et al.. Yolume 1, 1989 in Appendix C). Note that
the figure B6.3 only displays a large zone covering the entire EUS. In this particular
interpretation, to whici the experts number 6 gave a low weight, the entire EUS is assumed to
have a constant uniform seismicity.



4.3 Hazard Estimates with all Seismicity and Ground Motion Experts

Figs. 1 through 13 show the resulis of the analysis for the PPPL-TFTR site when all the
seismicity and ground motion experts' inpuls are used and when the contributions of all
earthquakes greater than magnitude 5 are accounted for.

Fig. | shows the hazard curves in terms of arithmetic mean and Best Estimate (B&). The use of
the expression Best Estimate may be confusing and must be clarified again to avoid
misinterpretation.

The BE is obtained as a single, delerminisiic calculation of the hazard where all the unceriain
models and parameters are set equal to their most likely value. For example, the random
uncetainty ( ¢ ) in the ground moiion models is sel to its most likely value, as given by each
ground motion expert, The curves in fig | are obtained by averaging ihs resuits over the 11 S-
experts.

Fig. 2 displays the total uncertainty, including random and modeling uncertainty, for the PGA.
Figs. 3 to 7 display the same as in fig. 2 for the 5 frequencies of the PSRV, {ie., 1Hz, 2.5Hz,
5Hz, 10Hz, and 25Hz.)

Fig. 8 shows the Uniform Hazard Spectra for 5§ return periods, namely 500, 1,000, 2,500,
10,000 and 100,000 year return periods. Ti.ese spectra are oktained from the arithmetic

average hazard curves of the PSRV al the 5 frequencies. And finaily, figs. S through 13 show
the uncertainty in the Uniform Hazard Spectra obtained from the corresponding uncertainty

analyses performed at each of the 5 frequencies.

5. USE OF THE RESULTS

The body of results presented in this report is intended to make as complete as possible the
description of the seismic hazard at the site, for the purpose af possible sensitiviy analyses and
to better describe the complex interaction of the seismic zonation, ground-motion and choice of
strong motion parameter. Consequently, only few selected curves presanted here are of direct
interest to the designer or to the design-reviewer. Specifically, the appropriale curves 10 be
used for design or for review would be the median estimates, i.e., the 50% hazard curves. In

fig 2, that would be the middle curve. The same would be true for any of the various uniform
hazard response spectra curves, such as in fig 9, for exampla.



Once the proper curve, or set of curves 2 selected, the znalyst will select the appropriate
hazard value (i.e. the appropriate probability of exceedance, or equivalently the appropriate
return period), from the guidelines (UCRL-15910). The end result for the amiyst will be a
PGA value corresponding to the estimate of the free-field paak ground acceleration at the site
with a given probability of exceedanze. similarly with velogity for the PSRV,




Table 1.1
Seismic Hazard at the PPPL-TFTR DOE Site
Most Important Zones Contributing to the Hazard
Seismicity Expert Number: 1

Host Zone: Zone 4

PGA = 0.,125G PGA = 0.55g
Zone ranking A 8 C D
Zohe % Zone %
First Zone 4 60, Zone 4 68.
Second Zone 1 14, Zong 1 27.
Third Zone 20 14. Zone 20 3.
Fourth Zone 22 6. Zone 22 1.
Key:
A Identification of zones contributing the most lo be "Best Estimate” of the seismic
hazard (BEH) for low PGA (.125g).
B: Percent contribution to the total BEH, for zones identified in A.

C: Same as A, for high PGA (0.55g).
Same as B, for zones identified in C.

Note: The percent contributions are reunded off, and only the four highest contributions are gi
As a result the percentage numbers do not necessarily add up to exactly 1.0.

10



Table 1.2
Seismic Hazard at the PPPL-TFTR DOE Site
Most Important Zones Coniributing to the Hazard
Seismicity Expert Number: 2

Host Zone: Zone 28

PGA = 0.125G PGA = 0.55g
Zone ranking A B c D
Zone % Zone Yo
First Zone 28 82. Zone 28 93.
Second Zone 31 3. Zone 3 3.
Third Zone 32 8. Zone 32 3.
Fourth Comp. 2. Comp ’ 1.
Zone Zone
Key:
A Identification of zones contributing the most to be 'Besl Estimate” of the seismic
hazard (BEH} for low PGA (.125g).
B: Percent contribution to the total BEH, for zones identified in A.

C: Same as A, for high PGA (0.55g).
D: Same as B, for zones identified in C.

Note: The percent contributions are rounded off, and only the four highest contributions are
given. As a result the percentage numbers do not necessarily add up 1o exactly 1.0.

11



Table 1.3
Seismic Hazard at the PPPL-TFTR DOE Site
Most Important Zones Contributing to the Hazard
Seismicity Expert Number: 3

Host Zone: Zone 5

PGA = 0.125G PGA = 0.55g
Zone ranking A B c D
Zone % Zone %
First Zone5 72. Zone S 87.
Second Zone 4 13. Zone 8a 8.
Third Zone 8a 10. Zone 4 4.
Fourth Zone 2 2.
Key:
A Identification of zones contributing the most 10 be "Best Estimate” of the seismic
hazard (BEH) for low PGA (.125q).
B: Percent contribution o the total BEH, for zone: identified in A.

C: Same as A, for high PGA (0.55g).
D: Same as B, for zones identified in C.

Note: The percent contributions are rounded off, and only the four highest contributions are
given. As a result the percentage numbers do not necessarily add up to exactly L0.

12




Table 1.4
Seismic Hazard at the PPPL-TFTR DOE Site
Moast Important Zones Contributing to the Hazard
Seismicity Expert Number: 4

Host Zone: Zone 11

PGA = 0.125G PGA = 0.55g
Zone ranking A B ] o
Zone % Zone %
First Zone 11 49, Zone 11 85,
Second Zone 16 19, Zone 12 2.
Third Zone 12 10. Zone 16 2.
Fourth Zone 18 7.
Key:
A ldentification of zones contributing the most to be "Best Estimate” of the seismic
hazard (BEH) for low PGA (.125q).
B: Percent contribution 1o the total BEH, for zones identified in A.

C: Same as A, for high PGA (0.55g).
D: Same as B, for zones identified in C.

Note: The percent conlributions are rounded off, and only the four highest contributions are
given. As a resull the percentage numbers do not necessarily add up 1o exactly 1.0.

13




Table 1.5
Seismic Hazard at the PPPL-TFTR DOE Site
Most Important Zones Contributing to the Hazard
Seismicity Expert Number: 5

Host Zone: Zone 1

PGA = 0.125G PGA = 0.55¢
Zone ranking A B8 C 2]
Zone % Zone %
Firsi Zone 1 50. Zone 1 99,
Second Zone 6 43. Zone 8 1.
Third Zone 8 3. Zone 3 0.+
Fourth Zone 3 2.
Key:
A Identification of zones contributing the most to be "Best Estimate” of the seismic
hazard {BEH) for low PGA {.125g).
B: Percent contribution to the total BEH, for zones identified in A.

C: Same as A, for high PGA ({0.559).
D: Same as B, for zones identified in C.

Note: The percent contributions are rounded off, and only the four highest contributions are
given. As a result the percentage numbers do not necessarily add up to exactly 1.0.

14



Table 1.6
Scismic Hazurd at the PPPL-TFTR DOE Site
Most Important Zones Contributing to the Hazard
Seismicity Expert Number: 6

Host Zone: Zone 6

PGA = 0.125G PGA = 0.55g
Zane ranking A B G D
Zone % Zone %
First Zone 6 86. Zone 8.
Second Zone7 6. Zone 7 1.
T hird Zone 3 4,
Fourth Zoi2$ 1.
Key:
A Identification of zones contributing the most to be “Best Estimate” of the seismic
hazard (BEH) for iow PGA (.125g).
B: Percent contribution to the total BEH, for zones identified in A.

C: Same as A, for high PGA (0.55g).
D: Same as B, for zones identified in C.

Note: The percent contributions are rounded off, and only the four highest contributions are
given. As a result the percentage numbers do not necessarily add up 1o exactiy 1.0.

15




Table 1.7
Seismic Hazard at the PPPL-TFTR DOE Site
Most Important Zones Contributing to the Hazard
Seismicity Expert Number: 7

Host Zone: Zone 13

PGA = 0.125G PGA = 0.55g
Zone ranking A B C D
Zone % Zone %
First Zone 13 63. Zone 13 78.
Second Zone 14 16. Zone 14 11.
Third Zone 29 10. Zone 29 7.
Fourth Zone 7 7. Zone 7 4.
Key:
A Identification of zones contribuiing the most 1o be "Best Estimate” of the seismic
hazard (BEH) for low PGA (.125g).
B: Percent contribution to the total BEH, for zones identified in A.

10 Same as A, for high PGA (0.55q).
D: Same as B, for zones identified in C.

Note: The percent contributions are rounded off, and only the four highest contributions are
given. As a result the percentage numbers do nol necessarily add up to exactly 1.0.

16



Table 1.8
Seismiec Hazard at the PPPL-TFTR DOE Site
Most !mportant Zones Contributing to the Hazard
Seismicity Expert Number: 10

Host Zone: Zone 4

PGA = 0.125G PGA = 0.55g
Zone ranking A B c D
Zone % Zone %
First Zone 4 46. Zone 4 75.
Second Zone 5 36. Zong 5 24,
Comp Comp
Third Zone 4. Zone 1.
Fourth Zone 6 4.
Key:
A Identification of zones contributing the most to be "Best Estimate” of the seismic
hazard (BEH) for low PGA {.125g).
B: Percent contribution to the toial BEH, for sones identified in A.

C: Same as A, for high PGA (0.55g).
D: Same as B, for zones identified in C.

Note: The percent contributions are rounded off, and only the tour highest contributions are
given. As a result the percentage nunibers do not necessarily add up to exactly 1.0.

17



Table 1.9
Seismic Hazard at the PPPL-TFTR DCE Site
Most Important Zones Contributing to the Hazard
Seismicity Expert Number: 11

Host Zone: Zone §

PGA = 0.125G PGA = 0.55¢
Zone ranking A B c o
Zote % Zone %
First Zone 5 79. Zone 5 98.
Second Zone 3 10. Zone 3 1.
Third cz 5. cz 1.
Fourth Zone 8 1. Zone 4 0.+
Key:
A ldentification of zones contributing the most 1o be "Best Estimate" of the seismic
hazard (GEH) for fow PGA (.125¢).
B: Percent contribution to the total BEH, for zones identified in A.

C: Same as A, for high PGA (0.55g).
D: Same as B, for zones identified in C.

Note: The percent contributions are rounded off, and only the four highest contributions are
given. As a resull the percentage numbers do nol necessarily add up to exacily 1.0.

18



Table 1.10
Seismic Hazard at the PPPL-TFTR DOE Site
Most Important Zones Contributing to the Hazard
Seismicity Expert Number: 12

Host Zone: Zone 32

PGA = 0.125G PGA = 0.55¢
Zone ranking A B C )
Zone % Zone %
First Zone 32 A6. Zone 32 100.
Second Zone 31 6.
Third Zone 34 4.
Fourth Zone 27 2.
]
Key:
A tdentification of zones contributing the mest to be "Best Estimate” of the seismic
hazard (BEH) for low PGA (.125g).
B: Percent contribution 1o the total BEH, for zones identified in A.

C: Same as A, for high PGA (0.55g).
D: Same as B, for zones identified in C.

Nate: The percent contributions are rounded off, and only the four highest contributions are
given. As a result the percentage numbers do not necessarily add up to exactly 1.0.
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Table 1.11
Seismic Hazard at the PPPL-TFTR DOE Site
Most Important Zones Contributing to the Hazard
Seismicity Expert Number: 13

Host Zone: Comp Zone (CZ17)

PGA = 0.125G PGA = 0.55g
Zone ranking A B ¢ D
Zone % Zone %
First Zone 10 84. Zone 10 59.
Second cz17 28. cz17 33.
Third CZ15 10. cZi5 8.
Fourth Zone 12 6.
Key:
A Identification of zones contributing the most to be "Best Estimate” of the seismic
hazard (BEH) for low PGA (.125g).
B: Percent contribution to the total BEH, for zones identified in A.

C Same as A, for high PGA (0.55g).
D: Same as B, for zones identified in C.,

Note: The percent contributions are rounded off, and only the four highest contributions are
given. As a resuit the percentage numbers do not necessarily add up to exactly 1.0.

20
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(Minimum contributing magnitude = 5.0) of the PGA for

the PPPL-TFTR.
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curves (Minimum contributing magnitude = §5.0) of the
PGA for the PPPL-TFTR site.
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SEISMIC HAZARD CHARACTERIZATION FOR THE EASTERN UNITED STATES™
By Jean B. Savy, Don L. Bernreuter, and Richard W. Mensing
P.0. Box 808, Livermore, CA

Abstract

The purpese of the Eastern United States seismic hazard characterization
project was to develop a methodology and a data base to calculate the hazard
at any site east of the Rocky Mountains. The basic characteristic of the
methodology is the use of experts' opinions to supplement the sparse and often
low quality seismicity and ground motion data available.

The metheodology alsc recognizes the uncertainties associated with a
hazard analyses. A simulaticn technique is used to develop a probability
distribution of the hazaprd. It describes the uncertainty in the hazard due to
uncertainty in the source zonation maps, the ground motion models, the
earthquake recurrence medeling, and the maximum magni:.de possible in each
source zone. The uncertainty is presented in terms of envelopes of percentile
curves for the peak ground acceleration and for 5% damping spectral values.

The emphasis of this paper is on the use of experts' opinions, comparison
with other existing studies. It is concluded that the largest contributer to
the uncertainty in the final hazard is caused by the uncertainty in the ground
motion predictions. The diversity of apinlons between the experts was the
next largest contributor and source zonatlon and seismicity parameters,

respectively, followed in importance.

*This work was supported by the United States Nuclear Regulatory Commission
under a Memcrandum of Understanding with the United States Department of Energy.
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INTRODUCTION

Knowledge of the seismic hazard at the site is an important element In
the design of a nuclear power plant. It is an esasential ingredient in the
selestion of design parameters a2s well a3 an important I{nput into
probabilistic risk analyses (PRA's). These PRA's can be used to estimate the
probablility of core melt and the total risk to the population and environment
in terms of predicted loss of lives, delayed effects on humans, and damage to
the environment.

Seismic hazard analysis has been limited by the pcor quality and sparsity
of the available seismicity and strong motion data, particularly in the
Eastern United Stztes (EUS). The purpose of this study was to develop a
methodology and a data base so that the seismic hazard could be estimated at
any site in the EUS.

1 propased the use of

The Systematiec Evzluation Program (SEP) study
experts' opinions to supplement the sparse data. The results of the SEP study
were point estimates of the selsmic hazard. The Seismic Hazard
Characterization {SHC) project.E incorporated several modifications of the SEP
methodology. An important extension was recognitlion and inclusion of
unicertainties in the analysis and its ilnputs. Thus, the results of the study
include an estimate of the hazard with uncertainty bounds. Other
methodologies now exist to perform the same taska. The Parametric Hiatoric
Analysis iz based on using the data without Identification of the seiamic
sources. A recent study, sponsored by the utility companies.3 18 similar in
many respects to the SHC study. It, llke SHC, combines experta' gpinions witi
historical data and includes uncertainties in the analysis.

This article describea the SHC atudy in s2ome detail. Emphasis is placed

on ellciting the experts’ opinions and the treatment of uncei-talnty.



References are made to other atate-of-the-art studies, and the differences

with SHC are outlined,

DESCRIPTION OF THE HAZARD CALCULATION METHODOLOGIES

HAZARD MODEL AND CALCULATION

The Hazard Model

In the SHC study, the =seismic hazard [s quantiflied by a seiamic hazard
curve which describes the relaticn between the value of a ground motion
parameter and the probabillty it {3 exceeded, at a site, {n one vear. The
methodology used in SHC is similar, in many ways, t0o the well-established
methods developed by Cornell.u'S HcGuire,6 Algermissen et al.,7 Mortgat and
Shah,8 and Der Kuireghian and Ang.9 All these atudies involved four hasic

elements as deseribed in Fig. 1:

. Identification of seismic source zones (Fig. 1a).

° A model describing the expected frequency as a function of
magnitude {(Fiz. 1b).

] A model descriding the expected value of a ground motion parameter
(e.g., peak acceleration) as a funetion of the magnitude and distance
of the source (Fig. ic¢).

. Integration into a seismic hazard curve {Fig. 1d).

In the SHC, the ground motion parameters considered are the peak ground
acceleration (PGA) and the pseudo-relative velocity (PSV) of a 5% damping
response spectrum . We assume that the regioﬁ affecting the ground mction at
the site can be partiticned into distinet areas of constant seismic

characteriatica {referred to as source 2ones). This partition i8 partly based



on geophysical information accumulated by each expert (such as tectonic
stresses, plate motions, geology) and partly on observed seismicity developed
by the individual expert's analysis of earthquake catalogs.

The tfallowing assumptions about the occurrence of earthquakes throughout

the EUS form the basis for the probability calculations.

° Earthquakes occur randomly over time and space within z source zone,

) Earthquakes are point sources, thus the fact that they are created by
rupture of tectonic faults 18 neglected.

° The occurrence of earthquakes is independent between source zones,

® The gccurrence rate of earthquakes within a aource zone i{s constant:
its value describes the seismic and tectonic condilluns that
presently exist within the zone.

) The expected number of earthquakes of magnitude m or greater, A{m},
per unit of area occwring within a zone 1s described by the
magnitude recurrence relation

log A(m) = H(m) MgS m < My (1}

where Ho is the minimum magnitude of Iinterest and MU (upper magnitude
cutoff) is the maximum hagnitude poasible in the zone under the
present tectonic conditions. M; and the functfonal form H(m) are

elicited from each of the experts.

Given these assumptions, the number Nb(m) of earthquakes with magnitude

greater than M, m>H0. occurring within a zone in a time period of t years is a



Poisaon random variable ith intensity parameter A(m). Thus, the probability

of exactly n earthquakes with magnitude greater than m in t years {s:

n
P [N (m) = n] = am ]t o= 0,1,2,3,:) (2)

n!

Using the asaumption tha. earthgquakes are point sources whicn occur uniformly
through a zone, if Nt(r,m) (s the number of earthquakes {n ¢t years of
magnitude greater than m cccurring at painte which are a distance r to r+dr
(kilometers) from the site, then Ny (r,m) 1s a Polsson random variable with

intensity parameter

Am.t- t A{m) fR(r) dr ' (3}
where FR(r) is the denzjty function for the distribution of the distance from
the =ite to points within a =curce zone.

Given an earthquake of magnitude M > m at a distance (r,r+dr) frc the
site, the ground motion parameter, e.g. ,PCA, at the site depends on the
attenuation of the source energy between the acurce and the site. This is
modeled as a random procesa. The expected value of PGA 1s described by a
ground motion model depending onm and r. Since a multitude of such modela
exiata, a panel of ground motion experts was ufed in the SHC project to select
appropriate modela. The conditicnal probability of PCA exceeding the value a,
given m,r, ls dennted P(A)alm.r), where A represents the peak ground

acceleration.



Let Nt(a) be the random variable, the number of earthquakes occurring in
a zone in t years such that the PGA at the site is greater than a. The

probability that one or more earthquakes occur in t years resulting in the PGA

at the aite exceeding a, denoted P (At >a), ls given by

P(A, > a) = P(N (a) > 0). (4)

Given the range of magnitudes (Ho. HU). where HU is the upper magnitude

cutoff for the specific zone, and distances r>0, N.(a) {s a Poisaon randem

variable w' :; intensity parameter Aat where
HU
A = f I P(A>a|m,r) £ (r) dr dA{m) , (5)
a R
HO r>0

such that dA(m) = AO dFM(mIMO,HU) and 10 is the expected frequency, per
unit time and area, of earthquakes with magnitude exceeding My, and
FM(m]HO.MU) denotes the distributfon function of magnitudes given an
earthquake, conditional on minimum magnitude Ho and upper magnitude cutofr MU.
The probability that the maximum PGA at the site exceeds a, in a time
period of length t, due to earthquakes occurring in zone q, {2 given by the
complement to the probabllity of no such eventa, 1.e., uaing the Poisson

-

distribution,

Pq(At>a) = Pq(Nt(a) > 0)

=1 ~ exp (- Aaqt) . (8)
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where kaq , given by Eq. (5), ia the expected number of earthquakes per year
causing a2 PGA greater than a at the site from earthquakes occurring in zone q.
The distance density f(+) and magnitude distribution F(-JHO,HU) are
dependent on the zone.

Finally, under the assumption that events between zones are independent,

the seismic hazard in t years at a site caused by earthquakes occurring {n all

zones is given by:
r - - o
p{A, >a) 1 -0 {1-P (At>a)] = 1-T exp{=i__t) D]

‘In the SHC analysis, the ranges of magnitude and distance were
discretized and Eq. (5) was approximated numerically by a series of
aummations. Several ground motion models and distributions were selected by
the experts to model the conditional probability P(A>a|m,r). Alao the
magnitude recurrence relationship, Eq. (1), v.as modeled by either a linear or
bilinear truncated exponential relation, where the truncation was based on the

model of Heichert,‘o or a relationship developed in the SHC project.

Uncertainty in the Hazard

The limited historical data, empirical models, and uses of experts'
opinions cause the resulting hazard eatimates to be uncertain. This
uncertainty needs to be identified and included in the description of the
seismic hazard. Thus, the hazard can be described not by a single curve, as
in Fig. 1d, but ctypically by envelopes of percentiles of the hazard as shown
in Fig. 7. 1In one n'lel:hcacl3'11 the uncertainty in each of the uncertain input
parameters {5 expressed by a discrete probability distribution with a few

values (typically 2 or 3 values for each parameter). Using a logic tree, all



possible combinations of parameter values are identified and the hazard iz
calculated, using a technique analogous to that described in The Hazard Model
section, for each combination. Each end branch of the logic tree (1i.e.,
combination of parameter values) has a probability and a hazard curve
associated with it. From this set of weighted hazard curves describing the
distribution on the hazard, a set of percentile values are derived.

A second method, developed for the SHC, is bazed on simul “ion to develop
a probablility distribution of the hazard. Using a Monte Carle ‘proach, each
of the uncertain parameters is sampled a large number of times from {ts
respective probability distribution describing the uncertainty in the
parameter. For each palir of seismicity and ground motion experta
(respectively S~ and G-expert) (dewmgribed in the section on Use of Experta’

Opinion), a typical simulation i= as follows:

[ ) Praw a map from the distribution of maps for this S-expert.
. For each one of the seismic =ources in a sample map, draw a set of
seismlecity parameters from their respective distribution, 1.e.,:
- a value for the a parameter of the recurrence law
- a value for the b parameter of the recurrence law (b is allowed
to have three levels of correlation with a, as apecified by the
S-expert)
- the value of the upper magnitude (or intensity) cutoff
» Draw a ground motion model from the distribution of models.
» Draw a value for the random uncertainty parameter, which is
associated with Lhe selected ground motion, for the appropriate EUS
region (NE, SE, NC or SC}.

] Draw a site correction method.



The hazard is calculated for each of the seiamic¢ sources and combined for
all sources. Each simulation gives a possible hazard curve. For each site
2750 sueh curves (50 simulations per G-expert times 5 G-experts tlmes 11
S-experts} were developed. Percentiles, usually the 15, 50 and 85th, are then
used to describe the uncertainty in the hazard.

This method, relative to the discrete approach, provides more flexibility
by allowing for a wider range of distributions to describe the uncertainties

in the parameters. It alsc has the advantage of better sampling the tails of

the distributiona,

USE OF EXPERTS' CPINION

The calculation of the hazard, de=cribed in the =section on Hazard Model
and Calculation relies on the availabllity of data to develop the seismicity
and ground motion models used in Eq. (5) i.e,, the functions fﬁ(r), Al{m) and
P(A>a|m.r). Only limited historical data are available for the EUS.
Specifically, the earthquake catalogs cover only 200 to 300 years at the most,
and must be used to make predictions in the range of 1000 to 10,000 years,
Consequently, various interpretations are possible and the scientific
community offers a diversity of opinion with respect to seismicity and ground
motion prediction for the EUS. An important aspect of the SHC was to
recognize this dlversity which exists in the =sc¢ientific community and to
incorporate it in the uncertainty of the hazard.

Thus, in the SHC the inputs, i.e., parameter values and models, for the
hazard analysis were derived by eliciting experts' oplnions in the flelds of
selsmicity modeling and ground motion prediction modeling. To this end, two

panels were formed. The S-panel included 11 eminent experts on seismicity and



zonation, Five eminent experts on ground motion prediction formed the G-
panel. The individuality of the experts was emphasized by encouraging them tc
use their own information and data bases. The intent was to avoid the
sereening of nonclassical interpretations which might be achieved by favoring
any kind of consensus among the experts including a consenaus in the raw data
or in the modeling. The opinions of the experts were elicited through a
aeries of written queationnaires, feedback meetings=, and feedback

questinnnaires,

AGGREGATION OF EXPERTS® OPINIOWS

when the opinions of several individuals are to be elicited, . 'a
frequently necessary to consider ways of combining the information provided by
the individuala into a single statement which representa, in some way, the
"average" or consensug opinion of the group of individuals.

Basically, there are two classes of methods of aggregating experts’
opinions. One class of methods ia based on pooling some normalized
quantification of the experts' opinions. In this case the experts are queried
individually, are not expected to interact, and no attempt is made to reach a
consensus through dialogue. Consenaus 1a represented by the posled
quantification of opinions. The empha®sis iz placed on Llndependence and free
expresaion. The second clas= of method= attempts to reach a consenaus. It ia
based on group interaction in which the experts are allowed to interaci, with
or without feedback, and through dialogue. In this case the free exv.ange of
information is expected to resuylt in a reduction in the range of vieus12'13’1u,
thus, seemingly, to imply a greater atate of knowledge. However, unrestricted
dialogue can be misleading since agreement may have bheen a result of strategic
manipulation, intimidation, and other factors which could lead to biased

results. To be effective the interaction must be well-planned and carefully

directed. 10



The method used in the SHC i= based on the former method, pooling of
opinions. However, feedback, group interaction, extensive analysis of the
responses, checks for consistency and gross errors, and a peer review were
part of the overall elicitation process to alleviate some of the drawbacks
asaoclated with complete anonymity of the experts (e.g., lack of
responsibility, arbitrary answers),

Retention of the diversity of cpinions between experts was an important
consideration in the SHC project. Thua, Individual hazard curvea were
estimated for each expert and the diversity of oplinion betwes» experts was
included in the deseription of uncertainty.

In the case of the SHC the hazard is calculated for every pair of experts
(i.e., S-expert and G-expert) and these are subsequently combined. The
combination rule is based on a normalized weighted average of the hazard
curves or individﬁal hazards in the uncertainty analysia. The weights'ror the
G-experts Were normallzed values of self-weights the experts provided, The
weights for the S-experts were themselves a weighted average of four regional

self-weights provided by the S-experts, i.e.,
LA 5 Woy P(A=R ), (8

where L is the single weight for the a-th expert, LI is the =self-rating of
the s-th expert for region w, and P(A-AH) iz the probability that the maximum
PGA at the site results from an earthquake originating in the w-th region. An
appealing property of Eq. (3) is that it will provide a "high" value for W, ir
the self-weight is highest in the region with highest probability of producing
the maximum PGA. Conversely, it will be low if the weight is higheat in the

region with the lowest probability of producing the maximum PGA.
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DEVELOPMENT OF THE HAZARD ANALYSIS INPUTS

SEISMIC ZONATION MAPS

A fundamental atep Ln hazard analysis for the SHC project La partitioning
the EUS into selamlc source zones. Several approaches are possible in the
elaburation of a spacial model of earthquake occurrences. The moat common
approach used in the weatern U.S. is based on ldentifying prominent features
{such as fault tracea) to which historic earthquakes can be associated. Thusg
it {a relatively straightforward to build a spaclal model of earthguake
occurrences by delineating the areas where the events associated with a given
feature will occur in the future. Unfortunately, It 1s difficult tc asscciate
historic eventa to specific geoclogic or tectonic features in the EUS. An
elaborate technique recently applied to the EUS by EPRI3 consisted of
analyzing the available geophys=ic¢al, tectonic, geologic, and historic data to
identify existing features which are pctential sources of earthquakes and
asapciating =ome degree of belief that each one represents the actual
source. 1In this technigque, the contribution of every observable parameter
(such as the direction and value of tectonic stresses, gravity anomalies,
magnetic flux, geologic features, seismicity) is subjectively evaluated in
terms of how much support it provides to the hypotheais of a given feature
Deing a potential source of earthquakes in the future.

The source zones of the SHC are assumed to be areas of diffuse
seismieity such that all potential earthquakes occurring within an area have
the same characteristics such aa constant spacial and temporal occurrences and

identical maximum magnitudes. It differs from the EPRI approach in that it
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does not necesaarily assoclate the hiatoric seismicitly with existing features
(aome historical events cannot be assoclated with lfeatures). Furthermore, the
mode of distribution of events within an EPRI zone {2 not neceasarily constant
within each zone (aa in SHC) and the option of having a nonuniform denaity of
eventa, when chosen by a team of experts, 1= controlled by the existence of
features and historic data.

Tne S-experts of the SHC were asked to identify the source zones. In a
firat step, they were asked to provide a map of the source zones which they
believed were the most probable ones, referred to as their best estimate map,
based on all the information available to them. Figure 2 is an example of
such & best estimate map given by one of the S-experts in the SHC., In a
second step they were asked to express their uncertainty in the zonation by
assigning degrees of bellef to the need to 1dentify (i.e. ,on the existence
of) each zone in their beat estimate map. They also could provide alternative
source zone boundaries, again with appropriate degrees of belief. Such a set
of alternative boundarieas for Fig. 2 is shown in Fig, 3. Based on this
information, all the possible combinations of zonations were generated for
each S-expert. The degrees of belief were combined to compute a probability
for each map., This probability distribution represented the experts
uncertainty in the zonation of the EUS. For each S-expert the set of all
possible maps with their associated probabilities formed the basis for a
discrete probability diatribution of the maps used in the Monte Carlo

simulation.
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SEISMICITY AND UPPER MAGNITUDE CUTOFF

In most hazard analyses, the =melsmieity of a zone is described in terms
of the number N of earthquakes per unit of area greater than a given magnitude
{or intenslity). The number N 1s customarily related to magnitude by an

empirical magnitude recurrence model 2uch as

Logig N = a - bm (or I), (9

where the seismicity parameters a and b are constant for a given seismic zone,
m denotes magnitude, and I is the epiceniral intensity. Cenerally, Eq. (9) is
modified to account for the fact that every zeismic zZone 1s believed to be
only capable of producing earthquakes with magnitudes (or intensities) bounded
above by some maximum value“'1° (called the upper magnitude cutoff, Mu).

In the SHC, the experts were asked to model the seismicity of the EUS by
providing the a, b, and HU values for each of the zones they ldentified in
their maps. They were asked to provide a best estimate value (the value which
they beijeve [s the most likely to represent the true state of nature) and a
range of values which represented thelr uncertainty in estimating the values
of these parameters. 7This information was used to develop probability
distributions which were used in the Monte Carlo simulations.

An expert's eatimates of a and b depended on the cataleg of events the

15 a-,b- values were

expert used. In a previous at-iy using experts' opinions,
estimated by the analyst using a uniform technigue to account for the

incompleteness of the catalog and for the occuwrrenne of aftershocks. These a-
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and b-values were given to the experts for their review and mediflcation. In
the SHC, the experts Were expected %0 choose thelr own cataloy of earthquakes
and estimate a and b using whatever technique they deemed most appropriate.

The experts were also asked to decide on the type of correction te apply for

incompletenezs and aftershocks.

GROUND MOTION MODELS

The purpose of a ground motion model iz Lo eatimate the ground motlon at
a site caused by an earthquake at a given location and of a known magnitude.
It is very difficult, If not impossible, to deveigp such a model only on the
basis of thecretical prineciples 6f physics, mechanies, and a knowledge of the
geology and tectonics because many aspects of earthquakes and wave propagation
through the earth crust atill remain poorly understood. Also, the earthquake
energy path is determined by the natlure and geometry of the various media
(whose properties are very erratic in general) between the source and the
site, In addition, the local site characteristics (topography and nature of
the soll layers immediately under the site) can have a considarable effect on
the level of ground motion observed at a site. Scime of the ground motion
models rely entirely on the available atrong motion data and are empirical in
nature. The more recent models combine a geophy=sical formulation with the
available strong motion data, e.g., viyner and Boore,16 Campbell,17 and
Atkinson.18

The approach used In SHC was to present the experts of the G-panel with a
description of the models available and to ask them to select a set of ground

motion models for each of the four regions (Northeast, Southeast, North
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Central and South Central) of the EUS.2 For each region, the experts were
asked to previde the model which they believed best related the ground motion
to the earthquake characteristics, e.g., location and magnitude (their beat
estimate models) and as many as aix alternative models. To each model they
selected they asscciated a degree of belief. The collection of models plus
degrees of belief represented the uncertainty in choosing the most appropriate
model., For each of the five G-experts, the set of ground motion models with
their associated normalized degrees of beljief were used as a discrete
probability distribution of ground motion model=s in the Monte Carlo
simulation. The G-experts selected 33 ground motion models of PCA and 18
models of response spectra., Figure U shows the best estimate ground motion
models selected by one oI the G-experts for the Northeast Reglon of the U.S.

<. .2 hazard analyses use a simple multiplicative factor to adjuat for the
local site condition effects in the estimate of the hazard at a saite. Other
analyses use a more sophisticated technique which assumes that the strong
motion {2 predicted at a point sitting on hard rock near the site, Then the
theory of wave propagation is used to calculate the motion at the site,
accounting for the topography and the guality of the =oill under the site.
These latter analyaes use, for example, a linear technique such as the one
developed by Schnabel, et al.19

The method used in SHC u=ed this linear technique to develop a set of
correction factors applicable to elight generic classes of sites, including
thick =scil sites (the base case), hard rock, and three depths of soil
deposits, either sandlike or till-like, A probabilistic description of the

correction factors was develcoped and used {n the Monte Carle =simulation of the

16



hazard analysia. 1In each simulation the correction was appllied by scaling the

selected ground motion model,

COMPARISON OF THE SHC METHODOLOGY WITH OTHER TECHWIQUES

INTRODUCTION

The various techniques of estimating the hazard at a site can be
different in their concepts as well asg in their methods of application. For
example, they may be nonparametric by not assuming any parametric model and
relying entirely on the historic earthquake data,zo'1 ar they may rely on
pnysical and empirical models as well as on the data in varicus degrees of
mixes, Also, some techniques provide "point estimates" of the hazard.u's'21
while others provide information on the uncertainty in the estimates.1'22'3

All these techniques may also show differences in the way the data ia
derived. For example, some analyses1'2° are based on the hiatoriecal data
aione, or are based on information derived from a single team developing a
consensus set of input data.'1»23.24 Other analyses rely on the aubjective
opinions of experts with diverse backsrounds."3 The SHC methodology, as
described in the aecticn on Description ef the Hazard Calculation

Methodologies, involved parametric modela ar< r<’ied on the copinions of

experts in both seismiecity and ground motion modeling.

COMPARISON WITH HISTORIC AMALYSES
The characteristic feature of historic analyses is that they do not
require the identification of seismic sources « ° their seismicity. In place

of this information they use catalogs of past earthquakes (historic
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catalegs)., The concept of these techniques {s based on estimating the =2trong
motion at the site, due to the past earthquakes, by using ground motion models
to "attenuate' each event to the site, The catalog of calculated ground
motiona at the site is used to estimate the =seismic hazard. In the "non-
parametric" historic method?® no a priorl assumption {2 made about the
cecurrence rate or location of events that produce site acceleration greater
than a certain value. In the "parametric®" historic method.22 the occurrence
of earthqQuakes is assumed to follow a functional form, e.g. & Polsson

process, Figure 5 shows a comparison of the hazard calculatiens for a site in
the Southeast U,S. using the SHC methodology (unlabeled curves in Flg. 5) and
the nonparametric historic (labeled H in %13. 5) method. The curves without
lahels refer to the 11 sejsmicity experts of the SHC study and the curve
labeled H refers to the historic analysis. In the same range of site
intensitiea, the nonparametric method is biased in fhe sense that mpost of the
times it produces hazard estimates below the true values.22 Thus, it is often

used as an estimate of a lower bound of the hazard.

COMPARISON WITH THE USGS ZONATION

In the atudy sponsored ty the United States Geologlcal Sur'vey,1 zonations
were developed in regional workshops. As a result, the experts' opinions on
zonation were aggregated at the initlal stage and a single zonation map was
developed for the entire EUS, Based on the USGS zonation and seismicity data,
the hazard using the SHC methodology, including the SHC set of ground motion
models, is shown by the curve labeled (X) in Fig. 5. The hazard is within the
range of values obtained by using the {nformation from the experts in the SHC

study.
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COMPARISON WITH THE SEP STUDY

The SHC borrcwed =ome of its main characteristies, such aa the use of
experta' opinions, from the SEP study.1 Since 6 of the 11 S-experts of the
SHC also participated in the SEP study, it is inatructive to compare hazard
curves based on the responses of these 6 experts., Several years have passed
between the dates for finaiizing the SEP and the SHC inputs during which time

severzl Important earthquake events and studies took place:

. The joint NRC/USGS Charleston, New Madrid, and New England studies
have been ongoing for several years see, for example, Hay325 andg

Gori and Hays.26

® Several earthguakes have occurred. The New Brunawick series in 1982
and the New Hampshire 1982 events provide new data for the

Northeast.

® A large group of utilities have instituted, through EPRI, a majer
seismic hazard research program which emphisizes the modeling of the
seismicity for the EUS., Eight of the S—-experta in the SHC project
were inveolved in the EPRI study.3
The hazard was calculated at fow sites in the North Central region and
New England for the purpose of comparing the results of the SEP and the SHC
studies, The reaults were consistent and, in general, in good agreement
betwegen the two studles in =spite of some fundamental differences in the two

methodologies,

19



COMPARISONS TO OTHER STUDIES

Seismic hazard analyses have been develcped for the Maine Yankee
site,23:2% the Limerick site?7 and the Millstone site.28 The ERTEC2T and the
Dames and Hoore28 studies were performed to provide seismic hazard estimates
for Probabilistic Risk Assessment (PRA)} studie= for the Limerick and Millatone
nuclear power plants, respectively. The Yankee Atomic study is the most
complete, including a full uncertainty analysis, and conatant percentile
hazard curves (CPHC) were developed. Thus, it is possible to directly compare
Yankee Atomic's result323’2u to the results of the SHC., Yankee Atomic's CPHC
for the Maine Yankee =site and the CPHC from the SHC study are ccmpared in
Fig. 6. It is observed that the two median hazard cur-ves are in reasonable

agreement although the bounds based on the SHC results are much wider than

Yankee Atomic's bounds.

RESULTS AND CONCLUSIONS

The methodology developed in the SHC study was demonstrated by
calculating the seigmie hazard at 10 sites distributed throughout the entire
EUS, The ground motion parameters of interest were the peak ground
acceleration (PGA) and the pseudo relative veloecity (PSV) Iin the form of 5%
damping response spectra. The uncertainty in the hazard was expressed in the
form of the 15th, 50th, and B5th percentile curves. The constant percentile
uniform hazard spectra (CPUHS) were obtained by calculating the hazard at nine
frequencies (using 2750 simulations for each frequency) and joining the points
with equal percentiles. Flgure 7 shows the 15th, 50th, and 85th percentile

hazard curves for the Braldwood =ite in the North Central U.S.
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The percentile curves do neot represent any particular actual hazard curve
obtained {n the simulation procesa. Rather, they represent a jolning of
constant percentiles over the range of ground motlon values and are only
descriptive of the probability distribution of the hazard value for a given
ground motion. I% is not recommended, for instance, t7 use these specific
curves in a Probabilistic Risk Analysis (PRA). Instead, all the data and
curves generated in the simulation with their associated weight or a small
nuaber of curves representative of the clusters of similar curves obtained by
clustering should be used.22 A summary of the best estimate hazard curves
(BEHC) at the 10 sites is shown in Fig. 8. The BEHC does not contain any
uncertainty information. It is gobtained by setting all the uncertain
parameters of the analysis equal to the best e=timate values provided by the
experts.

The SEP gtudy had already shown that experts' opinions could be used as a
viable alternative to sparse data. Recent methodologies, ineluding the SHC
study and the EPAI study, have expanded on this concept and have inecluded the
uncertainty in the estimated seismic hazard at 2 site due to using opinions
and limited data. An i{mportant aspect of the SHC study was to identify the
relative amount of uncertainty introduced by each of the uncertain
parameter=s, It was found that the uncertainty associated with the ground
moticn models dominates the flnal uncertainty in the hazard estimate, The
diversity of opinions among the experts was the next largest contributor to
the uncertainty, then the uncertainty in the zonation ipaps and seismicity

parameters foliowed in importance.
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Fig. 1. Steps involved in seismic source hazard calculations.
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Fig. 2. Seismic zonation base map for Expert 6.

Fig. 3. Map of alternative seismic zonations to Expert 6's base map.
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Fig. 4. Best estimate PGA models
for the five G-experts, for the
Northeast U.S. Each of the five
experts selected a best estimate
model for each region and as many
as six alternative models to
represent their uncertainty. Over
the entire Eastern U.S. a total of
33 ground motion models were
gelected. Each model had a
weight. The modeis and this weight
(normalized) constituted the
probability distribution of the
ground motion models used in the
simulaction.

Fig. 5. Comparison of results for a
site in the Southeast U.S.



Fig. 6. Constant percentile (CPEC)

hazard estimate at the Maine Yankee
site {(New England) for the YAEC and
SHC studies.

Fig, 7. Combined constant
percentile hazard curves (CPHC)
including the SHC site correction
for the Braidwood site (North
Central U.5.). This set of results
was obtained by aggregacing the
hazard esrimaces of all the experts.
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PROBABILISTIC ASSESSMENT OF THE SEISMIC HAZARD
FOR EASTERN UNITED STATES NUCLEAR POWER PLANTS

Jean Savy, Don Bemreuter and R. Mensing
Lawrence Livermore National Laboratory
7000 East Avenue
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ABSTRACT

The purpose of the seismic hazard characterization of the Eastern United States
project. for the Nuclear Regulatory Commission, was 10 develop a methodology and
data bases to estimate the Seismic hazard at all the plant sites east of the Rocky

Mountains.

A summary of important concfusions reached in this muli year swdy is presemed in
this paper. The magnitude and role of the uncertainty in the hazard estimates is
emphasized in regard of the intended final use of the results.

1. INTRODUCTION

The impetus for this study came from twe unrelated npeeds of the Nuclear Regulatory
Commission (NRC). One stimulus arose from the NRC funded "Seismic Safety Margins
Tesearch Programs” (SSMRP). The SSMRP's task of simplified methods nceded to have
available data and analysis software necessary to compute the seismic hazard at any
site located east of the Rocky Mountains which we refer to as tie Ezstemn United
States (EUS) in a form suitable for use in probabilistic risk assessment (PRA). The
second stimulus was the result of the NRC's discussions with the U.§. Geological

Survey (USGS) regarding the USGS's proposed clarification of their past posuion with
respec: to the [886 Charleston carthquake.

The results of this study were presented in Bernreuter et. al., (1), and the objectives
were:

1. to develop a secismic hazard characierization methodology for the entire region of
the United States east of the Rocky Mountains.

2. 10 apply the methodology to selected sites to assist the NRC staff in their
assessment of the implications in the clarification of the USGS position on the
Charleston earthquake, and the implications of the occurrence of the recent
earthquakes such as thal which occurred in New Brunswick, Canada. ia 1982,

The methedology used in that 1985 study evoived from two eatlicr studies thar the
Lawrence Livermore National Laboratory (LLNL) performed for the NRC. One study,
(2), was part of the NRC's Systematic Evaluation Program (SEP) and is simply referred
hereafier to as the SEP stmdy. The other study was part of the SSMRP.

At the time (1980-1985), an improved hazard analysis methodolngy and EUS scismicity
and ground motion daia set were required for several reasaons:



« Although the entir EUS was considered at the time of the SEP swudy, attention was
focused on the areas around the SEP sites--mainly in the Central United States
(CUS) and New England. The zonavion of other areas was not performed with the
same level of dewil.

» The peer review process, both by our Peer Review Pancl and other reviewers,
identified some areas of possible improvements in the SEP methodology.

« Since the SEP zonations were provided by our EUS Seismicity Panel in early 1979, a
number of imporitant studies had been completed and several sigeificamt EUS
carthquakes had occurred which could impact the Panel members' understanding

of the scismotectonics of the EUS.

» Qur uaderstanding of the EUS ground wotion had improved since the time the SEP
study was performed.

By the time our methodology was firmed up, the expert opinions collected and the
calculations perfarmed (i.c. by 1985). ihe Electric Power Research Institute (EPRI)

had embarked on a paraliel swudy.

We performed a comparative study, (3) to help in understanding the reasons for
differences in results between the LLNL and the EPRI studies. The ihree main
differences were found 1o be: (1) the minimum magnitude value of the earthquakes
contributing to the hazard in the EUS, (2) the ground modon attenuation models, and
(3) the fact that LLNL accounted for local site characteristics ard EPRI did not.
Several years passed between the 1935 study and the application of the methodology
to all the sites in the EUS, In recognition of the fact that during that time a
considerable amount of research in scismotectonics and in the field of strong ground
motion prediction, in particular with the development of the so called random
vibration or stochastic approach. NRC decided to follow our recommendations and
have a final round of feedback with all our experts prior to finalizing the input 1o
the analysis.

In addition. we critically reviewed our mcthodology which lead 1o minor
improvements snd we also provided an exrensive account of documentation on the
ways the experts interpreted our questionnaires and how they developed their
answers. Some of the improvements were necessitated by the recogmition of the fact
that the resulis of our study will be used, together with resuits from ather studies
such as the EPRI study or the USGS study, to evaluate the relative hazard between the
different plamt sites in the EUS.

2. METRODOLOGY
The methodology used in this stndy is developed around three basic elements:

1. The estimation of the seismic hazard, (the hazard model) is anaiytically defined by
the now classical Comell model (1. 3.4.5. 6

The various elements. scismicity and ground meotion atienuation are expressed
separately and integrated to provide an estimate of the probability of exceedance of
the peak ground acceleration (PGA) and of the 5% damping spectral velocity at five
frequencies.



2. It is recognized that every clement of the hazard modeling is subject 0
uncertainties. The random (or physical) uncertaintics in the prediction of the
ground motion are analytically accounted for in the hazard model. Other
uncertaintics, random and model uncertainties, are propagate. in the analysis ty
means of a Monte Carlo simulation technique.

The uncentainty in the seismicity distribution is accounted for by generating a large
set of zonation maps and associated seismicily parameters (a- and b- values, upper
magnitnde cutoffs) and the uncertainty in the ground motion modeling is accounted
for by using a set of 11 alternmative models for the attenuation of the peak ground
acceleration (PGA) and for the attenuation of the spectral velocity at the five

frequencices.

The local soil site conditions at each site was acknowledged and each time a site
correction factor was used, it was described by a probability distribution function to
model the uncenainty found in site amplification data.

In the Monte Carlo technique, cach hazard estimate (simulation) is dome with a fixed
value of the parameiers. (A single zonation map, ground model, a single pair of a and
b-values for each zone of the zonmation map, a single value for the ground mation
uncenainty-sigma, and a single value for the site correction factor). The process is
repeated many times (2750 times in our analysis for PGA and 1650 for spectra), and in
each simulation a new value of the uncertain parameters is drawn from their
respective  probability  distribution.

The result of this cxperimenmt is a large set of anificial estimates of the seismic hazard
from which the 50th (median), 15th and 85th percentile hazard curves are calculated
to represent the central tendency (median) and total uncentainty (random and
mod-ling) in the seismic hazard.

3. This study was intended to represent the opirion of the scientific community with
respect 1o seismic hazard estimation. To this effect, two panels of experts were
formcd. The seismicity panel, composed of 11 experts (S-experts) in the ficld of
seismicity of the E.U.S., and the ground motion panel. composed of five expers (G-
experts), represent a cross section of the various schools of thoughts and opinions
currently present in the scientific community. The opinion of each of these experts
was clicited via questionnaires to develop the input necessary to the hazard model.

The questionnaire: were such that they enabled the experts 10 express their opinion
as 1o which models, or parameter values were the most likely 10 represent the true
state of nature. In addiiion. whenever nccessary, the experts had to describe their
opinion on the uncertainty about the parameter value they selected in a qualitative
and quantitative fashion.

Several feed back meetings were organized 10 ensure the experts opinions were
interpreted correctly and to give the cxperts an opportunity 1o critically review
their answers to the questionnaires and eventually 10 modify them.

These three clements, seismic hazard model, use of expent opinion and propagation of
the uncertainty form the basis of ou. methodology. Other methods available today,
may vary in several respects. For example, many seismic hazard analyses do not
recognize the variability in the estimates due to the source of the input (i.e. they may
use only one expert to define the seismicity or the ground motion model). Some de



not accoumt for the uncertainty in the many uncertain parameters in such an
analysis (e.g. a and b-values. upper magnitude cutoff. etc).

The method developed by the Electric Power Rescarch Institute (EPRI) (7) has many
common elements 10 ours. The basic hazard model is the same, the input is obtained
through the elicitation of expert's opinion and all types of possible uncenainiies are
recognized including the variability in the expert opinions. The overail uncertainty
is propagated by the means of the cnumeration method where all the possible
combinations of parameters are considered, in contrast 10 using a Monte Carlo
method which sclects alternatives at random from known probability distributions.

3. GROUND MOTION MODELING

The seismic hazard model requires an estimate of the probability of exceedance of a
given level of ground moticn (i.e., PGA or PSRYV), for an ecarthquake with known
magnitude and location. We divided the problem into two independent ones.

1. For a know canhquake (i.c. magnitude and distance from the carthquake source to
the sitc considered), and assuming generic soil type at the site (i.e., rock. or deep
soil), we estimate the ground motion at that site. This is usually referred to as the
ground motion altenuation modeling.

2. If the subsoil conditions at the actual site are differeat from the genetic
conditions, we apply a correction to the estimate of the ground motion. This pam is
usually referred to as the site soil carrection.

For smaller studies, (i.e. when swdying only ome site), the above two items need not
be separated. Actually, with the neccessary resources of time and effon, a site spesific
1ype of modeling is almost always preferable o 2 generic type of appraach. In gur
experience, the improvements reside more in the amount of uncertainty than in the
actual values of the estimates. For example, the median hazard estimates of the site
generic case may be only a few percemt away from the specific case, but the 15th and
85th percentile curves may show much wider uncerainties. In this section, we
review the attenuation part of the ground motion modeling, the next section is
concerncd with the site correction aspect.

Consistent with the philosophy of our methodology, the ground motion model input
was developed by elicitation of the G-expents opinion, with two rounds of feed back.
The intent was not to obtain what some would be tempted to call “The !Model”, but
rather 10 sample the experts to ensure that all the modeis that the exjerts deemed
rational and possible be considered. Each expen was free to select as many models as
he wished and assign whatever weight he wanted to each one of them. The total
weight of the models for a given expen was unity, and the weight of each expert was
the normalized self weight given by the expert himself (the self weights were
roughly 1/5 for each of ihe five G-experts),

The final set of auenuation models selecied by the expents includes a range of
available models including the empirical, inicasity based models (Veneziano (8),
Trifunac model (9), the empirical model of Nuuli (1), and the theoretical models of
the Atkinson type (JQ) also called random vibration models (RV models). The
difference between the various types ¢f models is shown in Figs. 1 and 2 for the
attenuation of the PGA for two events, of magnitude 5 and 7. Fig. | shows the best
estimatc models for each of the 5 G-experts for a rock site (i.e. the model which they



believed were the most appropriatc to rcpresent the median PGA for a given
magnitude and distance). Fig. 2 shows the additional models selected by the experts 10
express their uncertainty in the models.

Examination of these two figures immediately draws several conclusions.

1. The dispersion between the models is large, approximately a factor of 10, in the
range of distances of 50km to 200km.

2. The dispersion is much less within 50km,

3. The RV models are much lower than the other models. As much as a factor of 10
for distances greater than 100km, at both magnitudes 5 and 7.

4. Model number 3 in Fig. 1 (Trifunac's model), is higher than the rest of the models
by a factor of approximately two, up to 200km for magnitude 7. However, Fig. 3 shows
that the differencs is much smaller for the decp soil case.

This selection of models is somewhat of a departure from our previous analyses,
where the RV models were not used. In this analysis, the RV models accoumt for
approximately 50%, Nuttli's model 20%, Trifunac model 20% and Veneziano's model

10%.

in spitc of thesc drastic changes in the ground motion models from our previous
study on 10 tes: sites in the EUS (8), and some changes in the secismicity modeling, the
estimates of the seismic hazard in terms of excezdance of PGA, did not drastically
change, as can be scen in Fig. 4 and 5,

The ground motion attenuation models of the response spectral velocity, in addition
of being of the three types, empirical, semi-cmpirical and theoretical., could be either
based on original spectral shapes (the RV models. and Trifunac's model), or
Newmark-Hall type models constructed with PGA and velocity models of the types
described for PGA: Fig. 6 shows the best estimate spectral models for the five G-
expens for the rock case. Model 1 of Fig.6, is a “pure* RV model, and model 3 is a
Newmark-Hall model (11) constructed with RV models of PGA and velocity. Model 2 is
the Trifunac model. and models 4 and 5 arc Newmark-Hall models based on semi-
empirical relationships of PGA and velocity atienuation models.

In toto, the coatribution from RV models was approximately 53%, (including 44% of
"pure” RV models and 9% of Newmark-Hall-RV models). 27% of Newmark-Hall-semi-
empirical maodels, and 20% for the Lee and Trifunac modet (12). In other words, the
pure RV models accounted for 44%, Newmark-Hall models 36% and Lee and Trifunac,
20%. Fig. 6, shows the difference in behavior between the various speciral models.
These median models are defined at five periods (0.04, 0.1, 0.2, 0.4, and 1.0 sccond).
Examination of Fig. 6. leads to the following immediate conclusions:

1. Tke variability for 0.2, 0.4, and 1.0 sec. is much greater than for 0.04 and 0.1 sec.,
with the variability being the greatest ar 1.0 secc.

This is due mostly to the vastly different behavior of the "pure” RV model (model #1
in Fig. 6) by comparison to the Newmark-Hall type model.

2. At low period (0.04 sec), the "pure” RV model is higher than the other models,
especially for the higher magnitudes, and it is substantially lower at higher periods.
Thus. when comparing previous results to the present study, the preseni estimates
show a drastic change in the csiimated speciral shape, with rclatively much higher



levels at low period and much lower levels at higher pcﬁods. Fig. 7 shows this
"flattening” effect for a typicai site in the Nonk Central region of the E.U.S.

4. SITE CORRECTION

The ground motion attenuation models selected by the G-experts where derived either
for rock site conditions or deep soil. The Trifunac model was derived for rock, deep
soil or some other category which the author calls intermediate. In each trial, the
Monte-Carlo simulation process selects at random one of the ground motion models, at
a raic proponional to the weights assigned by the expens. Thus. ¢ach time the
ground motion model seclected did not match the soil site conditions, a correction was
applied. The opinions of the expenis were clicited to define what type of corrections
and how the cosections shouid be applied. In the end. two types were selected.

1. The simpie correction approximates the soil sites conditions to only two generic
categories. ctither rock or soil, or three categories in the case of the Trifunac's model.

2, The categorical correction differentiates all of the E.U.S. sites into cight different
gemeric categories. Rock, deep soil, shallow till-like soil (three different depths) and
shallow sand-like soil (three different depths).

The expents were alsa given the opportunity to apply no correction at all. if they did
not beliecve that the data available showed any definite trend depending on the site
soil type. This latter alternative was not selected by any of the experts. Four of the
G-expents opted for the catcgorical (eight categories) correction method and one G.
experc opted for the simple correction.

The simple comrection consists in applying a fixed multiplication facter to the median
attenuation curve. By coatract, the correction applied in the categorical correction
has somc varniability. This variability was described by a probability distribution
function from which the correction factors were drawn in each of the Monte Carlo
trials. In terms of interpretation, and usage, of the final seismic hazard results, there
is a fundamental difference between the two methods of correction. One, the simpie
correction, deterministic, does not account for the uncertainty inherent in
predicting the amplification at a shallow soil site, the other does (Probabilistic case).
In the deterministic case, the hazard curve derived for a soil site would be exactly the
hazard curve derived for a rock site at the same location multiplied (in the PGA axis
direction) by the correction factor from rock to soil.

This is not trye in the probabilisiic case where several random variables with
various symmetrical or unsymmertrical probability density functions. With the
choices of probability density fuactions in our analysis. the probabilistic correction
leads to a median hazard curve slightly (up ta 10% in PGA) lower than if a
deterministic case with correction factor equal to the median of the probabilistic
distribution of the probabilistic correction factor were used. In addition. the
uncertainty bounds on the total hazard are larger. The 85th percentile hazard curve
can be up to two times higher (in PGA values) than the deterministic case.

The conclusion is thay it is appropriate w0 perform the correction on the hazard cuive
if one believes that the correction factor is a fixed value, known without uncertainty.
It is not appropriate 1o perform such a correction on the hazard curve if the
comrection factor is known with uncertainty.

Thus, in our analysis where one-fifth of the correclions were deterministic and four-

fifth were probabilistic, it_would not be appropriate (o perform the site correction on
the hazard curve.



Ope interesting consequence of having several types of 'correction factors is that it
makes it regionally dependent, due to the complex interaction between zonation and
seismicity-ground motion and site correction. The reader is referred 10 Bernreuter
et.al., Vol. 6 (I)for more details on the mechanics of this regional dependency. Tabie
1 gives a summary of the site correction results for 12 sites in the E.U.S. In this table,
the soil caiegory is one of the eight categories discussed earlier in this section.
columns 1, 2, and 3 are the ratios of PGA values, read on the median hazard curves, at
fixed probability of exceedance values (103, 10-4, and 10-7) between the soil and
rock cases. Column (4) is an average of columns I, 2, and 3. Column (6) is the
deterministic correction factor for the Trifunac model and column (7) is the median
of the probabilistic correction factor used in the caiegorical correction method.
Column (5) is a weighted average of columns (6) and (7). If there were no regional
effects, we would expect the actual correction factars (i.c. column 4), to be close o the
weighted averages (i.e. column 5). The deviation from the value in column (5) is due
to the complex interaction between ground motion models, seismicity zones and
seismicity parameters. Depending on ali those factors the impact will be that the
correction advacated by G-expert § will have more or less weight, relative 1o the
other 4 experts. For Oconee, the combination of the above mentioned interactions
leads to an impact of G-expert five greater than the equal weight case. For the other
sites, but Three Miles Island, the effect is reversed and the impact of G-expens 5 is
dijuted.

The case of Arkansas. Callaway and Duane Amold requires additional scrutiny. For
-those three sites, Table 1 shows that the effective amplification factors {(calumn (4))
obtained in our simulation are close to the case when G-expert S's model is not used
(comparc columns 4 and 7). This phenomenon seems extreme and can be explained
as follows. (remembering that we are comparing median hazard curves for rock and
for soil):

« For the rock case. the contribution to the hazard comes from distant large
earthquakes. Figure 1 shows that in that range, G-expert 5°s ground moticn model
(number 3 on Fig. 1} is much higher than the rest of the models. Thus. the
resultant median vzlue is more representative of the other four ground motion
models.

» For the shallow soil case, the large, distant earthquakes are also dominant, and G-
expests 5's model falls within the cluster of other models, thus, the median will be
representative of all the models, and in particular again close to the median
without Expert 5.

The result is that the final ratic of PGA between shallow and rock cases for these
three sites is close to the case when only the caiegorized correction is used (i.e., the
correction recommended by all but G-expert 5).

This discussion indicates that in general the hazard curve computed for shallow soil
is close (here. never more than 10% higher in the direction parallel to the ground
motion (PGA) axis and more often within 1 or 2%) 10 what would be obtained by
simply applying a median correction factor to the hazard curve for rock. However,
the complexity of the process makes it very difficult to isolate the parameters which
make this ratio deviaie at some sites from the expected ratio and thus makes i1, for the
lime being, impossible to predict.

Thus, when using the results of our analysis. it is incorrect, even approximately, 1o
routinely correct a rock hazard curve to get an estimate of a soil hazard curve., when
a combination of site corrections are used. in addition 1he site correction is in effect
region dependent.



5. USE OF THE RESULTS OF THE SEISMIC HAZARD ANALYSIS

The results of a seismic hazard analysis can be ysed in a variety of ways either in a
relative or absoluie sease.

Hazard curves used in Probabilistic risk assessment (PRA) studies rely on the
estimates as true estimates of the hazard (absolute sense). So daes any investigation
of a single site without comparing it to other sites. For this reason it is important to
incorporate the entire specification of the hazard, including its uncertainty, rather
than a point estimate or even a mean or median value. To this effect, most PRA now
use a family of curves to represent the uncertainty in the seismic hazard estimates.
Comparison between plant sites, regions or groups of sites rely mostly on the relative
level of hazard between the sites.

Fig. 8 shows the median hazard curves for 19 sites in the nonh eastemn pan of the
EUS and Fig. 9 for 16 sites in the north central region. It is ciear based on these
median values that on the average, the scismic hazard in the north central regiom is
lower than that of the north east

Another use of the results is in comparing the spectral shapes of the uniform hazard
specira (UHS) at differemr sites.

The spectral level is sensitive to both the rate of occurrence and ecarthquake
magnitude. The longer period pant of the CPUHS is very strongly influenced by
magnitude. Thus, sites which are influenced by very large ecarthquakes, c.g., around
the New Madrid region, witl have more longer period cnergy than sites in New
England where the local activity from smaller earthquakes is important. There is
some influence of attenuation on the shont period end of the spectrum, but it is
relatively smail.

This is illustrated in Fig. 10 where we compare, for two rock sites, the spectral shapes
between a site (Arkansas) where very large carthquakes dominate the hazard as
contrasted to a site (Limerick) at which the scismic hazard is governed primarily by
smaller nearby canhquakes. The main difference in spectral shape is at the longer
periods. There is some difference at the short pe.'od end but it is relatively small.
Another important use of the bhazard estimates consists in sorting ihe varicus sites
according 1o criteria based on the probability of exceedance of some pre-chosen
ground motion value. As an example, Fig. 11 shows an ordering of the 69 sites in the
EUS according to the median value of the hazard at 0.2g. Fig. 11 shows that,
depending on the type of criteria one would choose, several kind of groupings could
be obtained. The first iwo siies in the ordering, could be considered as forming a
group by themselves, then the next five sites could form a second group, cte.....

On the other hand, if the sites were ordered according to the arithmetic mean of the
hazard (shown by the symbol "A” on Fig. 11), the order would be quite different. The
same would be true of the 85th percentile (represented by the "*" symbol in Fig. 11),
Furthermore, using the hazard a1 0.6g instead of 0.2g would also lead to different
results, Thus, it is quite obvious wnal ordering the sites on the basis of seismic hazard
alone could be misleading at best and always tainted with some arbitrariness.

Risk based criteria could help in ordering the sites bui could also be misleading if one
is not careful in sclecting the criteria for ordering. One alternative would be to
order the sites on the basis of probability of core melt, or even on the total
consequences of release, but clearly this would require enormous efforts to include
all sites.

More simply however, peneric plant fragility functions could be developed from the
20 or more existing PRA's, and the probability of core-meit could be estimated for all
sites. More simple methods yet can be thought off whick in some manner consider

some aspect of risk.



In a follow up project. our charer was to develop grouping techniques and
identification of outliers purely on the bases of the seismic hazard at the 69 plant
sites. Without specifically involving risk, we considered the probability of
excecdance of the SSE values and multiples of the SSE, 0.3g and 0.5g. In addition we
defined a new hazard parameter equal to a linear combination of the hazard ar the
five periods available. This new measure of the hazard places the emphasis on
different periods at will, emphasizing the periods which are more importaat for a
given plant, For example the 0.4 sec. 10 0.1 sec. period window is in general more
important than the rest of the spectrum. In othier cases one might want to emphasize
the low period range, smaller than 0.02 sec.

This methodology was reported in Bezrnreuter (13).

6. CONCLUSION

The detailed conclusions rcached in the course of this study are given in (1). The
following is a summary of the most important ones:

(1) There is substantial uncertainty in the estimated hazard. The typical range in
the value of the probability of exceedance between the 15th and 85th percentle
curves for the PGA is on the order of 40 times, for low PGA; it is more than 100 at
high PGA values. This (ranslates into an approximate factor of 4 in ground
motion for the 15th-85th range of values in the PGA given a fixed return period,
and similarly an approximate factor of 4 in the ground motion for the range of
values in the PSRV for a given retum period.

The range between the 15th and the B85th percentile hazard curves represents
the total uncertainty in estimating the seismic hazard at a site due to two sources
of uncertainty:

« The uncenain:y of each expert in the zonation, models and values of the
parameters of the analyses

* The variation in the hazard estimates due to the diversity of opinions
between experts.

The iatter, or inter-expert variation is an imporiant contributor to the total
uncerainty in the estimated hazard. Specificaily, the magnitude of uncertainty
introduced by the diversity of opinions beiween expents is of the same order. on
the average, as the uncertainty in the hazard duc to the uncentainty of an
individual expent in the value of the parameters. However, at times the
uncertainty between expests can be very large.

(2) The 50th percemile CPHC appears to be a stable estimator of the seismic hazard at
the site. That is, it is the least sensitive to changes in the parameters, when
compared to other estimators considered in this study.

(3) The process of estimating the seismic hazard in the EUS is reasonably stable.
Comparison with our previous results indicated thar ihere has not been a major
shift in resulis over thc past few years. although there have been some
significant perturbations in the form of recent accurrences of EUS earthquakes
and the compietion of several major studies of the seismotectonics of the EUS. In
the feedback performed in this swudy, there were some changes introduced by
members of both the Seismicity and GM Panels. However, the compuied hazard



(4)

(5)

(6)

(7

when aggregated over all expens did not significantly change. However, the
introduction of the "new" random vibration models introduced a significant
change in the spectral shape by raising the spectral valwes in the high
frequency range and Jowering it in the low frequency range.

It is difficult to rank the uncertainties, because zonation and the parameters of
the recurrence models are hard to separate. Nevertheless. our resuits indicate
that the uncertainty in zonation, and ground motion models are more
significamt than the uncenainty associated with the seismicity parameters. The
largest coatribution 1o modeling uncertainty comes from the uncentainty of the
ground motion. The correction for local site effects is a significant contribution
1o the overall uncertainty introduced by the ground motion models. However, as
already noted, the uncertainty introduced by zonation and recurrence models is
also significanmt and of the same order.

We found that the correction for the site's soil category had an important effect
on the estimated hazard.

We found that with our methodology, in general the site 50il correction is not a
linear operation on the hazard curve. Thus it is. in general, incorrect to modify
a hazard curve calculated for a rock site by multiplying by a constant number
(i.c.. mean or median correction factor) to obtain the hazard curve at the same
sit¢ for a different soil condition. Performing this incorrect operation could
lead 1o ermors in the estimate of the PGA, for a fixed retum period. by as much as
10 percent.  However, we found that for some sites, multiplying the median
hazard curve for rock by the median correction factor would have given
approximately the same median hazard curve we obtained by performing the
full analysis with our probabilistic correction factors. Unfortomately, at the
present time. we have not been able to develop criteria to identify when
performing such operation is acceptable.

Although the soil site correction is not region dependent, we found that other
complex interactions, with zonation seismicity and ground motion models, made
the site correction acwually region dependent in our methodoiogy.
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TABLE 1

RATIOS OF PGA VALUES BETWEEN SHALLOW AND ROCK CONDITIONS
FOR FIXED VALUES OF THE HAZARD

Ratio Shallow/Rock

Prob. of Exceed. écldul Only W/O

Site Sail 10-3 104 105 Avg. Weight G5* G5**
Category (1) (2) (3) (4) (5) (6 (M)

1 Nine Mile Point Sand-1 1.57 158 159 158 147 0.73 1.65
2 Susgquehbhanna Till-2 1.30 130 130 130 1.25 0.73 1.38
3 Three Mile Island Sand-1 150 147 144 147 147 073 1.65
4 Browns Ferry Sand-1 1.56 166 1.68 163 1.47 0.73 1.5
§ Catawba Sand-1 1.59 1.58 155 1.57 147 0.73 165
6 Fariey Sand-1 N/A 156 149 153 147 073 1.65
7 Nonth Anna Sand-1 151 .50 151 151 147 073 1.65
8 Oconee Sand-1 1.37 144 147 143 147 0.73 1.65
9 Summer Sand-1 1.47 162 1161 1.57 147 0.73 1.65
10 Arkansas Till-1 1.51 150 150 150 1.3% 0.73 155
11 Callaway Sand-1i 1.65 170 172 1.69 147 0.73 1.65
12 Duane Armold Till-1 N/A 150 1350 1.50 139 073 155

-
* -

Ratio of PGA shallow/rock given by G-expert S5 only
Ratio of PGA shallowfrock given by G-experts 1, 2, 3 and 4 only
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UNCERTAINTIES IN SEISMIC HAZARD ANALYSIS
USING EXPERT OPINION FOR THE EASTERN UNITED STATES *
J.3, Savy, D.L. Bernreuter, R.W. Mensing
Lawrence Livermore National Laboratory
P.O. Box 808, L-95
Livermore, CA 24550

I, INTROOUCTION

In the late [970's, the Lawrence Livermore National Laboratory (LLNL) developed a
Seisrnic Hazard Methodology for the Nuclear Regulatory Commission {(NRC) to be applied
at a few sites in the Eastern United States (EUS), (Bernreuter and Minichino),[11 under
the Seismic Evaluation Program (SEP). Bernreuter, [2] and [3] The fundamental
charucteristic of 5P was to supplement the lack of earthquake data for the EUS by a set
of expert opinion.. However successful this project was, it was limited by the
qeographical extend of the area considered and by some of its mathematical
assumptions, This led to the "Seismic Hazard Characterization of the EUS" praject
(SHC), where we consider the entire EUS, east of the Rockies and we provide a rigorous
metnodoiogy to quantify the uncertainty in the hazard. !n SHC, we forrnally distinguish

between rmodeling and random uncertainty and propagate them in the calculations.

In addition to the traditional characteristics of present day Seismic Hazard anciysis (i.e.
consideration of random uncertainty in seismicity and ground motions} the determining
characteristics and goals which governed in the development of our methodology are as

follows:

0 The lacking data would be supplemented by subjective expert opinion.

) Two panels of individual experts would be formed for data collecting, One for
zonation and seismicity (Panel S) and one for ground motion prediction (Panel
Gh

o Each member of the panels would be chosen for his/her competence and
knowledge and would be treated anonymously in order to avoid suppressing non

classical view points under peer pressure.

*This work was supported by the United States Nuclear Requlatary Commission under a

Memorandum of Understanding with the United States Department of Energy.
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o The input of each ponel member would be treated independently, the hazard
calculated with his/her input, and the result would be combined at the end
between experts.

o The uncertainty in the shape and size of the seismic sources would be included
in the anlaysis.

o The uncertainty in the ground motion modeling would be included and one
independent Peer Review Panel would be formed to evaluate our methodalogy,

the quality of our data and to identify the weakness and recommend

improvements,

The above requirements led tc a two-tier effort. We developed, on one hand a methad of
elicitation of expert opinion and on the other hand, a mathematical model of the Hazard.

A detailed description of the raethodology is given in Bernreuter et.al,[4 Jand [5].

2.  METHODOLOGY

2.1 Elicitation of Expert Opinion

A variety of ways in which expert opinion may be elicited were reviewed by
Mensing [ 61 Our approach, inspired by Mensing combines several different methods
including setting up independent panels of experts and using questionnaires, The expert
panels were made as large as possible and included the most recogniz=d experts in their

fields. lZleven experts participated in the Panel S and five experts in the Fanel G.

2.1.1 Elicitation of Expert Opinion on Zonation and Seismicity

The overall methodology outlined in Fig. 2.1 was first defined and two guestionnaires
weare sent to the S-experts to elicit their opinicn on zonation, and on seismicity., In the
first questionnaire, on zonation (@), they were provided with a set of maps of the EUS
and were asked to drow a set of seismic zones which would constitute their Best
Cstimare zonation Maop (BEM). A seismic zone was defined as an area of uniform
seisinicity characteristics (i.e., where the earthquake recurrence and upper magnitude
cutoff can be viewed as wuniform). Their responses to a set of qualitative and
quantitative questions were used to assess their uncertainty around their BEM. These
questions concerned their level of confidence in the existence of each one of the zones in

their UEM, the shape of these zones, and a set of alternative zones.
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Figure 2.1 Flow Chart of the Analysis
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Figure 2.1 {(Continued)
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In the second questionnaire, on seismicity (Q2), the experts were asked to provide a
rnathematical maodel for the recurrence of earthguakes in each of the zones they
identified in Qi without limitation to the lag-linear relationship, For this purpose, thay
used the catalogues of data they found most reievant in their anaiyses. Most of them
used their own data, but some also used a "defauit" catalogue provided by LLNL, in

particular for the regijons where they had the least expertise.

Then a comprehensive feedback meeting took place to give the experts an opportunity to
understand the fine details of the analyses, to clear up any misunderstandings and to
confront their ideas with different, possible conficting ones. A questionnaire (Q5) aimed
at solving the problems raised at the feedback meeting gave the experts a chance to
update their input to the unalysis. In addition, an extensive quality check of these input
was performed as recommended by the Peer Review Panel. Fig. 2.2, 2.3, 2,4 and 2.5 are

typical subjective zonation inputs given by two S-exper ts,

The above described process cf experts elicitation took approximately two (2) years,
during the second year of which a large part of the S-panel was also involved in other
ongoing projects, such as the Energy Power Research Institute's (EPRI) project, (King and
Stepp [ 7] and [8] whose purpose is similar to the SHC, Very minor changes occurred in
the experts’ opinions between the beginning of the elicitation process and their final

responses. In addition, the experts who had also participated in the SEP showed a great

deal of stability.

2.1.2 Elicitation of Experts' Opinion on Ground Motion
A catalogue of available ground motion models was assembled and was provided to the
experts of the G-Panel, together with a detailed description and comparison of the

models.

After one iteration in the elicitation feedback process (see fig. 2.1), the G~experts were
asked to select a set of models appropriate for use in each of the four regions of the EUS
(i.e., New England, Southeast, North Central and South Central), and to assign a level of
confidence on each model. The PGA models selected by two of the experts are displayed
in Fig, Z.6 to 2.10, In addition, the experts were asked to evaluate three different
methods of accounting for local site characterics, by assigning a level of confidence to
each method. The three methods considered here, excluded the complete site specific

state-of.the-art type of analysis and was mare directed toward a generic type of simple
analyses since it will eventually be applied to a large number of sites.
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2.1.3 Weighting of the Experts Opinion ,

There are many possible ways of combining expert opinion. In this study we limited
ourselves to using the self weights provided by the experts, where the self weighting was
done relative to the scientific community at large. These weights were then used to

compute a weighted distribution of the hazard, as described below,
2.2 Caleulation of the Hazard

2.2.1 The Si:nulation Approach
Considerable effort went into developing a methedology, which accounts for systematic

as well as random uncertainty. We adopted a Monte Carlo simulation technigue where
the continuous values of the random variables were drawn fron simple continuous
prabability density function such as lognormal or triangular. The ground motion models
selected in eagch simulation were diawn from the catalogues of models to which the G-
experts had assigned weights. (normalized weights were used as probability densities and
the maps were drawn from this "distribution of maps"). Hence, for a couple of 5-G
experts, prior to combining over all G-experts (i.e. for a single S-expert) and over all

and G experts, a typical sirnulation is as follows:

o Draw a map from the distribution of maps for this S-expert
o For each one of the N seismic sources in the sample map, draw a set of
seismicity parameters from their respective distribution. i.e.:
- a value for the a parameter of the recurrence law
- d value for the b parameter of the recurrence taw (b is allowed to have
three levels of correlation with a as is specifed by the S-expert in
response to the questionnaire)
- the upper value of the magnitude {(or intensity) cutaff
o Draw a ground motion model from the distribution of rnodels
o Drow a value for the random uncertainty parameter which is associated with
the selected ground motion, for the appropriate EUS region (NE,SE,NC or 5C)
o draw a site correction method
The hazard is caleulated for each of the N seismic sources and combined aver sources.
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2.2.2 The Hazard Model
The hozard is expressed in ferms of the probabiiity of exceedence of the ground motion

purameter A i.e. the peak ground acceleration,(PGA) or the pseudo relative velocity
PSV), For a single source i, it is expressed in the usual fashion (Cornetl, [9] )by the

equation:

”
Pi (A>a) :[j Pi (A >a|m,r) fR§r) fMgm) dn dr (1)
mr

In this equation, Pi(A a m,r) is the probability that A at the site is greater than a, given
that on earthquake of magnitude m has occurred at distance r from the site in zone i. [t
is a function of the ground motion medel and therfore depends on the region hosting the
site. fM.(m) is the conditionnal frequency of magnitude and depends on the choice of

1
inodel of earthquake recurrence and its parameters for zone i. The recurrence models

selected by the experts were:

- the truncated exponential model for the all range of possible magnitude for
intensity) values, (Weickert, [ 10])

- a piece-wise exponential mode! with two pieces in the range of magnitude (or
intensity) values, or,

- a third model developed by LLNL. In this model, the middle part is purely
exponential in a range of magnitude (or intensity) specified by the S-expert
and the endtail is determined arbitrarily with the restriction that it satisfies
conditions of continuity and that the probability of and event of magnitude {or
intensity) equal to the cutoff be zero. Under careful analysis, this model
implies that there is g magnitude ronge, near the upper magnitude cutoff
where earthquakes are more frequent than at lower magnitudes. This is a
concept similar to the concept of characteristic earthquake and the experts

who selected it were made aware of this characteristic.

125 {r} is the density function for the distribution of distances from the site to @ random
source in the source zone i. It is a function of the shape >f source zone i, and its
distance from the site, This definition of the distance ~-s chosen over others (i.e.,
distance to the closest point on the surface truce or shortest distance to the fault
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surface, Joyner and Boore i 1], Campbell [I2]becouse, to date it has been difficuit to
identify the fauit surfaces responsible for the seismicity of the EUS, Thus, in any given
saisrnic zone the events are assumed to occur any place at random in the zone, This
assumption was emphasized to the G-experts who were asked to factor its consequences

in their selection of the ground motion models and their associated weights,

Evaluation of eq. {}) for source i gives the total probability that the ground motion A of

amnplitude a will be exceeded, given an earthquake in source i,

The occurrence of earthguakes is assumed to follow a Poisson process, Thus the
expected number of exceedences is equal of the sum of the probability for each source

muttiplied by the meon activity rate for each source, and the hazard from all source

zZones jss

P(A>al=1-exp [—( total number of exceedences of amplitude 0)] (2}

2.2.3 Aggregation of Expert Opinions

In order to retain the diversity of opinion that might have existed between the experis,
the hazard was evaluated for every pair of S and G experts and combined over all pairs,
The method for combining the individual results is based on a weighted average of the
individual hazard curves or uncertainty distributions. The weights for the G-exp=rts are
the normalized values of the self weights. The weights for the S-experts are themselves

a weighted average of the faur reqional self weights provided by the experts.

wo =3 W P (A= A 3)
k

In eq. (3), wg, is the weight for the S-expert, w is the self weight of the expert in the k-
th region {k=JE,SE,NC,5C) and P(A = Ay) is the probability that the maximum A at the
site results fron an earthquake originating in the k-th region, One appealing feature of
tiis weighting scheme is that it will weight highly an expert whose self weight is high in

the regien contributing the most to the hazard.
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2.2.4 Resutts Presented in Report

The results of the hazard analysis presented in the final report are given in terms of the
PGA and in terms of Uniform Hazard Velocity Response spectra. For both parameters a
"Hest Cstimate” and the |5th, 50th and 85th percentiles hazard curves are presented.
‘Nhere the "Sest Estimate” is in actuality the hazard obtained by setting the values of all
the random variables equal to the best estimate given by the experts. The results were
presented for ien sites approximately uniformly distributed in the EUS, in a report to
*RC (in press). A previous report Bernreuter et.al, [ 5], presented the methcdology and

the results obtained after the first iteration of experts' elicitation (i.e., before feedback,

see Fig. 2.1)
3 SENSITIVITY ANALYSIS

3.1 Introduction
A detailed sensitivity onalysis waos performed to evaluate the relative importance of the
uncertainty in each of the following variables:
o the zonation maps
the seismicity parameters {a's and b's)
the upper magnitude cutoffs
the earthquake recurrence medel (LLLNL rnodel vs. truncated expanential)

Q 0 0o ©

the ground motion models

3.2 Uncertainty in the Zonation Maps

The sensitivity to the zonation maps is strongly site and expert dependent. For instance
a site located in g region of complex zonation configuration such as NE shows more
uncertointy from the maps than a site located in a stable region. This porometer was
examined by setting all the random parameters equal to their best estimate except for
the maps, and using one ground motion model to eliminate the ground motion maodeling
uyncertainty. A typical set of constant percentile hazard curves (CPHC) for an
hypothetical site in the North Central part of the EUS is shown in Fig. 3,1, In this case,
the average difference between the [5th and the 85th percentile of the probability of
e2xceedence is in the order of 5 to 0 times. Fig. 3.1 i{s obtained by combination over atl

the experts, The uncertainty was larger for some S-experts and much lower for others.
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3.3 Uncertainty in the Seismicity Parameters

In Fig. 3.2, all the parameters, excepl the g value of the recurrence models are kept
equal to their Best Estimate. One ground motion model only is used and the calculation
is made for the same hypothetical site of Fig. 3.1, The modeling uncertqinty of the
earthquake recurrence is included in the result of Fig. 3.2 since the actual model
(Truncated exponential or LLNL model) selected by the experts were used.

In Fig. 3.3 only the b parameters are allowed to vary, and in Fig. 3.4 only the upper
magnitude cutoffs ore simulated. It is seen that the uncertainty is larger for the case
were only the parameter b is simulated than for the other two cases. However, the arder
of nagnitude difference between the [5th and the B3th percentile curves is
approximately a factor of 10. On the average however, it is noted that the range of
variation between between S-experts is smaller with respect to their uncertainty in the
saismicity thon in their uncertainty in the zonations. i.e., some S-experts have no
oncertainty in their zonation and some have a large uncertainty, but they all have some,

:nedjum to large uncertainties in their seismicity parameters.
3.4 Uncertainty in the Ground Motion Models

The ground motion experts setected a total of 36 ground motion models of attenuation of
the PGA, for the four different regions (NE,SE,NC,5C) and the two scales {Magnitude and
Intensity), They selected 23 models of response spectra (for 9 frequencies), three
different methods of truncating the ground motion prediction and two types of
.nathemnatical models for the random uncertainty, In oddition, the experts were allowed
to select any method of site correction among three. We present here only the

uncertainty in the PGA models and their random uncertainty.

The results shown in Fig. 3.5 were obtained with a s:'ngle'ground motion model and the
random uncertainty was included. The standard deviation (SIGMA in Fig, 3.5) is defined
by its best estiinate of .5 with 5th and 95th percentile of .35 and .65. These are typical
values. Fig. 3.5 shows that the order of magnitude of the uncertainty introduced by this
paraneter is lower than for other parameters in this analysis. By contrast, Fig. 3.6
dispiays a comparison between the case where all the random parameters are allowed to
vary ond the case where only the ground motion uncertginty is included (random and
modeling). 1t shows that for this particular hypothetical site the largest part of the

uncertainty come fron the uncertainty in the ground motion prediction.
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3.5 Other Parameters

Other important porumeters were investigated in the SHC project, such as the different
methods of site correction, the methods of truncation of the ground motion predictions,
the methods of correlating the a and b parameters, the type of distribution function to
use for the randorn parameters {Jognormal or triangular) and the number of simulations to
he used to reach a stable estimate of the uncertainty. |n addition, an ongoing study is
aimed at doing further sensitivity analysis on some of the remaining parameters. These
inciude the study of the magnitude-intensity correlation, the different ways of assessing

the seismicity parameters and an analysis of the weighting scheme.

i, CONCLUSION

‘Ne have presented a comprehensive methodology to calculate the Seismic Hazard in the
EUS , which uses subjective input from experts and completely quantifies the uncertainty
of the results, including random and modeling uncertainty, In general, it appeared that
the uncertginty in the ground motion prediction was the largest, with some variation
Letween regions (i.e, site |locations) and seismicity experts. The zonations generated
somewhat less uncertainty, however more erratic, and the other parameters had
approximately the same amount of influence although more uniformly distributed
between experts ond regions. In general, there was one to two orders of magnitude
difference between the |5th and the 85th percentile curves on the probability of the
exceedence. These results are consistent with other results of current analyses. [t shows
tiaat the uncertainty in the seismic hazard prediction is a manageable parameter. A
typical fingl result is shown on Fig. 3.7 for a hypothetical case of a site in the North
Central izUS. The coinplete data base and software packages will be available through

R,
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APPENDIX D
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C. Stepp

R. Street

N Toksdz

Experts: Ground-motion

Pr. J. G. Anderson
Dr. D. Boore

Dr
Dr

. K. Campbell
. J. Dwyer

Pr. M. Trifunac

VPI

Weston Geophysical, Boston
Univ. of Tennessee

Boston College, CBS

Univ. of Cklahoma
Georgia-Technology

St. Louis University
Rondout Associates, New York
Electric Power Research institute, Menlo Park, CA
Univ. of Tennessee

M.LT.

Univ. of Nevada, Reno
U.S.G.S,, Menlo Park, CA.
U.8.G.S., Denver
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